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ABSTRACT

Hydropower is the most important renewable electricity source worldwide. It shows clear advantages for the global CO2 balance
but creates serious ecological impacts on a local scale. As a consequence, concern for the conservation of natural river ecosys-
tems is growing within society and more people are willing to pay extra for so-called ‘green electricity’. The definition of
‘green’, however, is not straightforward and customers cannot directly examine the quality of electricity products. Therefore,
credible certification of high ecological standards is essential for successful green electricity marketing.

In this paper we introduce a new assessment procedure for evaluating environmentally compatible hydropower production.
This so-called ‘Green Hydro’ concept was developed in the context of a multidisciplinary case study on a 400 MW hydropower
scheme in the Southern Alps of Switzerland. The concept guarantees both general standards for different schemes operating in
different types of watersheds and flexibility for local particularities. We developed an environmental management matrix that
considers basic criteria and eco-investments and covers five environmental areas of concern (i.e. hydrological character, con-
nectivity, morphology, landscape, and biological communities). The ecological perspective is complemented by five manage-
ment domains (i.e. instream flow regimes, hydropeaking, reservoir and bedload management, and power plant structures).
Applying assessment and modelling tools for the Green Hydro procedure showed that dynamic habitat models allowed quan-
tification of the effects of different instream flow regulations at morphologically distinct sites. In this case, morphological
restoration could be more beneficial than increasing the minimum flow.

The first experience with the Green Hydro certification is encouraging. So far, 13 facilities have successfully passed the cer-
tification procedure. They produce a total of 186 GWh green electricity per year, which is sufficient for the supply of almost
40 000 households in Switzerland. Copyright # 2004 John Wiley & Sons, Ltd.

key words: green electricity; hydropower; eco-labelling; river management; environmental impact assessment; certification; hydraulic
modelling

INTRODUCTION

At the beginning of the 21st century, global electricity generation reached more than 15 000 TWh per year, about

60% more than in the early 1970s (IEA, 2002). Over 20% of this production is based on hydropower (IEA, 2001).

The global installed hydropower capacity exceeds other renewable sources, such as wind-based, geothermal, or

photovolatic production, by one to three orders of magnitude (IEA, 2001, 2002). Although greenhouse gas emis-

sions from decomposing organic material can be substantial in reservoirs with large surface areas (St. Louis et al.,

2000), these problems are usually marginal in deep high-alpine storage reservoirs. According to life cycle assess-

ments hydropower schemes in temperate regions produce an equivalent of about 3–4 t CO2, 10 kg SOx, and 10 kg

NOx per GWh (Frischknecht et al., 1994; Kaltschmitt and Wiese, 1997). These CO2 emissions are orders of mag-

nitude lower compared to the CO2 released by oil- or coal-fired thermal power plants (850 and 990 t CO2/GWh,
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respectively). Hydropower also compares favourably with nuclear power plants, because decommissioning is sim-

pler and no hazardous waste is generated. In addition, many hydropower schemes serve not only for power gen-

eration but also for flood management, irrigation, or drinking water supply.

These advantages, however, are often counterbalanced by massive social conflicts and degradation of aquatic

ecosystems. Since the middle of the last century the number of large dams (>15 m high) has increased rapidly. By

the end of the 20th century, over 45 000 large dams in over 140 countries were completed (WCD, 2000). During the

1990s, an estimated sum of US$32–46 billion was spent annually on large dams, four-fifths of it in developing

countries (WCD, 2000). Globally, the official number of displaced people ranged from 40 to 80 millions, whereas

independent sources estimate that the actual number was much higher (WCD, 2000).

Almost 500 000 km2 of land are inundated worldwide by reservoirs, and extensive habitat fragmentation caused

by large dam projects affects nearly 60% of the major river basins worldwide (Gleick, 1998; Johnson et al., 2001).

Modifications of flow regimes, migration barriers, trapped nutrients or sediments, and dried-up floodplains caused

dramatic ecological conditions in many of the affected river ecosystems (Friedl and Wüest, 2002; Pringle, 2001).

Meanwhile, 37 out of the 55 major European rivers are strongly impacted by dams and other engineering schemes

and only five can be considered as almost pristine (Hygum, 2001). Switzerland has the highest hydropower pro-

duction rate per area in the world and about 60% of the inland electricity generation originates from this source

(Truffer et al., 2001).

As a consequence of massive social conflicts and ecological degradation the image of the hydropower industry

has been damaged over the last two decades (McCully, 1996). Nonetheless, two driving forces reshaped the poli-

tical arena recently: (1) the World Commission of Dams (WCD) proposed guidelines for new dam projects in

developing countries (WCD, 2000); (2) the deregulation of electricity markets offered new opportunities for eco-

logical upgrading of hydropower plants in industrialized countries.

As a key issue the WCD recommended that an individual assessment is needed to evaluate new construction

options and non-dam options should be preferred whenever possible (WCD, 2000). In addition environmental,

social and economic aspects should be considered equally and all stakeholders should be involved in the

decision-making processes. Taking into account that these principles were accepted by non-governmental organi-

zations (NGOs), the dam construction industry, the World Bank, and by private investors (WCD, 2000), the

consensus report of the WCD represents a landmark achievement in international policy. The future success of

this approach, however, will depend, among other factors, on the availability of efficient ecological assessment

tools. Even though the WCD addresses problems with existing dams, the influence of the report remains vague

for those countries with large installed hydropower capacities operating on long-term licences.

Here, the liberalization of electricity markets could support new approaches to minimize negative environmental

impacts of the existing facilities. A compilation of data (Holt, 1997; Markard, 1997; Bird et al., 2002; Greenprices,

2001) shows that the number of green electricity products involving solar power, wind, biomass and hydropower

increased significantly during the last decade (Figure 1). Competitive markets allow environmentally concerned

consumers to ‘vote with their pocketbooks’ (Raphals, 2001). Recent studies on market potentials concluded that

Figure 1. The worldwide number of green electricity marketers
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about 20% of private households and customers in the service industry are willing to pay a surcharge of approxi-

mately 20% for green electricity (Truffer et al., 2002b; Wüstenhagen, 2000). The definition of green electricity,

however, is not straightforward and customers cannot directly examine the quality of the electricity production

process. Therefore, credible certification or eco-labelling is essential for successful green electricity marketing

(Raphals, 2001). Popular labelling concepts for hydropower use ‘limits on the installed capacity’ or the ‘age of

a power plant’ as certification criteria. Some even accept hydropower ‘generally as green’, regardless of the eco-

logical impact of the production process (Markard et al., 2001). Such standards are definitely insufficient. Green

hydropower should be labelled only on the basis of sound ecological criteria aiming to improve the ecological

condition of the impacted river system. In addition, the certification of green hydropower should not subsidize

new facilities but should be linked to money invested for restoration activities.

Surprisingly, none of the former labelling procedures considers this simple basic approach. The initial

hypothesis of our project on green hydropower can therefore be stated as follows: if a credible certification pro-

cedure was addressing the mitigation of ecological degradation, then green hydropower marketing could directly

contribute to improving the ecological performance of the most important renewable electricity source (Truffer

et al., 2003).

The present paper concentrates on the scientific objectives of the project and is organized around the fol-

lowing three questions. (1) How should an assessment scheme for green hydropower be designed to allow both

general comparison among different facilities and individual flexibility for locally adapted restoration measures?

(2) What are optimal scientific criteria and tools to assess local environmental impacts of hydropower production?

(3) What are the opportunities and challenges of a Green Hydro certification for hydropower companies and river

ecosystems?

METHODS

To meet the project goals we used three methodological approaches. (1) The relevant literature from river ecology

and environmental economics was reviewed to define an appropriate assessment framework and to select ecolo-

gical criteria for green hydropower. (2) Specific assessment tools were developed within a multidisciplinary case

study on a characteristic hydropower scheme in the Swiss Alps. (3) Expert groups and stakeholder panels were

established to generalize the results of the case study and make them applicable to other hydropower production

settings.

Combining two perspectives in the literature

The assessment of the environmental impact of hydropower facilities usually takes either a management or an

ecological perspective, with the two approaches often viewed as alternatives. Typically, techniques like life cycle

or risk assessment concentrate on the management of the power plant and its resulting impact on the environment.

Ecological assessment programmes, by contrast, evaluate the condition of ecosystems, generally without investi-

gating the causes of negative effects. They apply a wide variety of methods to measure the ecological integrity of

river systems but a detailed analysis of the hydropower scheme and its different management options is usually

lacking. Both approaches—purely management- and purely ecological-driven methods—have limitations to

establish an eco-label. Therefore, we combined the two perspectives to develop the Green Hydro procedure.

We based the conceptual framework for the certification on methods used for improvement analysis in industrial

ecology, for risk management, life cycle assessment, and resource management (Graedel and Allenby, 1995; The

World Bank, 1993; Wenger et al., 2000). Procedural input came also from environmental impact assessment tech-

niques and from standardized environmental management systems like the ISO 14001 or EMAS certifications

(Cheremisinoff and Bendavid-Val, 2001; Edwards, 2001; Schaltegger and Sturm, 1995).

To create broad reliability for consumers, we selected two ecological assessment principles as relevant for a

Green Hydro certification. The first principle focuses on abiotic driving forces like morphology, hydrology or

hydraulics, assuming healthy biological communities result from intact habitat conditions (bottom-up approach:

Kondolf, 1998; Muhar and Jungwirth, 1998; Naiman et al., 1992). The second principle concentrates on species

or communities and assumes that biological analyses can serve as integrative assessment tools. According to this
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top-down approach temporal and spatial information about the integrity of an ecosystem can be indicated by bio-

surveys even when an environmental impact occurred a long time ago or far away from the local investigation sites

(Karr and Chu, 1999).

In practice, bottom-up concepts characterize, for example, the ‘River Habitat Survey’ (morphology: Raven et al.,

1998) or the ‘Range of Variation Approach’ (hydrology: Richter et al., 1997). Multivariate or multimetric proce-

dures use aquatic species as indicators (e.g. DeShon, 1995; Hawkins et al., 2000; Norris and Hawkins, 2000;

Wright, 1995), whereas some assessment schemes apply both elements, e.g. the British SERCON (Boon et al.,

1997), the Austrian ÖNORM (Chovanec et al., 2000), or the Swiss Stufen Modul Konzept (Bundi et al., 2000).

Case study

Practical advice for hydropower owners on how to improve the ecological condition of their schemes needs

standardized assessment tools. To select a set of appropriate tools, we performed a three-year case study in the

catchment of the Brenno River (Canton Ticino, southern Switzerland; Figure 2). Here, the hydropower scheme

owned and operated by the Officine Idroelettriche de Blenio company (OFIBLE) uses a head of more than

1500 m and a catchment area of 400 km2 to generate 900 GWh electricity annually on average (Meier, 2002). Oper-

ating three production units the installed capacity reaches almost 400 MW. Water is collected in more than 20

intakes on the Brenno and its tributaries. The water is transported from the village Olivone via the Malvaglia reser-

voir to the Biasca plant near the Ticino River (Figure 2). The main stretch of the Brenno is strongly influenced by

the hydropower scheme. Nevertheless, it represents a typical case for alpine hydropower use in Switzerland.

Almost 20 research projects were performed in the case study. The research was organized along four lines of

activity: (1) instream flow regulations; (2) floodplain management; (3) market and policy analysis; and (4) criteria

development (Truffer et al., 2002a). Several subprojects tested and adapted analytical methods to evaluate the eco-

logical impact of hydropower production in alpine river systems. Special emphasis was put on developing model-

ling tools to predict the effects of different management options on the ecological quality of river systems.

Generalizing the outcomes of the case study

Obviously, not all information needed to evaluate different types of hydropower production can be obtained

from a single case study. Furthermore, to be accepted by hydropower owners an eco-label should offer an attractive

return on investment and must therefore gain support of all relevant stakeholder groups. To generalize information

and to increase acceptance we used parts of the ‘cooperative discourse model’ which relies on expert panels and

participatory stakeholder involvement (Renn, 1999). In a two-day workshop the literature-based set of assessment

criteria was peer-reviewed by an international expert panel composed of specialists in river management, river

ecology, geomorphology, and civil engineering. This expert panel also suggested additional criteria to ensure

the adaptation of the procedure to different river types and hydropower plants. Subsequently, the proposed set

of green criteria was authorized by the Swiss Association for Environmentally Sound Electricity (VUE), an inde-

pendent organization which is supported by Swiss hydropower companies, electricity suppliers, environmental

NGOs, and consumer NGOs. To facilitate stakeholders’ input regular meetings with federal agencies, private con-

sultants, and hydropower companies have been organized right from the beginning of the project (Truffer et al.,

2003). The stakeholders helped to verify the overall perspective of the project, e.g. by reviewing environmental

goals, green criteria, and assessment tools developed from literature surveys and case study results. Finally, all

information was condensed in a comprehensive handbook for green hydropower production (Bratrich and

Truffer, 2001).

RESULTS

Four steps towards the certification of green hydropower

As a result of the literature review we adopted a four-step approach for the Green Hydro certification procedure

(Figure 3). First, the hydropower scheme wishing to be certified is asked to analyse its ecological performance

and to estimate the costs for further studies necessary. This screening allows a ‘go or no-go’ decision (step 1).
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It delivers information about serious environmental impacts and upgrading measures needed for a certification. If

the company expects economic incentives and decides therefore to embark on the labelling procedure, then it has

to take step 2 and develop a management programme based on two components: basic requirements and eco-

investments.

The basic requirements are defined as a general ecological standard for all green hydropower producers. They

allow a supra-regional comparable certification of different power plants, regardless of their age, size or how they

are built or operated. Covering 45 scientifically defined criteria, the basic requirements are organized in a so-called

environmental management matrix (for details see below and Figure 4). In this assessment stage scientific input

Figure 2. Map of the Brenno catchment in southern Switzerland showing the location of hydropower reservoirs, water intakes, and the main
power plants. The location of the three main test sites for the case study are indicated with circles
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from hydrologists, river ecologists, geomorphologists etc. is crucial, since the plant operators have to prove that the

basic requirements are met.

In addition, a flexible instrument is intended to support an individual upgrading process of the hydropower

schemes in their distinct catchment sites. This instrument is implemented in the certification process as so-called

eco-investments. It is defined as a fixed mark-up on every kilowatt-hour sold as green hydropower. On an annual

basis, this surcharge must be re-invested in the river system in the form of river restoration measures. Currently, the

eco-investments provide additional money for restoration activities at a rate of 0.01 Swiss franc per kWh (about

s0.006/kWh). The utilization of the eco-investments needs to be based on a catchment analysis. All measures

should be specifically adapted to the demands of the individual river system. To guarantee the best local adaptation,

they need to be prioritized by round-table decisions with local stakeholders and agencies.

As soon as a hydropower scheme meets both the basic requirements and a defined set of priorities for eco-invest-

ment activities, the management concept will be reviewed in a formalized audit action plan. This step 3 comprises

an independent inspection of the facility and the river. It requires documentation prepared by an accredited com-

pany and by independent expert auditors. Once the scheme has been positively inspected, the eco-label can be

granted. It is then up to the owner of the facility to use the eco-label as a marketing instrument to achieve higher

prices for this electricity. Regular monitoring of success (step 4) will provide the basis for a re-certification after

five years (Figure 3).

The environmental management matrix

The literature analysis allowed us to choose an assessment framework mainly based on the driving force concept

but supplemented with a few indicator species such as fish and benthic organisms. Selecting specific criteria for

green hydropower involves estimating the direct impact of power generation on the river ecosystem and its riverine

Figure 3. The step-wise assessment approach for the Green Hydro certification
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landscapes. By combining ecological impacts and management options, the criteria of the basic requirements were

structured in a so-called environmental management matrix (Figure 4). Within the matrix five management fields

describe operational issues related to hydropower generation. These should be organized in order to allow the

power plant to be run in a more ecologically optimized manner. Requirements were defined for the following man-

agement fields: (1) instream flow regulations; (2) hydropeaking regulations; (3) reservoir management; (4) bedload

management; and (5) design of power plant structures (Figure 4, Table I). In addition, five environmental fields

were selected to cover the most important aspects for ensuring the ecological integrity of a river ecosystem. They

comprise the following areas: (1) hydrological character; (2) connectivity of river systems; (3) solid materials

regime and morphology; (4) landscape features and biotopes; and (5) biological communities (Figure 4, Table I).

Specific goals and a set of mostly qualitative criteria are formulated for every component within the matrix.

These are designed to be universally applicable to all types of power plants in different types of watersheds. Addi-

tionally, annotated bibliographical references and suggested assessment tools for deriving quantitative manage-

ment advice are available to assist the application in practice and ensure its quality. Table I summarizes most

of these goals in the form of a short overview. More details are given by Bratrich and Truffer (2001).

Specifically adapted assessment tools

The evaluation of whether a specific power plant meets the basic criteria (Table I) requires a series of scientific

investigations. A major part of the Green Hydro project was devoted to implementing and testing scientific assess-

ment tools targeted to different elements of the management matrix. The case study in the Brenno valley (Figure 2)

offered a scientific playground to test different assessment tools in the complex setting of a large hydropower

scheme. The following section is organized along the five environmental fields of the environmental management

matrix (hydrologic character, connectivity, solid materials regime and morphology, landscape and biotopes and

biological communities; Table I).

Figure 4. The environmental management matrix combines the perspectives of ecological river assessment techniques with know-how of
hydropower management. Each matrix component contains the general goals, assessment criteria, and references in an annotated bibliography.

The goals are outlined in Table I
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Analysing changes in the hydrological character

The diversion of water in the Brenno has been monitored at the gauging station in Loderio (Figure 2). The largest

dam (Luzzone) and the power plants started operating in 1961, leaving an average annual discharge of 4.7 m3 s�1 in

the Brenno in Loderio, compared to 17.6 m3 s�1 before dam construction (Meier, 2002).

Such average values tell only part of the story. The seasonality of discharge and the frequency and magnitude of

flood events are major driving forces for the aquatic and riparian ecosystems (Resh et al., 1988; Richter et al.,

1996). The AQUASIM package, a one-dimensional hydrodynamic model (Reichert, 1994), was used in the Brenno

case study to evaluate the effects of water diversions in this complex hydropower scheme. It offers a module for the

hydrodynamic simulation of river reaches and the option to combine those into a river network, which allowed

quantification of the effect of water diversion on parameters like discharge patterns and the temperature regime

at different critical points in the Brenno river system (Meier et al., in press). Figure 5 illustrates a typical result. The

plot compares the measured discharge under minimum flow conditions with a modelled curve for a natural situa-

tion without any water intakes. The Brenno hydropower scheme changes the hydrological character significantly.

Most of the runoff from snowmelt during summer remains stored in the reservoirs. Both frequency and amplitude

of high discharge events in the range of 20 to 100 m3 s�1 are diminished. Only extreme events such as a major flood

in June 1987 with 515 m3 s�1 develop their full power to modify the floodplain morphology because they exceed

the capacity of the intakes by far.

Tracing lateral connectivity

The observation that the frequency of medium-sized flood events decreased since 1961 sparked a debate

among local NGOs and the regional administration about whether protected floodplain forests were in danger

due to drier conditions. Residence times and sources of groundwater were determined by the 3H-3He transient

tracer method (Holocher et al., 2001). Water ages were determined in different observation wells in the flood-

plain over one seasonal cycle. Surprisingly, old groundwater with an age of around six years was found during

autumn and winter, when the water table was low, while in spring and early summer the groundwater levels

increased towards the surface and the water ages decreased significantly (Figure 6). The chemical composition

of the different samples suggested that lateral inflow from the slopes was mainly responsible for the groundwater

recharge in the floodplain forest during summer. With the Brenno acting as drainage for groundwater flow,

increasing the constant minimum flow regime would therefore not significantly improve the conditions of the

riparian vegetation.

Figure 5. Discharge of the Brenno River at the Loderio gauging station compared with a simulation without hydropower scheme (after Meier,
2002)
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Restoring morphological dynamics

Long-term morphological changes in the structure of floodplains are best quantified by the comparison of his-

torical and recent aerial photographs or other remote sensing techniques. The two photographs in Figure 7 compare

the situation of the Brenno near the village of Grumo before and after the largest flood event on record in July 1987

with a peak discharge of 515 m3 s�1 (Truffer et al., 2002a). This one flood event deposited about twenty times the

Figure 6. River–groundwater interactions at the Grumo floodplain. The Brenno River acts as principal groundwater source, 3H–3He transient
tracer dating provided evidence for the exfiltration of groundwater several years old from lateral hill slopes into the minimum flow reach of the

Brenno (modified after Holocher et al., 2001)

Figure 7. Aerial photographs at the Grumo site before and after the catastrophic flood event of 1987
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average yearly bedload. The riverbed was completely restructured and its width doubled to 50–100 m. In the time

following such a catastrophic flood the river remains confined most of the time to the narrower and deeper parts of

the riverbed. Erosion processes intensify in these areas, the riverbed incises and the banks become recolonized by

riparian forest. The situation of 1970 in Figure 7 reflects an endpoint of this process. Substantial floods in the order

of 150–200 m3 s�1 are required to widen such eroded river channels thus triggering morphological changes. In the

Brenno valley they occur only on decadal time scales. The hydropower scheme, however, diminishes neither their

frequency nor their magnitude, because of the limited capacity of the water intakes. Bedload management is there-

fore not a major issue in this specific case.

Mapping critical habitats and biodiversity hotspots

A management plan for preserving valuable landscape features and biotopes should be based on habitat maps

and biodiversity analyses. Such a comparative analysis based on the benthic fauna was performed in two floodplain

sections of the Brenno (Brunke, 2002; Truffer et al., 2002a). Figure 8 compares the taxa richness and the percen-

tage composition with lotic, lentic, spring and ubiquitous taxa among the Brenno, its tributary, and two flood

plains. Two-thirds of all 110 taxa were found exclusively in floodplain habitats but not in the Brenno or the tribu-

tary (Brunke, 2002; Truffer et al., 2002a). The floodplains near Grumo (middle course) and near Loderio (lower

part of the Brenno) are nature preserves according to Swiss law (Figure 2). They require special attention, because

the instream flow regime might affect their ecosystem functions. The Grumo site has steeper slopes, an incised

riverbed, and its groundwater flow is mainly towards the Brenno. Several springs are found at the slopes represent-

ing stable habitats for specialized taxa. As a consequence the taxa richness in these spring habitats is high. The

wider Loderio floodplain is 1.2 km long and has a rich diversity of aquatic habitats, which are regularly flooded

Figure 8. The comparison of taxa richness and composition in the lower Loderio floodplain and the Grumo floodplain in the middle reach of the
Brenno River (based on data by Brunke, 2002)
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during high-flow periods. Therefore, the river morphology is more dynamic and many structural features are of a

transient nature. As a consequence, alpha diversity in these younger habitats is lower compared to the Grumo habi-

tats, but beta and gamma diversity is higher (Brunke, 2002; Truffer et al., 2002a). This analysis identifies the prio-

rities to protect the springbrook habitats as biodiversity hotspots at the Grumo site and to secure the dynamic

morphology in the lower part of the Brenno River. Such analyses provides basic guidelines for deciding at which

sites an environmental management concept for a hydropower plant should be targeted, but the procedure is less

effective in comparing different management options.

Using habitat models in decision-making

Aquatic habitat modelling is effective for comparing the ecological benefit of different river management

options (Gibbins and Acornley, 2000; Hardy, 1998; Parasiewicz and Dunbar, 2001). In the Brenno case study habi-

tat qualities for fish and macrozoobenthos were analysed with the simulation model CASIMIR (Jorde and Bratrich,

1997; Schneider et al., 2002) which uses fuzzy models for the simulation of fish preferences (Schneider, 2001).

Table II compares two river reaches in the lower Brenno sections, the Loderio floodplain (discussed above) and the

Malvaglia reach (Figure 2). The latter consists of a 3.1 km long channelled river reach. Longitudinal dykes prevent

overflows into the floodplain that is used for agriculture and settlements. Two aerial photographs compare the two

sites in Plate 1. Habitat use and fish population characteristics were determined by electro-fishing at both sites

(Table II). Population estimation was carried out in September 1998, and habitat use studies mainly in autumn

1999. The natural Loderio floodplain provides habitat for 11 fish species with a total fish biomass of 99 kg ha�1.

Natural reproduction was verified for nine species. By contrast, the river channel near Malvaglia harboured only

five fish species (four of them with natural reproduction) and a total stock of 41 kg fish ha�1. This population ana-

lysis indicates that the habitat quality is mainly limited by morphological constraints (Malvaglia reach) and not by

hydrologic deficits of the minimum flow regime. The discharge dynamics shown in Figure 5 is sufficient to allow

Table II. Analysis of fish habitat and fish population in the lower Brenno valley (dominant species are underlined)

Parameter Malvaglia reach (channelled) Loderio floodplain (near natural morphology,
regularly flooded)

Fish species present 1: bullhead (Cottus gobio) 1: brown trout (Salmo trutta fario)
in order of decreasing 2: brown trout (Salmo trutta fario) 2: soufie (Leuciscus souffia),
abundance 3. lake resident brown trout

(Salmo trutta lacustris)
3: bullhead (Cottus gobio)

4. Italian barbel (Barbus plebejus) 4: grayling (Thymallus thymallus)
5. grayling (Thymallus thymallus) 5. chub (Leuciscus cephalus),

6. Italian barbel (Barbus plebejus)
7. dog barbel (Barbus meridionalis)
8. lake resident brown trout (Salmo trutta lacustris)
9. minnow (Phoxinus phoxinus)

10. rainbow trout (Oncorhynchus mykiss)
11. eel (Anguilla anguilla)

Natural reproduction four species nine species
brown trout, lake resident brown
trout, bullhead and Italian barbel

brown trout, soufie, lake resident brown trout,
bullhead, grayling, chub, Italian barbel, dog
barbel and minnow

Habitat description uniform channel, levees cut off the
transfer of floodwater between the river
channel and floodplain

riffles, pools, woody debris, island, gravel bars,
lateral channels, temporarily isolated pools (TIPs)

Habitat use by fish main channel only grayling: main channel, lateral channel,
avoidance TIPs

soufie: young fish in TIPs, adult fish in pools and well
structured zones close to the bank, lateral channels

brown trout: avoidance of TIPs, use of lateral and
main channels

bullhead: use of main channel only
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Plate 1. Results form the habitat simulation model CASIMIR in the two different morphological stretches. The habitat quality (a) for brown
trout (fry) decreases rapidly with increased discharge in the uniform channel reach. This is due to the small spectrum of water depths (similar for

flow velocities), that can be identified in thalweg (b)
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natural reproduction of vulnerable fish species such as the soufie (Leuciscus souffia), the grayling (Thymalus

thymallus) or the dog barbel (Barbus meridionalis) with special habitat requirements (Table II).

Habitat modelling now allows quantification of the effects of different minimum flow regimes at these two mor-

phologically distinct sites. Plate 1 shows the habitat quality for brown trout (fry) at two different discharge regimes.

The comparison shows that restoring the morphology of the channelled Malvaglia stretch is much more effective

for improving fish habitats than any constant increase in minimum flow. In this case, a strategy of choice would

consider financing river restoration projects as part of the eco-investment measures.

DISCUSSION

We start this discussion with a short evaluation of the Green Hydro assessment procedure. Then we address the

critical knowledge gaps for the different management fields listed in Table I. In the final section we discuss the first

practical experiences with the certification of hydropower schemes.

The Green Hydro procedure

The stepwise approach towards certification of a power plant (Figure 3) facilitated overcoming the initial reser-

vations of the hydropower industry against the perceived complexity of the procedure. The initial screening allows

concentrating on the relevant basic requirements and provides cost estimates of the certification process. A spe-

cifically adapted investigation programme for small hydropower plants helped also to minimize prejudices against

the assessment procedure. In addition, the general procedure is designed after familiar environmental management

systems (such as environmental impact assessment or ISO 14001 certification) which are already widely accepted

in the industry.

In a similar way, the environmental management matrix (Figure 4) helped to build a common perspective among

environmental scientists, hydraulic engineers, representatives from NGOs, and power plant managers by targeting

specific goals for the relevant environmental topics and management domains. The criteria that represent the basic

requirements were developed from scientific objectives and selected for high effectiveness in the framework of

hydropower management. The fact that these criteria represent minimum standards to be complemented by addi-

tional eco-investments was another critical factor in achieving consensus among the different stakeholders.

The mechanism of eco-investments (Figure 3) was especially well received among plant operators, regulators

and consumers. It provides flexibility (investments are due only if green electricity is sold), synergy (hydropower

plants and regulators are joining forces in some revitalization projects) and transparency (consumers can be

informed about the progress in a specific river system). The concept of a fixed surcharge on the green electricity

sold turned out to create considerable ecological and economical benefits. Eco-investments provide money for

improving the ecological integrity of impacted river systems. They also serve as a strong marketing tool for high-

lighting ecological benefits of green electricity and to promote integrated restoration concepts (Hart et al., 2002).

Within the last two years this mechanism generated about 1 million Swiss franc (s0.6 million) of new investments

in restoring river systems affected by hydropower in Switzerland.

Evaluating the assessment tools

The case study in the Brenno valley provided a test site for different assessment tools regarding the five manage-

ment fields. In the case of instream flow regimes dynamic river models such as AQUASIM (Reichert, 1994) can

predict the effects of different discharge scenarios on water temperature and on the concentrations of dissolved and

suspended substances. Model results can then be compared to the physiological requirements of target organisms

in a river system in order to derive suitable conditions for their reproduction and survival. Hydraulic habitat models

such as CASIMIR provide a complementary perspective (Jorde and Bratrich, 1997; Schneider, 2001). They require

detailed information on the morphology, water levels and choriotopes of typical river sections. After proper cali-

bration, the models estimate the aquatic habitat quality as a function of discharge. In addition, CASIMIR offers

modules for an integrated simulation of the electricity generation of a hydropower plant providing valuable infor-

mation about the financial consequences of an individual instream flow regulation. Because establishing and cali-

brating such models is labour intensive, they should preferably be used when simple decisions are not possible and
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customized solutions are therefore required. Moosmann et al. (2002) present a synthesis of the information on

instream flow regimes in the Brenno catchment and propose a selection scheme to support such site-specific, cus-

tomized solutions.

In the field of reservoir management considerable scientific know-how is available (Morris and Fan, 1997). In

recent years, the sediment management of several high alpine reservoirs has been optimized (Gerster and Rey,

1994). In the case of the Luzzone Reservoir, sediments are flushed only during summer rainstorms, when the dis-

charge comes close to a one-year flood event. The monitoring results of a flush event in September 1998 indicate

that this concept works (Truffer et al., 2002a). In comparison to natural flood events the concentrations of sus-

pended matter, the distribution of particle size, and chemical and physical parameter were only slightly modified

and caused no negative effects in the river system.

The management field of power plant structures can rely on solid knowledge on diadromous and freshwater-

resident salmonid species and on fish passage technology for these migratory fish species (Clay, 1995; Odeh,

2000). So far, research has concentrated on salmonid species, which are of high economic value. Far less is known

concerning the migration of cyprinids and other freshwater fish species, previously regarded as being non-migra-

tory (Lucas and Baras, 2001). Management practices and migration facilities suitable for salmonids are often inap-

propriate for other species. A close cooperation between fish biologists and hydraulic engineers is needed to secure

migration and survival of fishes.

The two management domains of hydropeaking and bedload management were identified as future research

priorities. As in other countries, hydropeaking operations are not well regulated in Switzerland. Although there

have been an increasing number of investigations during the last 20 years (Cushman, 1985; Irvine and Jowett,

1987; Moog, 1993; Vehanen et al., 2003) practical advice on hydropeaking management is still vague. A recent

literature analysis of more than 200 papers shows a clear lack of knowledge according to the ecological impacts of

peak frequency and magnitude but emphasizes the importance of riverbed morphology for assessing the ecological

impacts of hydropeaking (Baumann and Klaus, 2003). According to this, only individual investigations allow an

adequate evaluation of the actual environmental damage. Evaluating hydropeaking in a lowland river with several

seasonal storage facilities in the headwaters is an especially difficult task because the different effects interfere.

Limiting the rate of changes in discharge affects the capacity of peak production, the main competitive advantage

of storage reservoirs. Ecological mitigation of hydropeaking should therefore combine an optimization of flood

protection and hydropower production with an ecological upgrading of the river morphology. Compensation reser-

voirs used to store peak discharges or bypass channels can reduce the hydropeaking effects significantly (Baumann

and Klaus, 2003). The concept of ecological investments provides a new mechanism to support the implementation

of such technologies for integrated river management.

In the case of bedload management the experimental flood in the Grand Canyon (USA) illustrated the problems

and challenges of mitigating negative morphological developments in the riverbed due to hydropower use (Webb

et al., 1999). In the Swiss National Park artificial flooding was used to restore more natural flow conditions to the

River Spöl (Robinson et al., 2002). The results show that artificial floods can mitigate the effects caused by reduced

flows and clogged streambeds. They can also change the abundance of algae and zoobenthos, reducing species

favoured by river regulation (Robinson et al., 2002). However, further research is required to optimize the timing

and magnitude of artificial flood events. In the case of many alpine rivers such artificial floods can only develop

their potential for restoring the river morphology if flood protection measures are modified accordingly.

The requirements for the management of each of the five environmental fields were developed based on the

experience we gained during the Brenno case study and the wider background experience provided by experts.

Later, they were discussed and supplemented on a broader basis to make them applicable across all types of hydro-

power plants and schemes. For very small hydropower plants, simplified regulations were developed. So far, the

framework could successfully be used for ‘real world’ certifications of very different types of hydro-facilities.

Applying the assessment scheme

According to a recent review, the criteria for the Green Hydro assessment procedure fulfil the highest ecological

standard among eco-labelling schemes in Europe and represent a credible basis for consumers (Busch and Gasser,

2001). With the exception of the standard required by the Low Impact Hydropower Institute (LIHI) in Portland
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(USA), most of the current eco-labelling schemes for green hydropower still use general and simplistic criteria like

the age of the power plant or an upper boundary for the installed capacity (Markard et al., 2001). In particular, none

of these certification procedures accounts for environmental impacts on local river systems. By avoiding expensive

investigations, such ecologically meaningless criteria are easier to check and therefore often used. Immediately

after the announcement of the more sophisticated Green Hydro approach critical stakeholders argued, therefore,

that such a complex assessment procedure would never play any relevant role in practice and might even harm the

Swiss hydropower industry. Several members of the Swiss Hydropower Association (VSE/AES), however, relied

on studies on green market development saying that only scientifically credible eco-labels would remain successful

in the long term. As a reaction, they launched the private Association for Environmentally Sound Electricity

(VUE), where electricity producers, distributor companies, environmental and consumer NGOs are represented

equally. Even against strong opposition from parts of the hydropower industry, this association agreed to use

the Green Hydro procedure whenever a hydropower scheme wants to be certified with their independent eco-label

called ‘naturemade star’.

To date, 13 facilities have successfully passed the certification procedure and five are currently in their screening

phase (VUE, 2003). The range of certified schemes includes all relevant types of power plants such as large storage

schemes in the Alps, large run-of-the-river plants on the Swiss Plateau and several types of small hydropower units.

They cover a range of installed capacity and annual production of 250–18 000 KW and 1000–86 500 MWh a�1,

respectively (VUE, 2003). In total, Green Hydro certified schemes provide 186 GWh electricity per year, an

amount almost equivalent to the consumption of 40 000 households in Switzerland (Mutzner, 1995). Theses cer-

tifications were accompanied by ecological benefits, which would not have occurred without the eco-labelling pro-

cess. Since June 2003, a new bypass system reconnects a side channel with the impoundment of a larger run-off-the

river plant and eco-investments have been used to improve aquatic habitats, riparian zones, and conditions for fish

and beaver migration. In an alpine storage plant the Green Hydro certification triggered the implementation of a

minimum flow regime, which exceeds legal requirements significantly. In a smaller power plant a fish ladder will

be replaced by a bypass channel within the next five years. This channel will be designed as a result of ongoing

video monitoring of fish migration, which was required for certification.

Meanwhile, green electricity represents not only an elusive vision for ecologically concerned individuals but

offers an attractive option for major electricity customers. The Swiss National Exhibition (Expo. 02), the telecom-

munications company Swisscom, and the Ski World Cup 2003 in St. Moritz have bought green electricity and used

this fact successfully in their public relations efforts.

CONCLUSION

The close interaction with the stakeholders from the hydropower industry, consumer groups, and environmental

NGOs allowed us to develop and implement the first labelling scheme for green hydropower, which is based on

clearly defined scientific criteria from river ecology. So far the corresponding certification scheme has competed

very well against simple marketing efforts to repackage existing hydropower offerings as green power (Busch and

Gasser, 2001). The clear but flexible approach with basic criteria and eco-investments in the form of an environ-

mental management matrix has been well received among hydropower producers, consumer organizations, and

environmental NGOs and has already resulted in the certification of 13 facilities.

In Europe the Green Hydro procedure could also help implementation of the EC Water Framework Directive,

which demands a ‘good status‘ of river systems by 2015 (EU, 2000). Hydromorphological quality assessment

plays a crucial role in the Directive to discriminate between intact and ‘heavily modified’ conditions of rivers.

The Green Hydro standard offers operational criteria and guidelines for achieving a good status in rivers affected

by hydropower use.

However, in the long run a careful evaluation of certified schemes is necessary to document the ecological ben-

efits realized in Green Hydro power plants. Such credible results are needed for moving green electricity from a

niche product to the mass market (Wüstenhagen, 2000). The clear formulation of ecological goals will help in

assessing the success or failure of the certification scheme (Bernauer, 2002). Rather than implementing general

bureaucratic monitoring requirements, the scientific community should realize that upgrading hydropower plants

represents large-scale ecological experiments (Webb et al., 1999), which provide ample opportunity to answer
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fundamental questions regarding the driving forces and adaptability of aquatic ecosystems in rivers affected by

hydropower production.

Most new hydropower schemes are now being planned in Asia, Africa, or South America. Improving the eco-

logical performance of such large-scale projects remains an enormous challenge (WCD, 2000). Although the

Green Hydro procedure was developed to assess existing hydropower schemes in the Alps, we are confident that

it offers a first useful step towards resolving environmental issues in this wider context as well. At least the pro-

cedure provides an ‘apolitical mechanism for redistributing the costs’ (Allen, 2003) of a more sustainable electri-

city production without ignoring the emerging environmental problems on the local scale.
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