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H I G H L I G H T S  

• We study valuations for policies aiming to reduce hydropeaking in regulated rivers. 
• There is an obvious trade-off between local and global hydropower externalities. 
• People value improvements in fish stocks, recreational use, and ecological state. 
• Potential increases in CO2 emissions create disutility. 
• Policy-makers and river managers should consider alternative operation regimes.  
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A B S T R A C T   

Hydropower is a flexible form of electricity generation providing both baseload and balancing power to 
accommodate intermittent renewables in the energy mix. However, hydropower also generates various exter
nalities. This study investigates individuals’ preferences for policies aiming to reduce short-term regulations (i.e., 
hydropeaking in regulated rivers) while accounting for associated externalities with a discrete choice experi
ment. This is the first valuation study focusing on hydropeaking that considers both negative and positive ex
ternalities. The results imply that most individuals prefer stronger restrictions on short-term regulations to 
mitigate local environmental impacts. Individuals especially value improvements in recreational use, fish stocks, 
and the ecological state. On the other hand, potential increases in CO2 emissions are linked with a clear disutility. 
The estimated benefits obtained from an improved state of the river environment due to such restrictions exceed 
the disutility caused by increased CO2 emissions. The results also reveal unobserved preference heterogeneity 
among individuals, which should be accounted for in the willingness-to-pay (WTP) estimation using a model 
specification with correlated utility coefficients. Overall, the findings can inform policy-makers and environ
mental managers on the economic value of hydropeaking externalities and further guide the sustainable man
agement of rivers regulated for hydropower generation.   

1. Introduction 

Global climate change mitigation measures and the electrification of 

economies are changing power markets to include an expanding share of 
renewable energy sources. The intermittence of these sources increases 
the need for balancing power in the local, national, and regional 
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production and electricity markets. Hydropower is a significant and 
highly valuable source of flexible electricity that balances the increas
ingly fluctuating supply at sub-daily scales to meet electricity demand 
[1,2]. Thus, significant pressure exists to utilize regulated rivers more 
efficiently to balance the electricity market. This development has 
already altered the hydropower operating regimes by increasing sub- 
daily flow variation, an effect referred to as hydropeaking [3,4], in the 
Nordic countries [5,6]. Hydropeaking at sub-daily scales is likely to 
intensify further in the future as the share of intermittent renewable 
energy sources is expected to rise. 

Hydropower production typically generates various externalities [7]. 
This study focuses on externalities caused by hydropeaking. Hydro
peaking produces artificial flow patterns involving high variability in 
discharge, water level, and flow velocity with substantial environmental 
effects. For example, hydropeaking results in changes in sedimentation 
levels and water temperature, negatively affecting invertebrates [8] and 
fish [9,10]. It also causes erosion, degrading the river’s ecological status 
[11]. Diverse recreational services, such as swimming, boating, 
kayaking, angling, skiing, or snowmobiling on river ice may also be 
affected by altered flow patterns as the water level and velocity change 
quickly. The influence of hydropeaking on recreational opportunities 
may be negative or positive depending, for instance, on the recreational 
activity and river section [12,13,14]. A positive environmental exter
nality of hydropeaking is lower greenhouse gas emissions compared to 
most other electricity production forms [15]. 

Several previous valuation studies have investigated hydropower 
externalities, as summarized in a meta-analysis by Mattmann et al. [7]. 
The literature has often examined the environmental impacts of new 
hydropower projects [12,16,17,18], but there are also studies on the 
impacts of removing existing dams [19–21]. Closest to our study are the 
ones on alternative operation regimes of hydropower generation and 
other remedial measures for improving the ecological status of regulated 
rivers. For example, Kataria [22] estimated the value of environmental 
improvements in a hydropower-regulated river in Sweden, focusing on 
the river’s ecological status using a discrete choice experiment (DCE). 
The results show that measures that enhance the conditions for envi
ronmental attributes have a significant welfare increasing impact. In 
another study, Jones et al. [23] examined individual preferences for 
operational changes in flow regimes to obtain environmental improve
ments in a regulated Colorado river in the US using a contingent valu
ation method. The findings indicate that preferences are highly sensitive 
to information about additional value dimensions beyond downstream 
environmental flow impacts, such as effects on rural communities and 
air emissions. 

In this study, we investigated individual preferences for policies 
aiming to reduce hydropeaking while accounting for associated exter
nalities with a DCE. To our knowledge, this is the first valuation study 
focusing on hydropeaking. Our study also differs from previous research 
in attribute selection because we considered both positive and negative 
hydropower externalities and their tradeoffs. Our main objective was to 
determine how people perceive and value the effects of hydropeaking on 
the river’s recreational use, ecological status, fish stocks, and carbon 
dioxide (CO2) emissions. We examined these issues in a large river 
system, the Kemijoki River in Finland. The Kemijoki River is an inter
esting and relevant river to study the effects of hydropeaking because it 
is the largest source of hydropower in Finland, directly influencing the 
balance between negative and positive externalities. 

Our specific research questions are as follows: (i) What is the relative 
importance of the considered attributes in their contribution to 
willingness-to-pay (WTP) estimates? (ii) How are individual-specific 
factors associated with individuals’ preferences? (iii) What are the 
welfare effects, in terms of compensating variation, of alternative policy 
scenarios to restrict hydropeaking? These are policy-relevant questions 
because the increasing changes in the sub-daily flow regimes deteriorate 
river ecosystem and river’s recreational services; therefore, environ
mental managers and policy-makers need to consider this new pressure 

on river environments. Understanding individuals’ preferences for 
hydropeaking regulation and environmental effects is crucial to inform 
an efficient and sustainable energy transition from fossil fuels to 
renewable energy sources. As a methodological insight for DCE 
modeling, we tested the technique proposed by Mariel and Artabe [24] 
for identifying behavioral correlations among utility coefficients and to 
investigate preference heterogeneity apart from scale heterogeneity. 

The rest of the paper is organized in the following way. Section 2 
presents the case study area, survey design, and empirical model. Sec
tion 3 focuses on the results, whereas Section 4 provides a discussion and 
the concluding remarks. 

2. Data and methodology 

2.1. Case study area 

Kemijoki is one of the largest rivers in Northern Europe and Finland, 
flowing through the cities of Sodankylä, Kemijärvi, Rovaniemi, and 
Kemi to the Gulf of Bothnia, Baltic Sea. The Kemijoki watershed (50,683 
km2) covers a significant portion of northern Finland (Fig. 1). 

There are 16 hydropower plants on the main part of the Kemijoki 
River (Fig. 1). Hydropower production was 4131 GWh in 2020, ac
counting for approximately 6% of all electricity production in Finland. 
The nominal capacity of the Kemijoki River power plants is 1098 MW, 
and seven power plants of the main part of the Kemijoki River are among 
Finland’s ten largest hydropower plants. In addition, reservoirs have 
been built upstream, and Lake Kemijärvi is regulated (Fig. 1). 

According to the classification of the European Water Framework 
Directive (2020/60/EC), the main channels of the Kemijoki River and 
Lake Kemijärvi are both designated as heavily modified. The modified 
and regulated main river system and tributaries include 1000 km2 of 
lake basins and 685 km of river channels [25]. A recent ecological status 
assessment showed that the environmental goal of good ecological po
tential was reached only upstream of Lake Kemijärvi, whereas the 
middle and lower stretches were classified as moderate [25]. The main 
reason for lowering the ecological status is the lack of fish passages in 
the main channel, which would allow a bypass to non-constructed 
spawning grounds on the Kemijoki River. Overall, the building of 
hydrodams and regulations have changed waterbodies and discharge 
conditions in the watershed [26]. Construction has destroyed the rapid 
areas almost totally; the only remaining rapids are situated between the 
Valajaskoski and Vanttauskoski power plants, where the Sierilä power 
plant is planned and in the licensing phase (see Fig. 1). Regulation and 
water fluctuation also influence the riparian zone, with a reduction in 
protective littoral vegetation causing recruitment losses among fish 
species [25]. 

2.2. Survey development and data 

The design of the DCE started by reviewing the literature to identify 
potential attributes [16,17,18,22,27,28,29]. Then, from discussions 
with researchers and experts, we constructed the current and alternative 
policy situations and determined the most relevant attributes and their 
levels. The development of the DCE lasted approximately one year and 
included several workshops and rounds of commentary. The survey and 
the DCE were also presented to the local hydropower operator and 
environmental regulator. Based on the feedback received, the survey 
and DCE were developed further. The pilot survey was conducted in 
April 2021. We collected responses and feedback from 27 individuals 
with different backgrounds. The pilot respondents included both people 
living in the study area and individuals who were familiar with the study 
area and/or topic. The pilot round enabled us to pretest the under
standability and credibility of the survey questions and the DCE, conduct 
some preliminary analysis, and refine the experimental design. 

The final survey was executed in June 2021 (see the survey in Ap
pendix A). The survey was targeted to (i) 2500 individuals living in the 
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municipalities in the Kemijoki watershed1 and (ii) 1500 individuals 
living in other parts of Finland. Local individuals were the main target 
group of this study. In addition, we invited individuals living outside the 
study area to participate to the survey to explore the non-use value as
pects and whether local preferences differ from the rest of the country. 
The participants were randomly drawn from the civil registry’s data
base, and their ages varied between 18 and 80 years. The participants 
living in the Kemijoki watershed area were sent a printed questionnaire 
by ordinary mail that included instructions on how to respond to the 
online version, whereas the participants living outside the study area 
were sent an invitation by mail with instructions on how to respond to 
the online survey. The participants were incentivized to respond by 
being offered a chance to win a €100 voucher to a grocery store. 

We received 396 responses, of which 264 were printed question
naires and 132 were online responses. The response rate was higher 
among individuals living in the study area (13.0%) than among those 
living outside the study area (4.8%) as expected. Several factors may 
explain the low response rate of people living outside the study area. For 
instance, the unfamiliarity of the study area may have affected it. In 
addition, no reminder rounds were conducted, and individuals living 
outside the study area were only given with the possibility of answering 
the online survey due to budgetary constraints. 

Table 1 presents the descriptive statistics for the local respondents, 

the total sample of respondents, and the corresponding populations. The 
respondents were representative of household size. However, the re
spondents were somewhat older and included more men than the cor
responding populations. The collected sample was also slightly more 
educated than average for the local and the Finnish population of those 
over 15 years old. However, this difference is mitigated if we account for 
the fact that the collected sample only included individuals aged be
tween 18 and 80. Unfortunately, the income distribution is not publicly 
available with the presented division. We acknowledge that the 
collected sample is likely to suffer from non-response bias, which war
rants to be considered in the DCE analysis. 

2.3. Discrete choice experiment design 

The DCE included six hypothetical choice tasks. Before respondents 
started to answer the choice tasks, the attributes were described to them, 
and follow-up questions were used to ensure that they had familiarized 
themselves with the descriptions. Each choice task included three al
ternatives: one corresponded to the current situation, and two others 
presented hypothetical policy situations (see an example choice task in 
Appendix A). Six attributes described the choice alternatives: short-term 
regulations of hydropower production, recreational use, the ecological 
state, fish stocks, CO2 emissions, and an increase in the annual electricity 
bill. Table 2 summarizes these attributes and their levels. In the table, 
the levels of the current situation are underlined. The choice and 
description of the attributes are justified in the next paragraphs. 

According to the current permit conditions (i.e., the level “Current 

Fig. 1. The Kemijoki River study area.  

1 The municipalities were Kittilä, Rovaniemi, Sodankylä, Savukoski, Pelko
senniemi, Kemijärvi, Tervola, Keminmaa, and Kemi. 
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regulations”), short-term regulations can be utilized efficiently in the 
hydropower production of the Kemijoki River. This causes strong intra- 
day and weekly variations in water flow and surface elevation. For 
example, during low flow, the shoreline is exposed, whereas during high 
flow, the water level rises, and the water flow rate is high. The intensity 
of the effects varies in different parts of the river. The effects are typi
cally stronger near hydropower plants. In the future, the Kemijoki River 
could have stronger restrictions on short-term regulations to reduce 
harmful local environmental impacts.2 The attribute “Short-term regu
lations of hydropower production” describes this new policy. The level 
“Somewhat more restrictions” refers to a situation where the short-term 
hydropower regulation will be moderately limited. Here, fluctuations in 
water flow and surface height within a day are smaller than under 
current regulations. The flow variation is reduced by approximately 
50% compared to the present circumstances. The level “A lot more re
strictions” means that the short-term regulations of hydropower will be 
severely restricted, clearly reducing hydropeaking use. Here, intra-day 
variations in flow and water level are hardly observed. On a weekly 
basis, some variation in water level is noted. The flow variation is 
reduced by about 80% compared to today. This policy attribute does not 
directly describe outcomes that people value, but it shows explicitly the 
magnitude of flow restrictions to the respondents and increases the 
comprehensibility and credibility of the policy situations under review.3 

This attribute is included in the choice task also to indicate to the re
spondents that the outcomes of flow restrictions are somewhat uncertain 
as the levels of the other attributes vary within the flow restrictions. In 
addition, the restrictions may have some effects on, for example, secu
rity of energy supply and employment that the policy attribute can 
capture only indirectly. 

Short-term regulations of hydropower may affect recreational use of 
the Kemijoki River. Flow fluctuations influence, among other things, the 
quality and usability of the beaches and safety for swimming, paddling, 
boating and fishing. Due to the strong variation in flow, fish move more, 
and angling may become more difficult. Fluctuations in the water level 
can damage fixed structures such as piers. Variation in water height and 
flow also impacts the durability of the ice cover in winter, impairing safe 
movement on ice. At present, fishing, swimming, and other water ac
tivities can be tricky in certain places (see the level “Current state”). The 
use of fixed beach structures can be difficult, and harm can result. In 
wintertime, ice cover can be weakened and become unpredictable in 
certain spots. The level “Improves somewhat” means that fishing be
comes slightly easier. In addition, bathing and navigating the waters is 
easier and safer. The use of fixed structures on beaches is a little easier, 
and they are less likely to be damaged. The ice cover is a bit more du
rable in the winter. Related to the level “Improves a lot,” flow changes 
are more predictable, making swimming and navigating the waters easy 
and safe. The fixed structures on the beach are not harmed and are more 
functional. In winter, the ice cover is stronger and safer. Smiley faces 
were added to the graphical illustration of the recreational use attribute 
based on the received feedback in the piloting phase. 

The short-term regulations of hydropower affect the ecological state 
of the Kemijoki River environment. The ecological state in this study is 
interpreted as the quality of the river’s habitats and the abundance of 
plants and benthos that live there. Strong short-term regulations in
crease riverbed and riparian wear and weaken natural benthic and plant 
communities. In the current state, the benthic fauna and flora of the river 
suffer from short-term regulations, and solids are released into the 
water. At the level “Improves somewhat,” the living conditions of 
benthic animals and plants in the river are assumed to improve slightly; 
communities will be more abundant and fewer solids are released into 
the water, whereas “Improves a lot” indicates that the river’s benthic 
and plant communities are close to the natural state and there are few 
solids in the water, in accordance with the Water Framework Directive 
(2000/60/EC). 

Short-term regulations have a detrimental effect on the diversity and 
abundance of fish species in the Kemijoki River. Rapid and strong flow 
fluctuations reduce the abundance of almost all naturally reproducing 
fish species and degrade their habitats. Also, the stronger short-term 
regulations are, the less successful the stocking of artificially reared 
fish will be. Currently, common species in the slow-flowing river sec
tions and lakes include pike, perch, pikeperch, roach, stocked brown 
trout, and stocked and introduced non-native rainbow trout. Species 
dependent on or benefiting from fast-flowing river habitat (grayling, 
whitefish) are scarce, and their natural reproduction is very low. If the 
state of fish stocks would “Somewhat improve,” fish species such as 
grayling would likely become more common, and natural reproduction 
would strengthen. Other fish species would also become more abundant, 
and stocking of artificially reared species is more successful. Notably, 
this attribute had only a moderate improvement level because expert 
evaluations revealed that it was not realistic to assume higher im
provements in fish stocks. Baltic salmon, which was highly abundant in 
the river before its damming, was not included in this attribute because 
the number of salmon in the Kemijoki River cannot be increased by 
restricting short-term regulations without building well-functioning fish 
passages next to dams (which are currently lacking). 

Table 1 
Descriptive statistics of the respondents and the corresponding population.   

Local 
respondents 
(N = 324) 

Local 
population 

Total sample 
of 
respondents 
(N = 396) 

Population 

Sociodemographic traits 
Average age 

(years) 58.4 49.9a 57.7 50.2c 

Average 
household size 

2.33 2.34a 2.37 2.34c 

Gender %     
Female 39 49.4a 38 48.8c 

Male 60 50.6a 61.2 51.2c 

Other 1 NA 0.8 NA 
Household income (gross, €/month) % 
<2000 15.1 NA 13.6 NA 
2000–3999 35.2 NA 33.5 NA 
4000–5999 28.2 NA 27.8 NA 
6000–7999 12.8 NA 14.2 NA 
>8000 8.7 NA 10.9 NA 
Education %     
Primary, 

secondary, or 
other 

63 69.8b 60.3 67.4d 

Polytechnic or 
university 
degree 

37 30.2b 39.7 32.6d 

Living in the 
Kemijoki River 
watershed 
area % 

100 100 81.8 62.5c 

NA = Not available. 
a : Population refers to the random sample of locals (N = 2500) obtained from 

the civil registry. 
b : Population refers to the locals of those over 15 years old in 2021 [30]. 
c : Population refers to the total random sample (N = 4000) obtained from the 

civil registry. 
d : Population refers to the Finnish population of those over 15 years old in 

2020 [31]. 

2 The respondents were informed that any new restrictions would not apply 
to seasonal variation or flood protections.  

3 The feedback received during the development phase of the survey revealed 
that people preferred this attribute to be included in the choice task compared 
to not including it. 
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Significant changes in the timing of outputs of large hydropower 
plants are likely to increase CO2 emissions4 and market prices (which 

typically affect consumers’ billing costs) in the Finnish system. If short- 
term regulations on hydropower are restricted, more expensive and 
polluting dispatchable production sources are needed. Hydropower 
generates low-emissions electricity and is especially useful when no 
intermittent wind power generation is available. We calculated rough 
estimates to understand the relationship between short-term hydro
power restrictions and emissions as well as costs (see Appendix B). The 

Table 2 
Attributes and levels in the DCE.  

Attribute Levels 

Short-term regulations of hydropower production 

Current regulations Somewhat more restrictions A lot more restrictions   

Recreational use 

Current state Improves somewhat Improves a lot 

Ecological state 

Current state Improves somewhat Improves a lot 

Fish stocks 

Current state Improves somewhat  

CO2 emissions 

No change Increases by 2% Increases by 4% 

Increase in electricity bill (€/year) €0, €5, €15, €30, €50, €75, €105  

4 Restricting the short-term regulations of hydropower production on the 
Kemijoki River would increase the CO2 emissions of Finnish electricity 
production. 
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calculation results indicate that CO2 emissions rise by 2.1 and 2.7% in 
the considered scenarios “Somewhat more restrictions,” and “A lot more 
restrictions” compared to the original emissions in the scenario “Current 
regulations”. Thus, the levels in the DCE for increase in CO2 emissions 
were 0%, 2%, or 4%. The rough estimates for additional billing costs per 
household were approximately €3.5 in the scenario with somewhat 
more restrictions on hydropower output, and €4.6 when many more 
restrictions were put into action. To have higher variation across choice 
tasks in the DCE, the potential increases in the electricity bill varied 
between €0 and €105. 

The DCE design was conducted with a Bayesian D-efficient design 
consisting of 36 choice tasks that were further divided into six blocks to 
minimize the respondent’s burden. The prior parameter values for the 
design were obtained from the pilot study. To create feasible choice 
tasks, we added constraints to the design. Whenever the alternative in 
the choice task had the short-term regulations of hydropower attributed 
to the “A lot more restrictions” level and the other alternative to the 
“Somewhat more restrictions” level, then the attribute levels of the 
ecological state and recreational use were either better or at least equal 
and the attribute level of emissions was either higher or at least equal in 
the alternative with “A lot more restrictions” level compared to the 
alternative with the “Somewhat more restrictions” level. These re
strictions were identified as important for the credibility of the choice 
alternatives during survey testing. 

2.4. Empirical model 

In the frequently used mixed logit (MXL) model [32], the utility for 
individual n, related to choice alternative j, is represented as: 

Unj = β′
nxnj + εnj, (1)  

where xnj is a vector of attributes including an alternative specific con
stant (ASC), and βn is the corresponding vector of estimated parameters. 
The idiosyncratic error εnj is independently and identically distributed 
and an extreme value one (EV1) type. βn also includes random taste 
parameters that depend on the values of the population mean b and 
covariance matrix Ω of an underlying distribution φ(β|b,Ω). 

The utility specification is presented in the preference space in Eq. 
(1). However, we re-parameterize the utility to the WTP space in which 
the estimated coefficients can be interpreted as marginal WTP values 
[33]. In the WTP space, the utility for individual n is 

Unj = σ
(
αnmnj + β′

nxnj
)
+ εnj = σαn

(
mnj + β′nxnj

/
αn
)
+ εnj  

= σ
(
αnmnj + υ′

nxnj
)
+ εnj. (2) 

In Eq. (2), mnj denotes the monetary attribute and αn represents the 
estimated parameter for it, xnj includes non-monetary attributes and βn 

refers to the corresponding vector of estimated parameters. Above, we 
also have υn = βn/αn, a vector of marginal WTP for each non-monetary 
attribute. The scale parameter σ is normalized to 1. The WTP space 
specification enables convenient distributions for WTP because it avoids 
the need to consider the distribution of inverse coefficients [34]. 

In this study, non-monetary attributes were treated as random and 
assigned normal distributions, whereas monetary attributes were 
treated as random with lognormal distributions. The modeling was 
executed with 10,000 Sobol draws with random linear scramble and 
random digital shift. Analytically derived gradients were used. The es
timations were conducted in MATLAB.5 

In the analysis, we used the MXL model in the preference and WTP 
space with and without correlation. Overall, the MXL model that allows 
all parameters to be randomly distributed, and which estimates a full 

covariance matrix among them, is the most general form possible 
[24,35]. We allowed for a correlation between random coefficients 
because it was likely that the unobserved effects between different at
tributes and attribute levels would be correlated. Such a correlation is 
taken to reflect that an individual’s preferences for one attribute are 
related to the preferences for another attribute. For instance, individuals 
who support increases in recreational possibilities can also be supportive 
of improvements in the fish stocks and/or ecological state. Alternatively, 
individuals who prefer improvements in the ecological state can also 
dislike increases in CO2 emissions. 

To test these behavioral hypotheses and interpret the obtained cor
relation matrix, we utilized the procedure proposed by Mariel and 
Artabe [24]. This procedure may help to disentangle behavioral inter
linkages from scale heterogeneity. The correlation matrix captures not 
only the correlation between the random parameters, but also the cor
relation caused by the scale heterogeneity that cannot be identified 
separately [35,36]. The proposed procedure consists of two simple steps. 
First, the signs of the attributes corresponding to the utility that have a 
negative mean coefficient are reversed. Then, only negative correlations 
are interpreted. This enables to identify correlation resulting from a 
behavioral phenomenon. 

To derive a welfare change estimate for policy scenarios describing 
the short-term regulations of hydropower production and associated 
effects, we employed the compensating variation (CV) from Hanemann 
[37]: 

CV =
1
α (V0 − V1), (3)  

where V0 and V1 are the utility expressions for the current and alter
native policy scenarios. Denoting V0 = V0

− α and V1 = V1
− α, the CV is 

calculated using the WTP space specification outcomes as follows: 

CV = V1 − V0. (4) 

In addition to the MXL model, we applied the Latent Class (LC) model 
to identify segments of respondents with varying preferences for the 
studied attributes. For the readers interested in the technical details of 
the LC model, we refer to a study by Boxall and Adamowicz [38]. 

3. Results 

3.1. General opinions on hydropower 

The survey included several hydropower-related claims, which we 
measured on a 5-point Likert scale (Fig. 2). A vast majority (81%) of the 
respondents either strongly or somewhat agree that hydropower causes 
significant damage to migratory fish stocks. Hydropower is also clearly 
more negative than positive for recreational fishing (62% vs. 22%). In 
addition, 48% of the respondents strongly or somewhat agree that hy
dropower destroys riparian vegetation, and 53% find hydropower plants 
harmful from a landscape point of view. 

On the other hand, most of the respondents think that hydropower is 
a low-emissions form of electricity generation (74% strongly or some
what agree), that it increases the security of supply in the energy system 
(66% strongly or somewhat agree), that the municipal economy benefits 
from it (59% strongly or somewhat agree), and that it is an important 
energy production form of the future (56% strongly or somewhat 
agrees). The sample is clearly split with regard to the perceived effects 
on biodiversity, recreational use, land value, and electricity prices. 
Furthermore, the share of “do not know” answers was the highest related 
to impacts on land value, riparian vegetation, and the municipal econ
omy. Overall, the findings indicate that the public is likely to have 
varying opinions on hydropower and its externalities. This is also re
flected in the response distribution when asking whether the re
spondents disliked hydropower: 55% of those providing an answer to 
this claim either strongly or somewhat disagreed, 13% were indifferent, 5 We utilized the DCE package, available here. 
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Fig. 2. Likert scale distribution of opinions on possible effects of hydropower (N = 396).  

Fig. 3. Likert scale distribution of opinions on compensation and mitigation measures of the negative effects of hydropower (N = 396).  
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and 29% strongly or somewhat agreed with the claim. 
The respondents were also presented with a series of questions about 

the mitigation measures and compensation requirements of the negative 
effects of hydropower (Fig. 3). Over 70% of respondents thought that 
negative externalities exist, which should be either compensated for or 
offset, and nearly as many stated that hydropower companies should 
take more measures in compensation activities. Additionally, 59% are 
willing to see higher monetary compensation. However, the respondents 
were divided based on whether the state should participate in 
compensating for the disadvantages of hydropower production. Inter
estingly, public support exists for ecological compensation, as 51% of 
the respondents either strongly or somewhat agreed that the environ
mental impacts of large hydropower plants could be compensated for by 
dismantling small power plants on other rivers.6 

3.2. Valuation of hydropeaking externalities 

Table 3 outlines the definitions of the attribute variables used in the 
discrete choice analysis. Current state levels for recreational use, the 
ecological state, and fish stocks, as well as no change level for CO2 
emissions, serve as reference categories. The MXL model with correla
tion outperformed the MXL model without correlation based on LL, 
McFadden pseudo R2, and AIC (see Appendix C Table C1), thus sug
gesting that using the MXL model without a correlation could lead to 
biased estimation of the WTP values. Note that 20 respondents were 
excluded from the analysis due to missing responses to at least one of the 
choice tasks. 

The results of the DCE are presented in Table 4. Models 1 and 2 are 
otherwise similar except for interactions with the ASC. The results of the 
MXL models (1 and 2) in the WTP space show that the variables have 
their expected signs. The coefficient of the ASC is negative, implying that 
respondents preferred the presented alternative policy situations over 
the status quo. Note, however, that the ASC captures both the utility 
related to the status quo alternative and the omitted dummy for the 
short-term regulations attribute, level REGUL_M. The coefficient for 
REGUL_H is statistically insignificant, meaning that the respondents 
were, on average, indifferent to the alternative short-term regulations, 
including more restrictions. Our interpretation is that the intensity of 
restrictions as such is not as important as the resulting effects are. 

The coefficients for improvements in recreational use and the 
ecological state are all positive and statistically significant. Moreover, 
the respondents derived higher value for recreational use than the 
ecological state and witnessed clear improvements in both attributes 
(RECREA_H and ECOLO_H). In Model 1, the WTP for RECREA_M is €32 
[± €6], for RECREA_H it is €54 [± €8], for ECOL_M it is €29 [± €7], and 
for ECOL_H it is €35 [± €8]. The respondents also valued moderate 
improvements in fish stocks because the statistically significant WTP for 
FISH_M is €32 [± €5]. The coefficients for EMIS_2 and EMIS_4 are both 
negative and significant, which reflects a dislike for increases in CO2 
emissions. The respondents required, on average, a €26 [± €7] 
compensation for a 2% increase in emissions, and a €60 [± €9] 
compensation for a 4% increase in emissions. As expected, the coeffi
cient for EBILL is negative and significant. 

The statistically significant standard deviation coefficients imply 
clear variations around the estimated mean WTP values. Hence, re
spondents’ preferences were heterogeneous. The correlation matrices 
for models 1 and 2 are available in Appendix C Table C2 and Table C3. 

Preference heterogeneity exists among respondents with respect to 
ASC values. To investigate possible reasons and to control for potential 
representativeness issues (see Table 1), we introduced interactions be
tween the status quo and respondents’ demographic traits. This 
informed us whether age, higher education, gender, or living place affect 
the choice between the status quo and alternative river management 
scenarios. The weakly and statistically significant positive interaction 
between a respondent’s age (AGE) and the ASC denotes that the choice 
probability of the status quo is higher among older respondents. This 
implies that a younger age is linked with higher valuation of more 
restrictive hydropower operations. In addition, the probability of 
choosing the status quo falls if the respondent is a male. Interestingly, we 
observed that living in the Kemijoki River watershed area (LOCAL) is not 
associated with a lower probability of choosing the status quo. This in
dicates that, on average, familiarity with the study area is not linked to a 
higher valuation of alternative regulation regimes. This finding also 
supports our decision to use the total sample of respondents (not just the 
sample of locals) in the analysis. Furthermore, a high education level 
(HIGHEDU) does not explain the probability of choosing the status quo 
alternative. 

We also examined preference heterogeneity with the LC model. The 
results of the LC model are available in Appendix C in Table C4. The LC 
analysis reveals four groups of respondents. The first group accounts for 
30% of the sample and includes respondents who prefer the current 
regulation regime, whereas the other three groups prefer a policy 
change. The second group (20.6% of the sample) values especially im
provements in recreational possibilities and are sensitive for increases in 
electricity bill. The third group (16.8% of the sample) prefers im
provements in local attributes (i.e., recreational use, fish stock and 
ecological state) and dislikes increases in emissions. Also, the fourth 
group (32.6% of the sample) values improvements in local attributes. 
However, they are not sensitive for increases electricity bill and dislike 
only the higher-level increase in emissions. 

3.3. Policy scenarios 

We created four scenarios to illustrate how environmental exter
nalities affect individuals’ economic welfare in terms of CV (Table 5). 
Policy scenarios 1 to 4 represent policies with stronger short-term reg
ulations of hydropower production compared with the current regula
tions. Note that the likelihood of reaching the “Improves a lot” level in 
recreational use and the ecological state is higher in the case of high 
restrictions on hydropeaking (REGUL_H = 1) than in the case of mod
erate restrictions (REGUL_M = 1). All policy scenarios can generate 
moderate improvement in fish stocks. On the other hand, it is likely that 
the CO2 emissions will increase more in scenario 2 than in scenario 1 
with the current energy production mix. Policy scenarios 3 and 4 illus
trate welfare effects associated with a decarbonized power system. In the 

Table 3 
Variable descriptions.  

Variable Notation Type 

ASC status quo ASC dummy-coded 
Short-term regulations of hydropower production 
Somewhat more restrictions REGUL_M dummy-coded 
A lot more restrictions REGUL_H dummy-coded 
Recreational use 
Improves somewhat RECREA_M dummy-coded 
Improves a lot RECREA_H dummy-coded 
Ecological state 
Improves somewhat ECOL_M dummy-coded 
Improves a lot ECOL_H dummy-coded 
Fish stocks 
Improve somewhat FISH_M dummy-coded 
CO2 emissions to air 
Increases by 2% EMIS_2 dummy-coded 
Increases by 4% EMIS_4 dummy-coded 
Increase in electricity bill (€/year) EBILL continuous  

6 Some small hydropower plants have already been dismantled in Finland to 
restore river ecosystems. In addition, it has been discussed whether larger hy
dropower units could compensate for their negative environmental impacts by 
dismantling small power plants on other rivers. 
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Table 4 
Results of the MXL models in the WTP space.    

Model 1 Model 2 (ASC with interactions)   

Means    Standard deviations   Means    Standard deviations   

Variable Dist. Coeff.a  St. Err. P value Coeff.  St. Err. P value Coeff.a  St. Err. P value Coeff.  St. Err. P value 

ASC normal − 0.5274 *** 0.1094 0.0000 1.2922 *** 0.1983 0.0000 − 0.6620 ** 0.2585 0.0104 1.4037 *** 0.2267 0.0000 
REGUL_H normal − 0.0523  0.0593 0.3780 0.4299 *** 0.0621 0.0000 0.0454  0.0587 0.4396 0.4034 *** 0.0661 0.0000 
RECREA_M normal 0.3237 *** 0.0613 0.0000 0.4498 *** 0.0741 0.0000 0.4017 *** 0.0647 0.0000 0.4619 *** 0.0755 0.0000 
RECREA_H normal 0.5369 *** 0.0778 0.0000 0.6567 *** 0.0927 0.0000 0.6549 *** 0.0855 0.0000 0.7000 *** 0.0981 0.0000 
ECOL_M normal 0.2889 *** 0.0725 0.0001 0.6493 *** 0.0928 0.0000 0.2218 *** 0.0719 0.0020 0.6681 *** 0.1036 0.0000 
ECOL_H normal 0.3506 *** 0.0811 0.0000 0.8081 *** 0.0882 0.0000 0.3490 *** 0.0768 0.0000 0.7973 *** 0.1021 0.0000 
FISH_M normal 0.3160 *** 0.0521 0.0000 0.6008 *** 0.0777 0.0000 0.5029 *** 0.0600 0.0000 0.6007 *** 0.0823 0.0000 
EMIS_2 normal − 0.2625 *** 0.0685 0.0001 0.6180 *** 0.0888 0.0000 − 0.3276 *** 0.0707 0.0000 0.6094 *** 0.0869 0.0000 
EMIS_4 normal − 0.5970 *** 0.0891 0.0000 0.9370 *** 0.1123 0.0000 − 0.6398 *** 0.1062 0.0000 0.9791 *** 0.1318 0.0000 
EBILL/− 100 EUR) log-normal 2.8671 *** 0.6364 0.0000 3.7137  0.8440 0.1258 2.7431 *** 0.6171 0.0000 3.7496  0.8782 0.1100 
AGE          0.0061 * 0.0032 0.0590     
HIGHEDU          0.0003  0.1180 0.9981     
MALE          − 0.2176 * 0.1259 0.0839     
LOCAL          − 0.1180  0.1363 0.3866     
Model diagnostics 
LL at convergence − 1630.30        − 1618.30       
LL at constant(s) only − 2472.66        − 2472.66       
McFadden’s pseudo-R2 0.34        0.35       
Ben-Akiva-Lerman’s pseudo-R2 0.51        0.52       
AIC/n 1.50        1.50       
BIC/n 1.67        1.67       
n (observations) 2256        2256       
r (respondents) 376        376       
k (parameters) 65        69       

NA = Not available. 
a Mean coefficients can be interpreted as marginal WTP values (€/year/household*100). 
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decarbonized system, hydropeaking is replaced with low-carbon pro
duction (e.g., wind, solar or nuclear power) and other solutions (e.g., 
large scale storage, electric vehicle batteries and demand response) that 
enables a 0% increase in CO2 emissions. Currently, hydropeaking is 
likely replaced by carbon-emitting production (e.g., combusting com
bined heat and power production). The CV was calculated (see Eq. (4)) 
using the mean WTP values from Model 1 in Table 4. 

In Table 5, a positive CV indicates a WTP for the presented policy 
scenario. All alternative policy scenarios induce positive welfare. Policy 
scenario 1, involving moderate restrictions on hydropeaking, results in 
greater welfare (€14) than in scenario 2, including high restrictions on 
hydropeaking (€3). This finding stems particularly from the high 
compensation requirement related to the 4% increase in CO2 emissions. 
Scenario 4, with high restrictions on hydropeaking and decarbonized 
power systems, yields the highest welfare of €62, whereas scenario 3, 
with moderate restrictions, results in welfare of €40. 

3.4. Interpreting correlations 

Next, we focused on interpreting the estimated correlation matrices 
of the random coefficients and tested the procedure proposed by Mariel 
and Artabe [24]. Table 6 presents the correlation matrix without signs 
reversed non-cost attributes, whereas Table 7 displays the signs in the 
reversed version. The models were estimated in the preference space as 
was also done in Mariel and Artabe [24]; the full model outcomes are 
available in Appendix C Table C5. 

Note that the positive correlations between the coefficients of non- 

monetary attributes cannot be interpreted according to the proposed 
rule. Only the negative correlation can be interpreted as resulting from 
behavioral aspects and apart from scale heterogeneity. In this study, the 
usage of the proposed procedure does not offer much valuable addi
tional information on preference heterogeneity because a vast majority 
of the correlations were positive. Based on the procedure, we interpreted 
only the negative correlations between the coefficients of EBILL and 
ECOL_M, EBILL and ECOL_H, EBILL and FISH_M, and EBILL and EMIS_4, 
as well as the coefficients of ASC and EMIS_2, ASC and EMIS_4, and ASC 
and EBILL. The interpretation of the first three correlations must be 
made with a reversed sign because the sign of the monetary attribute is 
reversed. A positive correlation in these cases means that individuals 
with a high coefficient for ECOL_M, ECOL_H, and FISH_M have a low 
monetary coefficient, i.e., a higher valuation of these attributes. This is 
an expected finding. A negative correlation between the EBILL and 
EMIS_4 indicates that individuals with a high negative coefficient for 
EMIS_4 have a high monetary coefficient, i.e., a lower compensation 
requirement for this attribute. In addition, a negative correlation be
tween the ASC and emissions attributes (EMIS_2 and EMIS_4) implies 
that individuals who dislike the status quo alternative are, on average, 
more likely to accept increases in CO2 emissions. 

4. Discussion and conclusion 

The findings imply that most individuals prefer more rigorous re
strictions on short-term hydropower regulation to mitigate local envi
ronmental impacts caused by hydropower generation in the Kemijoki 

Table 5 
Scenarios and compensating variations.  

Scenario feature Policy scenario 1: Moderate 
restrictions on hydropeaking 

Policy scenario 2: High 
restrictions on 
hydropeaking 

Policy scenario 3: Moderate restrictions 
on hydropeaking and decarbonized power 
systems 

Policy scenario 4: High restrictions on 
hydropeaking and decarbonized power 
systems 

ASC status quo +
REGUL_M 

1 1 1 1 

Short-term regulations on 
hydropower production     

A lot more restrictions 
REGUL_H 

0 1 0 1 

Recreational use     
Improves somewhat 

RECREA_M 
1 0 1 0 

Improves a lot RECREA_H 0 1 0 1 
Ecological state     
Improves somewhat 

ECOL_M 
1 0 1 0 

Improves a lot ECOL_H 0 1 0 1 
Fish stocks     
Improves somewhat 

FISH_M 
1 1 1 1 

CO2 emissions released 
into the air     

Increases by 2% EMIS_2 1 0 0 0 
Increases by 4% EMIS_4 0 1 0 0 
CV (€/year/household) 13.87 2.68 40.12 62.38  

Table 6 
Correlation matrix of random parameters (signs unchanged).   

ASC REGUL_H RECREA_M RECREA_H ECOL_M ECOL_H FISH_M EMIS_2 EMIS_4 EBILL/− 100 EUR 

ASC 1.0000 0.1959 − 0.3065 − 0.3083 − 0.3902 − 0.2583 − 0.3483 − 0.2687 − 0.1958 0.3305 
REGUL_H 0.1959 1.0000 − 0.3987 − 0.4594 − 0.1744 − 0.1586 − 0.1691 0.5384 0.5567 − 0.3352 
RECREA_M − 0.3065 − 0.3987 1.0000 0.6169 0.5656 0.5780 0.6767 − 0.3920 − 0.0777 0.3529 
RECREA_H − 0.3083 − 0.4594 0.6169 1.0000 0.5808 0.3834 0.5969 − 0.5450 − 0.4284 0.2575 
ECOL_M − 0.3902 − 0.1744 0.5656 0.5808 1.0000 0.9457 0.7823 − 0.3851 − 0.3426 − 0.2690 
ECOL_H − 0.2583 − 0.1586 0.5780 0.3834 0.9457 1.0000 0.6568 − 0.3171 − 0.2545 − 0.2247 
FISH_M − 0.3483 − 0.1691 0.6767 0.5969 0.7823 0.6568 1.0000 − 0.6020 − 0.4301 − 0.1522 
EMIS_2 − 0.2687 0.5384 − 0.3920 − 0.5450 − 0.3851 − 0.3171 − 0.6020 1.0000 0.9015 − 0.1805 
EMIS_4 − 0.1958 0.5567 − 0.0777 − 0.4284 − 0.3426 − 0.2545 − 0.4301 0.9015 1.0000 0.1044 
EBILL/− 100 EUR 0.3305 − 0.3352 0.3529 0.2575 − 0.2690 − 0.2247 − 0.1522 − 0.1805 0.1044 1.0000  
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River. In the DCE, respondents choose alternative policy situations more 
often than the current situation (64% vs. 36%). Moreover, respondents 
value fish stocks improvements, recreational use, and ecological con
servation in that order. They are willing to pay an additional €29–54 per 
household per year in increased electricity bills to obtain improvements 
in these attributes. However, potential increases in CO2 emissions are 
associated with a clear disutility, demonstrating an obvious trade-off 
between local and global hydropower externalities. 

The WTP value of approximately €32 for the moderate improvement 
in fish stocks reflects the importance of recreational fishing in the 
Kemijoki River and the existence of fish stocks and option values. The 
fish stocks attribute was defined for the respondents in the survey as not 
containing Baltic salmon, but some respondents may have considered 
salmon along with non-migrating fish species when assessing the 
importance of the fish stocks attribute. Thus, some respondents may 
have overestimated the importance of the fish stocks. Previous studies 
on regulated rivers with existing fish passages in northern Sweden have 
found significant values associated with salmon in these rivers [13,39]. 
Likewise, recovering the natural life cycle of salmon is likely an 
important issue for many locals in the Kemijoki River area. Overall, the 
presence of fish stocks has been among the most valued attributes in 
previous studies on regulated rivers [22]. 

Respondents place a relatively high value on improvements in rec
reational use in the Kemijoki River. Similarly, Getzner [14] found that 
recreational value is higher on free-flowing sections than on dammed 
stretches of rivers for diverse recreational activities on the Mur River in 
Austria, and Immerzeel et al. [40] reported that recreation is among the 
most valued ecosystem services in Nordic catchments. On the other 
hand, recreational use might not be that important for all individuals. 
Our findings provide some evidence for this, as respondents’ preferences 
for improvements in recreational use were heterogeneous. In contrast to 
our findings, the value of recreational opportunities was clearly lower 
than the value of fish protections in regulated rivers in Bavaria in Ger
many [41]. One potential explanation for this difference is that the study 
by Venus and Sauer [41] includes the construction of fish passage 
structures, which likely increase the value of fish protections. 

The value of the ecological state was significant, although it was the 
least valued attribute among the negative externalities considered in our 
study. Numerous prior investigations have also found a significant value 
for the ecological state of rivers [22,42,43]. Our results are also in line 
with studies that have considered more broadly defined ecological at
tributes, such as ecological impacts [44], fauna and flora [17], and na
ture and landscapes [28]. In their meta-analysis on the external effects of 
hydropower, Mattmann et al. [7] found significant evidence for public 
aversion toward deterioration of the landscape, vegetation, and wildlife 
caused by hydropower projects, but only weak evidence of WTP for 
mitigating harmful effects. It is possible that people living near 

hydropower-regulated rivers are accustomed to the river’s ecological 
state and hence do not value its improvement as much. In addition, 
consistent with risk aversion [45,46], people tend to value deterioration 
in absolute terms more than improvement in an attribute [47,48]. 

For the Kemijoki River, we found that respondents significantly 
value the mitigation of greenhouse gas emissions. Previous studies have 
obtained similar outcomes [28,44,49]. Mattmann et al.’s [7] meta- 
analysis on the valuation of hydropower externalities revealed that 
reducing greenhouse gas emissions is valued positively and significantly 
more in countries with a higher share of hydropower in electricity 
production, probably because the people in these countries may have a 
greater level of awareness regarding the positive effect of hydropower 
on greenhouse gas emissions. In Finland, the share of hydropower is not 
especially high in the total energy mix, but there has been much public 
debate on the role of hydropower as a balancing source and in mitigating 
climate change. It is therefore likely that Finnish people are aware of 
hydropower’s emissions mitigation potential. This is also supported by 
our findings, as a vast majority of respondents thought that hydropower 
is a low-emission form of electricity generation (Fig. 2). 

Our sample was not fully representative of the population. In 
particular, male respondents were overrepresented. We also found 
comparatively weak evidence that male respondents were more willing 
to accept hydropeaking regulation policies than females. Hence, to some 
extent, we may have overestimated the number of individuals who 
prefer stricter restrictions on hydropower generation in the Kemijoki 
River. In contrast, older respondents (overrepresented in our sample) 
were more willing to accept current policies, thereby tweaking potential 
bias in the opposite direction. Kataria [22] also used these two 
individual-specific factors to explain preference heterogeneity for 
environmental improvements in hydropower-regulated rivers in Swe
den, but their influence was not statistically significant. When 
comparing preferences for the alternative operation regimes between 
the local population and individuals living outside the study area, we did 
not find statistically significant differences. This finding indicates that 
non-use values were of great importance in our study. It is also worth 
mentioning that we found four groups of respondents in the data that 
had differing preferences toward the studied attributes and operation 
regimes. Hence, when generalizing our results, it should be noticed that 
hydropeaking regulation policies involve both winners and losers, as has 
been also found in previous studies on environmental policies (e.g., 
[50]). 

To gain further insight into preference heterogeneity, we elaborated 
on the correlations among the utility coefficients. We expected that the 
correlations would have an influence on the results of our DCE, as all the 
attributes (excluding costs) described different environmental factors. 
For example, respondents valuing improvements in the ecological state 
would likely value improvements in fish stocks. Thus, we used a model 

Table 7 
Correlation matrix of random parameters (reversed signs).   

ASC (sign 
reversed) 

REGUL_H (sign 
reversed) 

RECREA_M RECREA_H ECOL_M ECOL_H FISH_M EMIS_2 (sign 
reversed) 

EMIS_4 (sign 
reversed) 

EBILL/− 100 
EUR 

ASC (sign 
reversed) 

1.0000 0.1075 0.2939 0.2121 0.3390 0.2293 0.2569 ¡0.3710 ¡0.2983 ¡0.3911 

REGUL_H (sign 
reversed) 

0.1075 1.0000 0.4133 0.4191 0.1346 0.1033 0.1400 0.5479 0.5349 0.3809 

RECREA_M 0.2939 0.4133 1.0000 0.6129 0.6388 0.6323 0.6871 0.3928 0.0900 0.3720 
RECREA_H 0.2121 0.4191 0.6129 1.0000 0.7022 0.4675 0.6336 0.5662 0.4603 0.1287 
ECOL_M 0.3390 0.1346 0.6388 0.7022 1.0000 0.9393 0.7500 0.4275 0.3812 ¡0.2387 
ECOL_H 0.2293 0.1033 0.6323 0.4675 0.9393 1.0000 0.6418 0.3727 0.3118 ¡0.1689 
FISH_M 0.2569 0.1400 0.6871 0.6336 0.7500 0.6418 1.0000 0.5924 0.4206 ¡0.2004 
EMIS_2 (sign 

reversed) 
¡0.3710 0.5479 0.3928 0.5662 0.4275 0.3727 0.5924 1.0000 0.9118 0.1469 

EMIS_4 (sign 
reversed) 

¡0.2983 0.5349 0.0900 0.4603 0.3812 0.3118 0.4206 0.9118 1.0000 ¡0.1210 

EBILL/− 100 
EUR 

¡0.3911 0.3809 0.3720 0.1287 ¡0.2387 ¡0.1689 ¡0.2004 0.1469 ¡0.1210 1.0000  

E. Ruokamo et al.                                                                                                                                                                                                                               



Applied Energy 353 (2024) 122055

12

specification with correlated coefficients. The interpretation of corre
lations is not straightforward, because the correlation matrix of the 
utility coefficients captures both scale and behavioral heterogeneity 
[35]. To identify the influence of the latter, i.e., to better understand 
individual’s preferences, we applied the procedure proposed by Mariel 
and Artabe [24]. In our data, this method did not help much in inter
preting the correlations. Although the signs of the estimated correlations 
were as expected, the correlations were only negative in a few cases, 
enabling us to verify that they were due to behavioral phenomena. This 
was also the case in Frings et al. [51]. Notwithstanding, this issue re
quires more research, as preferences for environmental attributes can be 
correlated and model specifications with correlated parameters are 
increasingly used in the valuation literature [24]. 

Overall, our results reinforce the view that in regulated river systems 
policy-makers and river managers should consider alternative operation 
regimes which support river-specific needs and account for different 
(and sometimes contradictory) targets. Our results suggest that 
restricting hydropeaking would significantly increase the welfare of 
individuals due to the river’s improved environmental state. On the 
other hand, positive externalities caused by a reduction in CO2 emissions 
would decrease and create disutility. However, based on the policy 
scenario analysis, the benefits obtained from the improved state of the 
river’s environment would probably exceed the disutility caused by the 
rise in CO2 emissions. Given the current energy production mix in 
Finland including also combusting technologies, it might not be socially 
desirable to implement strong restrictions on hydropeaking due to the 
increase in CO2 emissions. However, the situation may change in the 
near future as Finland is striving toward a carbon neutral electric sys
tem. This system requires economically viable and technically imple
mentable low carbon balancing solutions such as non-combusting power 
production, storage technologies and demand response. As these solu
tions become mainstream, hydropower regulation should be re- 
evaluated. Another factor that may necessitate re-evaluation is fore
seen climate change. It is likely that flow conditions in rivers will change 
in the foreseeable future with increasing likelihood of floods or 
droughts. There may also be changes in air and water temperatures. 
These changes can further affect ecosystems and recreational possibil
ities in river environments. 

Although our findings provide new understanding on the valuation 
of hydropeaking externalities and policies, they are context specific with 
electricity market, energy infrastructure, regulation, climate, and envi
ronmental conditions for hydropower operation. The findings are, 
however, valuable for other areas sharing similar characteristics, like 
other areas in Finland or the Nordic countries, which are part of the 
same electricity market and have similarities in the climate, regulation, 
energy infrastructure and cultural background. 

Based on our results, we conclude that the total welfare effect of 
decreased hydropeaking in the Kemijoki River system would be positive. 

However, we did not consider how a reduction in hydropeaking would 
affect revenues from hydropower generation. Our findings can be 
incorporated into a cost–benefit analysis to determine if the net envi
ronmental benefits would exceed the opportunity costs. Furthermore, 
policy-makers need to account for some other effects related hydro
peaking restrictions, such as changes in tax revenues or local employ
ment, which were not considered in this study. These are interesting 
avenues for future research. 
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A.2. Section B: Your views on hydropower production in Finland
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A.3. Section C: Effects of hydropower production and regulation of the River Kemijoki
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A.4. Section D: Environmental views

A.5. Section E: Background information 
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Appendix B. Emissions and cost calculations 

B.1. Emissions 

When estimating potential changes in greenhouse gas emissions and consumers’ billing costs we solve the optimal water reservoir operation of the 
hydropower generator scaled to match the aggregated generation capacity of the Kemijoki-river. The optimal hourly hydropower output in (MWh), ht, 
is solved for all hours of year, t ∈ {1,2,…,T = 8760}. We use year 2019 hourly electricity prices, pt

( €
MWh

)
, as reward for hourly hydropower output 

[52]. We assume that the Kemijoki-river hydropower plants represents 35% of total annual hydropower generation in Finland. Using the aggregated 
hydropower generation data in Finland [53], we scale the hourly maximum and minimum hydropower generation levels, inflow, and reservoir level 
with this scaling factor of 0.35. The minimum hourly hydropower output, h, is 158.6 (MWh) and the maximum hourly hydropower output, h, is 938.7 
(MWh). Hydropower reservoir level in energy units can vary between the minimum level, s, of 253.0 (GWh) and the maximum level, s, of 1701.2 
(GWh). Total annual inflow energy, 

∑T
t=1it , is 4350.0 (GWh). 

The simulated hydropower operator can offer up- and down-balancing energy once the hourly balancing requirement is realized. We assume the 
maximum up-balancing hydropower energy is 30% of the maximum hourly generation: bup = 0.3h [54]. The probability distributions, P

(
Qb) and 

P
(
pb), for balancing quantities, Qb (MWh), and balancing prices, pb ( €

MWh
)
, are calculated based on the 2015–2019 balancing market data [55]. 

Hydropower operator chooses hourly hydropower output, ht , and balancing shares, shareup
t and sharedown

t , for each hour-of-year t =

{1,2,…,T = 8760}, so that the expected revenue from electricity and balancing markets is maximized: 

max
ht ,shareup

t ,sharedown
t

E

{
∑T

t=1
γt− 1r

(
ht, bt, pt, pb

t , st+1
)
}

, (B.1)  

such that 

s ≤ st+1 = st + it − ht − bt ≤ s, (B.2)  

h ≤ ht + bt ≤ h, (B.3)  

bup = 0.3h (B.4)  

⎧
⎪⎪⎨

⎪⎪⎩

Qb = 0⇒bt = 0

Qb > 0⇒bt = min
{

Qb,min{bup, h − ht} ,max{0, st − s + it − ht}
}

Qb < 0⇒bt = max
{

Qb, − (ht − h)
}
,

(B.5)  
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⎧
⎨

⎩

Qb > 0⇒bt = shareup
t bt, shareup

t ∈ [0.333, 1]
Qb < 0⇒bt = sharedown

t bt, sharedown
t ∈ [0.333, 1],

(B.6)  

r
(
qt, bt, pt, pb

t , st+1
)
= htpt + btpb

t . (B.7) 

The optimal hourly hydropower allocation problem is solved by using a dynamic programming algorithm, with reservoir level, s, and hour-of-year, 
t, as state variables: 

V(s, t) = max
h,b

E
{

r
(
h, b, p, pb, s′)+ γV(s′, t + 1)

}
, ∀s ∈ S, t = {1, 2,…,T}, (B.8)  

according to the conditions in Eqs. (B.2)–(B.7). Based on the reservoir level data, the initial reservoir level, s1, is set to 1202 (GWh). The problem is 
solved through a backward recursion, where a large negative terminal value (fine) is if the reservoir level after the optimization period, sT+1, is below 
the initial reservoir level s1.

Under the restricted hydropower regulation scenarios, the hourly hydropower output limits in eq. (B.3) are tightened. In Scenario 1, hourly 
hydropower output can vary ±50% of the hourly inflow in energy units, it. In Scenario 2, hourly hydropower output can vary ±25% of the hourly 
inflow it. 

Using the optimal policies, we model the reservoir allocation under the hydropower regulation scenarios’Current regulation’ (BAU), ‘Somewhat 
more restrictions’ (Scenario 1) and ‘A lot more restrictions’ (Scenario 2). It is assumed that the restricted hydropower output is compensated with 
other conventional dispatchable electricity generation sources. In other words, we now have three alternative scenarios, BAU, Scenario 1 and Scenario 
2, where the residual generation profiles differ. 

To understand how the emissions differ across alternative residual generation profiles, it is essential to understand the relationship between them 
in the historical datasets. Graphical illustration of hourly emissions data [56] and electricity generation without hydropower [55] in Fig. B1 shows 
some evidence of possible non-linear relationship between them. Similar relationship has been demonstrated previously in Huuki et al. [57].

Fig. B1. Relationship between electricity generation without hydropower and CO2 emissions.  

Therefore, by utilizing emissions data from year 2019 [56], the hourly CO2 emissions (Emt) [tCO2] were modelled as a function of hourly electricity 
generation [58] without hydropower output (qt) [GWh] as follows: 

Emt = α + β1qt + β2q2
t + εt, (B.9)  

where t = (1,…,8760) denotes hours in a year and εt is the error term. Heteroskedasticity and autocorrelation robust standard errors are 
applied. Results in Table B1 shows that the quadratic term q2

t is statistically significant so it is included in the model when predicting 
emissions with restrictions on hydropower output.  

Table B1 
Regression results.   

Dependent variable: tons of carbon dioxide emissions (tCO2)  

Model 1 Model 2 

Intercept 
− 539.71*** 
(111.01) 

476.59 
(303.78) 

qt 
189.46*** 
(19.65) 

− 149.18 
(26.93) 

(continued on next page) 
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Table B1 (continued )  

Dependent variable: tons of carbon dioxide emissions (tCO2)  

Model 1 Model 2 

q2
t  

26.93*** 
(9.37) 

Adjusted R2 0.650 0.671 
Number of observations 8760 8760  

Given that β2 > 0, the second order derivative with respect to residual generation is positive: 

dEm
dq

= β1 + 2β2q⇒
d2Em
dq2 = 2β2 ≥ 0. (B.10) 

Predicted hourly emissions with simulated residual generation profiles for Scenarios 1 and 2 are shown in Fig. B2. The volatility of residual 
generation increases because hydropeaking is reduced in Scenarios 1 and 2. The standard deviation of residual generation increases from 1.33 (GWh) 
in the BAU scenario to 1.51 (GWh) in Scenario 1 and to 1.56 (GWh) in Scenario 2.

Fig. B2. Simulated hourly residual generation (GWh) and system emissions (tCO2) for BAU scenario with no hydropeaking restrictions, Scenario 1 with moderate 
restriction on hydropeaking and Scenario 2 with strong restriction on hydropeaking. 

As a result, system-wide CO2 emissions are increased when the volatility of residual generation becomes higher (Table B2). In Scenario 1 the 
increase in total emissions is 2.08% relative to BAU scenario, and 2.73% in Scenario 2.  

Table B2 
Mean and standard deviation of residual generation over simulated hydropeaking scenarios.   

Average hourly emissions (tCO2) Total emissions (MtCO2) Change in total emissions (%) 

BAU 623.1 5.459 – 
Scenario 1 636.0 5.572 2.08 
Scenario 2 640.2 5.608 2.73  

In general, the increase in total emissions is caused by the mean-preserving spread [59] of residual generation q due to reduced hydropeaking. 
Consider residual generation q distributed according to F( • ). Then, consider that the generation q is randomized further to q+ z, where z has a 
distribution function Hq(z) with a mean of zero, i.e., the mean of q + z is q. Denote the second distribution by G( • ). For a concave function u( • ), it can 
be concluded that 
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∫

u(q)dG(q) =
∫ (∫

u(q + z)dHq(z)
)

dF(q) ≤
∫

u
(∫

(q + z)dHq(z)
)

dF(q)

=

∫

u(q)dF(q). (B.11) 

Given that the system emissions with respect to residual generation Em( • ) in convex (see Eq. (B.10)), it can be stated that 
∫

Em(q)dG(q) ≥
∫

u(q)dF(q), (B.12)  

where G( • ) is a mean-reserving spread of dF(q). 

B.2. Costs 

Price effects from restricting hydropower generation were examined in two markets – the day-ahead and balancing power markets. The residual 
generation profiles in Scenarios 1 and 2 are used to calculate the price effect in the day-ahead market arising from restricting hydropower generation. 
Similarly, as in calculating the emission impacts, other conventional dispatchable generation sources were used to fill in for the “missing” hydropower 
generation in the day-ahead market. 

As more fuel is used, additional generation costs incur. The added fuel usage is calculated backwards from the estimated added CO2 emissions as 
follows: 

Additional primary energy =

(
∑8760

t=1
EmSCE

t −
∑8760

t=1
EmBAU

t

)

(
Speat × EFpeat + Scoal × EFcoal + Sgas × EFgas

)
(B.13)  

where fuel specific CO2 emission factors (EF) are 381.2 gCO2/kWh for peat, 340.6 gCO2/kWh for hard coal and 198.1 gCO2/kWh for natural gas. The 
shares (S) of fuels in fuel mix were 25% peat, 37.5% hard coal and 37.5% natural gas [58]. The resulting mean emission factor was 297.3 gCO2/kWh. 
After determining the additional primary energy, we calculated the added cost from using it as: 

Added fuel cost = Additional primary energy ×
(
Speat × Ppeat + Scoal × Pcoal + Sgas × Pgas

)
, (B.14)  

where prices (P) for peat was 13.2 €/MWh, hard coal 14.7 €/MWh and natural gas 42.0 €/MWh [60]. The mean price was 24.6 €/MWh. 
Additional cost from higher emissions compared to BAU scenario were calculated as: 

Additional emissions permit cost =

(
∑8760

t=1
EmSCE

t −
∑8760

t=1
EmBAU

t

)

× PETS, (B.15)  

where EU ETS emissions allowance price PETS was set at 50 €/tCO2. 
In total the additional costs for a representative household with 20,000 kWh yearly electricity consumption would be 3.5 € in Scenario 1 and 4.6 € 

in Scenario 2. 

Appendix C. Additional results  

Table C1 
Results of the MXL models in the WTP space without correlations.    

Means    Standard Deviations   

Variable Dist. Coeff.  St. Err. P value Coeff.  St. Err. P value 

ASC normal − 0.3675 ** 0.1670 0.0278 2.3433 *** 0.2495 0.0000 
REGUL_H normal − 0.0802  0.0624 0.1985 0.4915 *** 0.0955 0.0000 
RECREA_M normal 0.4089 *** 0.0517 0.0000 0.0814  0.2359 0.7302 
RECREA_H normal 0.5624 *** 0.0628 0.0000 0.4577 *** 0.0762 0.0000 
ECOL_M normal 0.3903 *** 0.0527 0.0000 0.0185  0.5949 0.9752 
ECOL_H normal 0.5091 *** 0.0591 0.0000 0.3730 *** 0.0916 0.0000 
FISH_M normal 0.5099 *** 0.0432 0.0000 0.3627 *** 0.0670 0.0000 
EMIS_2 normal − 0.3163 *** 0.0590 0.0000 0.2558 * 0.1434 0.0744 
EMIS_4 normal − 0.6249 *** 0.0758 0.0000 0.7022 *** 0.1107 0.0000 
EBILL/− 100 EUR) log-normal 1.1480 *** 0.1467 0.0000 0.7159 *** 0.1938 0.0002 
Model diagnostics 
LL at convergence − 1720.85        
LL at constant(s) only − 2472.66        
McFadden’s pseudo-R2 0.30        
Ben-Akiva-Lerman’s pseudo-R2 0.49        
AIC/n 1.54        
BIC/n 1.59        
n (observations) 2256        
r (respondents) 376        
k (parameters) 20        
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Table C2 
Correlation matrix of random parameters in Model 1.   

ASC REGUL_H RECREA_M RECREA_H ECOL_M ECOL_H FISH_M EMIS_2 EMIS_4 EBILL/− 100 EUR 

ASC 1.0000 0.1939 − 0.5153 − 0.5120 − 0.5535 − 0.5654 − 0.6675 0.3427 0.5091 0.4756 
REGUL_H 0.1939 1.0000 0.2337 0.0315 0.1193 0.0321 − 0.0176 0.2767 0.3483 − 0.1680 
RECREA_M − 0.5153 0.2337 1.0000 0.6770 0.7053 0.7752 0.8457 − 0.4327 − 0.3763 − 0.1967 
RECREA_H − 0.5120 0.0315 0.6770 1.0000 0.8194 0.6982 0.7874 − 0.7881 − 0.7607 − 0.4637 
ECOL_M − 0.5535 0.1193 0.7053 0.8194 1.0000 0.9312 0.7620 − 0.5211 − 0.6969 − 0.5720 
ECOL_H − 0.5654 0.0321 0.7752 0.6982 0.9312 1.0000 0.7618 − 0.4451 − 0.6085 − 0.4948 
FISH_M − 0.6675 − 0.0176 0.8457 0.7874 0.7620 0.7618 1.0000 − 0.7582 − 0.7342 − 0.2794 
EMIS_2 0.3427 0.2767 − 0.4327 − 0.7881 − 0.5211 − 0.4451 − 0.7582 1.0000 0.8095 0.1169 
EMIS_4 0.5091 0.3483 − 0.3763 − 0.7607 − 0.6969 − 0.6085 − 0.7342 0.8095 1.0000 0.5477 
EBILL/− 100 EUR 0.4756 − 0.1680 − 0.1967 − 0.4637 − 0.5720 − 0.4948 − 0.2794 0.1169 0.5477 1.0000   

Table C3 
Correlation matrix of random parameters in Model 2.   

ASC REGUL_H RECREA_M RECREA_H ECOL_M ECOL_H FISH_M EMIS_2 EMIS_4 EBILL/− 100 EUR 

ASC 1.0000 0.0328 − 0.5910 − 0.5892 − 0.4994 − 0.5418 − 0.6573 0.3986 0.4986 0.5048 
REGUL_H 0.0328 1.0000 0.1643 0.1533 0.2544 0.1500 0.0794 0.2668 0.2236 − 0.2449 
RECREA_M − 0.5910 0.1643 1.0000 0.7317 0.7054 0.7706 0.8704 − 0.5187 − 0.4779 − 0.1940 
RECREA_H − 0.5892 0.1533 0.7317 1.0000 0.8056 0.7464 0.8242 − 0.7975 − 0.8002 − 0.5609 
ECOL_M − 0.4994 0.2544 0.7054 0.8056 1.0000 0.9656 0.7824 − 0.5352 − 0.7140 − 0.5262 
ECOL_H − 0.5418 0.1500 0.7706 0.7464 0.9656 1.0000 0.7965 − 0.5268 − 0.6699 − 0.4561 
FISH_M − 0.6573 0.0794 0.8704 0.8242 0.7824 0.7965 1.0000 − 0.7697 − 0.7693 − 0.3891 
EMIS_2 0.3986 0.2668 − 0.5187 − 0.7975 − 0.5352 − 0.5268 − 0.7697 1.0000 0.8543 0.3286 
EMIS_4 0.4986 0.2236 − 0.4779 − 0.8002 − 0.7140 − 0.6699 − 0.7693 0.8543 1.0000 0.6459 
EBILL/− 100 EUR 0.5048 − 0.2449 − 0.1940 − 0.5609 − 0.5262 − 0.4561 − 0.3891 0.3286 0.6459 1.0000   

Table C4 
Results of the LC model.   

Group 1 Group 2 Group 3 Group 4 

Variable Coeff. St. Err. P value Coeff. St. Err. P value Coeff. St. Err. P value Coeff. St. Err. P value 

ASC 2.1864*** 0.6245 0.0005 − 2.1925*** 0.3509 0.0000 − 0.8431*** 0.3221 0.0088 − 3.7564** 1.5632 0.0163 
REGUL_H 0.2382 0.3890 0.5403 0.1177 0.2728 0.6662 − 0.4275* 0.2241 0.0565 0.1375 0.2196 0.5313 
RECREA_M − 0.3218 0.5195 0.5356 1.4786*** 0.3441 0.0000 0.7853*** 0.2775 0.0047 0.5947** 0.2390 0.0128 
RECREA_H 0.5999 0.4865 0.2175 1.4956*** 0.3511 0.0000 0.9729*** 0.3036 0.0014 1.0007*** 0.2987 0.0008 
ECOL_M 0.7047* 0.4240 0.0965 − 0.4633 0.3916 0.2368 0.8417*** 0.2932 0.0041 1.0001*** 0.2591 0.0001 
ECOL_H − 0.4785 0.6612 0.4693 − 0.1158 0.3396 0.7331 1.4375*** 0.3432 0.0000 1.1236*** 0.2904 0.0001 
FISH_M − 0.0119 0.4302 0.9779 0.2641 0.2146 0.2185 1.0230*** 0.2111 0.0000 1.2250*** 0.1641 0.0000 
EMIS_2 − 0.3725 0.4728 0.4308 − 0.3031 0.2913 0.2981 − 1.4901*** 0.2443 0.0000 − 0.0114 0.2058 0.9557 
EMIS_4 − 0.4698 0.5455 0.3891 0.1108 0.4698 0.8136 − 3.2162*** 0.4156 0.0000 − 0.5739* 0.3481 0.0992 
EBILL/100 − 4.7485*** 1.0815 0.0000 − 5.1185*** 0.6028 0.0000 − 2.1738*** 0.3937 0.0000 − 0.3177 0.3215 0.3229 
Class probability 0.2998*** 0.0246 0.0000 0.2065*** 0.0277 0.0000 0.1680*** 0.0250 0.0000 0.3257*** 0.0283 0.0000 
Model diagnostics 
LL at convergence − 1656.00            
LL at constant(s) only − 2472.66            
McFadden’s pseudo-R2 0.33            
AIC/n 1.51            
n (observations) 2256            
r (respondents) 376            
k (parameters) 43              
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Table C5 
Results of the MXL models in the preference space.    

Model 1 (signs unchanged)  Model 2 (signs reversed)   

Means    Standard deviations    Means    Standard deviations   

Variable  Coeff.  St. Err. P value Coeff.  St. Err. P value  Coeff.  St. Err. P value Coeff.  St. Err. P value 

ASC n − 2.1617 *** 0.5211 0.0000 5.1170 *** 0.9033 0.0000 ASC (s. rev.) 2.0423 *** 0.5063 0.0001 4.9290 *** 0.8613 0.0000 
REGUL_H n − 0.1778  0.2653 0.5028 1.8809 *** 0.3790 0.0000 REGUL_H (s. rev.) 0.2363  0.2561 0.3562 1.7588 *** 0.3799 0.0000 
RECREA_M n 1.2459 *** 0.2856 0.0000 1.6463 *** 0.4578 0.0000 RECREA_M 1.2577 *** 0.2992 0.0000 1.6269 *** 0.4402 0.0000 
RECREA_H n 1.8584 *** 0.3481 0.0000 2.0928 *** 0.4902 0.0000 RECREA_H 1.7893 *** 0.3563 0.0000 2.0394 *** 0.4474 0.0000 
ECOL_M n 0.8910 *** 0.3059 0.0036 1.8423 *** 0.3968 0.0000 ECOL_M 0.8637 *** 0.3085 0.0051 1.8693 *** 0.3848 0.0000 
ECOL_H n 1.1071 *** 0.3417 0.0012 2.4839 *** 0.4496 0.0000 ECOL_H 1.1079 *** 0.3432 0.0012 2.4914 *** 0.4624 0.0000 
FISH_M n 1.2800 *** 0.2901 0.0000 3.0456 *** 1.1967 0.0000 FISH_M 1.2747 *** 0.2910 0.0000 2.6696 *** 0.8618 0.0000 
EMIS_2 n − 1.1641 *** 0.3214 0.0003 5.2035 ** 2.1500 0.0173 EMIS_2 (s. rev.) 1.1328 *** 0.3168 0.0003 3.9481 *** 1.3426 0.0002 
EMIS_4 n − 1.9391 *** 0.4169 0.0000 6.6620 ** 2.4953 0.0403 EMIS_4 (s. rev.) 1.9438 *** 0.4095 0.0000 6.8061 ** 2.4762 0.0465 
EBILL/− 100 EUR) l 1.1336 *** 0.2293 0.0000 2.9083 *** 0.6627 0.0000 EBILL/− 100 EUR) 1.1920 *** 0.2193 0.0000 2.8793 *** 0.6318 0.0000 
Model diagnostics 
LL at convergence − 1608.25         − 1607.95       
LL at constant(s) only − 2472.66         − 2472.66       
McFadden’s pseudo-R2 0.35         0.35       
Ben-Akiva-Lerman’s pseudo-R2 0.52         0.52       
AIC/n 1.48         1.48       
BIC/n 1.65         1.65       
n (observations) 2256         2256       
r (respondents) 376         376       
k (parameters) 65         65         
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