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Evaluation of cost efficiency in hydropower-related biodiversity
restoration projects in Sweden – a stochastic frontier approach

Wondmagegn Tafesse Tirkaso and Ing-Marie Gren�

Department of Economics, Swedish University of Agricultural Sciences (SLU), Uppsala, Sweden

(Received 9 February 2021; revised 3 September 2021; final version received 7 September 2021)

Various restoration projects intended to mitigate the adverse ecological effects of
hydropower plants, e.g. by restoration of fish habitats and spawning grounds, have
been implemented in different parts of the world. However, it is unclear whether
these projects are in line with least-cost principles. In this study, we estimated the
cost efficiency level for different biodiversity mitigation measures in Sweden by
using stochastic frontier analysis with data from 245 projects in Sweden that were
carried out between 1987 and 2013. The results indicated evidence of cost
inefficiency in the projects, which had an average efficiency score of 53%,
suggesting a potential to reduce costs by 47%. Project ownership by private entities
compared with municipalities showed a statistically significant reduction of the cost
inefficiency score. This points out a possibility of reducing the total cost of
restoration by targeting relatively efficient project owners.

Keywords: Hydropower; biodiversity restoration; cost efficiency; stochastic
frontier analysis

1. Introduction

Hydropower is a vital source of energy supply worldwide and accounted for approxi-
mately 16% of the total supply of electricity in 2018 (IEA [International Energy
Agency] 2021). The hydropower energy source is well known for its minimal emis-
sions of pollutants and low production costs and is an effective mechanism for control-
ling the significant fluctuations in energy demand and supply (e.g. IRENA
[International Renewable Energy Agency] 2021). For these reasons, hydropower is
regarded as an efficient means for mitigating climate change by replacing energy pro-
duction from fossil fuel, and a global boom in dam construction is anticipated
(e.g. Zarfl et al. 2015). However, there has been growing criticism of hydropower
dams due to their distortion of ecological conditions in the riverine landscape (e.g.
Lange et al. 2018). For instance, streams can be entirely or partly desiccated, thereby
destroying habitats and migration pathways for fish species. Furthermore, fish species
such as eel and salmon, which are protected under the EU Habitat Directive (Council
Directive 92/43/EEC 1992), are affected by hydropower plants (HaV [Havs- och
Vattenmyndigheten] 2020). Therefore, regulations concerning biodiversity requirements
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on existing and planned hydro power plants have been implemented in several coun-
tries (Coutu and Olden 2018).

A key issue is then how to design cost efficient biodiversity protection to avoid
unnecessary cost impacts on society. Cost calculations require data on both the ecological
and economic effects of the restoration measures. Measures aimed at improving biodiver-
sity, such as stabilization of channels and improvement of riparian and in-stream habitats
and water quality around hydropower plants, usually require a considerable amount of
investment. Before restoration projects are implemented, economic and ecological aspects
of these projects need to be evaluated, in order to utilize the limited investment resources
most effectively. Several studies have assessed the ecological effects of different biodiver-
sity restoration measures in the aquatic system e.g. (Green and O’Connor 2001; Pejchar
and Warner 2001; Ren€of€alt, Jansson, and Nilsson 2010; Carlson, Donadi, and Sandin
2018; G€othe et al. 2019; Kupilas et al. 2020). A few studies have calculated the cost of
environmental constraints for planned hydropower plants, which consider different types
of measures such as adjustment passages for fish or instream restoration (e.g. Guis�andez,
P�erez-Diaz, and Wilhelm 2013; Lillesund et al. 2017; Oladosu et al. 2021), but no study
has evaluated the cost efficiency of hydropower restoration projects.

The purpose of this study is twofold; to test for the existence of cost inefficiency
in providing biodiversity by hydropower restoration projects in Sweden and, when
there is evidence of inefficiency, to assess the impact of different explanatory variables
on cost inefficiency. Identifying the determinants of cost inefficiency can be important
for effective resource utilization and policy formulation with respect to biodiversity
restoration measures. The outputs from the restoration projects are improved biodiver-
sity in terms of preservation of one or several species. The inefficiency determinants
include project characteristics such as type of restoration project, project ownership,
and time aspect of the project. To this end, we apply stochastic frontier analysis (SFA)
using micro level data on hydropower restoration projects in Sweden.

In Sweden, official reports indicate that energy production from approximately
2,100 hydro power sources supplied nearly 61 TWh in 2019, which corresponded to
40% of total electricity production (SEA 2020). In 2019, electricity production by
hydropower plants in Sweden was among the 10 largest in Europe (Statista 2021).
Almost 1,000 lakes and 4,000 rivers are affected by these power plants (HaV 2021).
Only a small fraction of the power plants has been adjusted to the modern environ-
mental requirements set by national laws and EU directives (SWA [Swedish Water
Authorities] 2021). Environmental regulations have not been changed for established
power plants with operational licenses during the last century, and recent legislation
requires investigation and renewal of licenses for about 1,300 power plants (SWA
2021). The analysis of cost efficiency of the implemented hydropower restoration proj-
ects can therefore be of relevance for the priority of future restoration measures.

Following the seminal works of Aigner, Lovell, and Schmidt (1977), Battese and
Corra (1977), Meeusen and Van Den Broeck (1977), Førsund, Lovell, and Schmidt
(1980), and Greene (2008), applications of SFA have become popular in measuring
firms’ technical efficiency or productivity level. The economic reasoning behind tech-
nical efficiency is directly linked to how a firm utilizes an existing limited resource to
produce a maximum level of output. The advantage of this method compared with
another common method estimating inefficiency, data envelopment analysis (DEA), is
that it distinguishes the total error term into inefficiency and random noise compo-
nents1. SFA then allows for simultaneously identifying the variable determining the
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minimum restoration cost and the main sources of inefficiency variations across the
study sample. Both methods have been applied to a variety of sectors including bank-
ing, health care, insurance companies, energy production, agriculture, and fishery (see
e.g. Lampe and Hilgers (2015) for applications and comparison of the methods).
Studies on environmental efficiency generally regard pollution as a negative side effect
of the production of outputs (e.g. Reinhard, Lovell, and Thijssen 2002; Tang et al.
2014; Huang, Bruemmer, and Huntsinger 2016; Gezahegn et al. 2020).

The current study does not apply an environmentally adjusted production efficiency
approach, but instead treats the environmental effect as the output of a restoration pro-
ject and examines its cost efficiency. A cost function approach allows for the handling
of problems with multiple outputs in efficiency analysis (Kumbhakar and Lovell
2000). In our view, the novel contribution of this study is the application of a SFA
model to evaluate the cost efficiency in the production of biodiversity by hydropower
restoration projects, hence aiding policy design for cost efficient implementation of
biodiversity restoration projects. The remainder of the paper is structured as follows:
Section 2 presents the methodological framework, including the theoretical foundations
of a stochastic frontier cost function. Section 3 presents the data, while the economet-
ric results are presented in Section 4. Efficiency score and marginal effects of cost
inefficiency determinants are calculated in Section 5, the results are discussed in
Section 6 and the main conclusions are presented in Section 7.

2. Conceptual approach

The basic approach with the SFA is illustrated in Figure 1, where we have three hypo-
thetical restoration projects, A, B and C with different costs and environmental
effects (Q).

The vertical axis shows the cost of a project and the horizontal axis the environ-
mental effect. It can be seen immediately that project B has a higher cost and a lower
effect than project C, and is thus obviously cost inefficient. It is less clear for project
A, which has a lower cost and a lower effect than the other two projects.

The calculation of the existence and magnitude of inefficiencies requires informa-
tion on the relationship between minimum cost and Q, which is illustrated by the curve
C(Q) in Figure 1. Each point on the curve shows the minimum cost for a given Q, and

Figure 1. Illustration of calculation of cost inefficiency.
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a project can then be at the curve and, hence, be cost efficient, which is the case for
project C. The degree of inefficiency of project A and B is then measured by means of
the difference in actual cost and the minimum cost for the same level of Q, which is
illustrated by uA and uB in Figure 1. There can be several explanations for inefficiency,
such as the choice of restoration technology, which is discussed in Sections 3 and 4.

The calculation of cost inefficiency and its determinants thus requires a two-step
approach; i) estimation of the cost function and calculation of the divergences from
the minimum cost for each restoration project, and ii) estimation of the power of dif-
ferent variables in explaining the inefficiency (if it exists). The estimation of the cost
function is based on the assumption that a manager of a restoration project i, where
i¼ 1,… ,N projects, minimizes costs for achieving several environmental outputs under
the given prices of inputs and multiple-output production function. The production
function includes labor and capital as variable inputs, and climate factors as given
inputs for the production of ecological outputs. Following the theoretical representation
of the stochastic frontier analysis introduced by Aigner, Lovell, and Schmidt (1977)
and Meeusen and Van Den Broeck (1977), the Cobb-Douglas form of cost function is
written as:

Ci ¼ f Qi,wi,Ki; bð Þ exp eif g (1)

where Ci is the cost of biodiversity restoration, Qi represents a vector of ecological
output, wi is a vector or input prices, Ki is a vector of climate conditions, and b is a
vector of parameters to be estimated. The term ei represents the error term, which is
divided into inefficiency, ui (as illustrated by the distances uA and uB in Figure 1) and
statistical noise, vi, i.e.

ei ¼ ui þ vi (2)

The economic reasoning behind Equation (2) is directly linked to the existence of
two distinguishable stochastic random error components in the specified cost function.
The first part, ui, represents cost inefficiency that arises due to several project-specific
factors in the restoration process. The second component, vi, represents stochastic noise
that cannot be controlled by a firm, such as climate and any accidental disaster.
Consequently, the level of cost efficiency, CEi, associated with each project is pre-
dicted by taking the ratio of the frontier (or possible minimum cost), C�

i , and the cor-
responding observed cost level, Ci, calculated as:

CEi ¼ C�
i

Ci
¼ f Qi,wi; bð Þ exp við Þ

f Qi,wi; bð Þ exp ui þ við Þ ¼ exp �uið Þ (3)

where CEi is bounded between 0 and 1. Full efficiency occurs when CEi¼1 or ui ¼ 0
and the amount by which Equation (3) is less than one represents the degree of cost
inefficiency.

The term ui denotes a non-negative deviation from the frontier cost function, i.e.
minimum cost estimated for a given level of output, input prices and climate condi-
tions, which can follow a half-normal, truncated, exponential, or gamma distributions
(Wang and Schmidt 2002, 2). The following are assumptions are made:

a. ui�Nþð0, r2uiÞ, ui � 0,
b. vi�Nð0,r2vÞ,
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c. r2ui ¼ exp ðk0i/Þ where k is a n� 1 vector of explanatory variables for the variance
of one-sided error term, and / is a n� 1 vector of parameters,

d. ui and vi are mutually independent as well as independent of covariates in the
frontier cost function (Equation (1)).

As indicated by assumptions (a) and (c), the two error components ui and vi can
be heteroscedastic. Ignorance of such heteroscedasticity can lead to inconsistent esti-
mates (Kumbhakar and Lovell 2000; Wang and Schmidt 2002). Neglecting heterosce-
dasticity assumption in ui creates a bias in the frontier cost function parameters as well
as in cost efficiency score. Disregarding the heteroscedasticity assumption in vi gives
consistent parameter estimates for the frontier cost function, but creates a downward
bias in the intercept as well as in the cost efficiency score. Therefore, our study
assumed that the two error components are heteroscedastic.

There are several ways of explaining the inefficiency. The dataset in this study
includes restoration projects implemented at different time periods and locations in
Sweden. As pointed out by Greene (2004), the introduction of variables representing
project heterogeneity in the cost function may lead to an over specified cost function,
which may result in an underestimation of the inefficiency. This can be counteracted
by letting the variables residing in the inefficiency distribution (Greene 2004). Sweden
is an elongated country with different climate conditions depending on the location of
the project, which is captured by the climate variables in the cost frontier function.
Further, we introduce dummies for counties in the cost function to account for hetero-
geneity related to other given spatial conditions. The data indicated substantial
variation in the distribution of biodiversity restoration projects across counties, (see
Figure S1 in the Appendix [online supplemental data]). This could have an implication
for the estimates, for instance, the concentration of small hydropower plants in a given
county could result in higher costs than in other regions.

For each project, we then defined a measure of the deviation from the frontier, ui,
as illustrated in Figure 1 and shown in Equation (3) and estimated a function:

ui ¼ /0 þ
XK

k¼1

/kzik þ xi, i ¼ 1, 2, :::,N (4)

where ui represents the predicted cost inefficiency and zik denotes project-specific
characteristics that affect cost inefficiency and the terms /k are parameters to be esti-
mated. The term xi is an idiosyncratic error component. In this study, we include pro-
ject ownership, restoration measure, and project duration as factors affecting the
inefficiency distribution. There is a large body of literature in economics on the impact
of ownership on firms’ economic performance, which offers a variety of explanations
such as differences in managers’ objectives for the operations, skills, and market con-
ditions (see reviews in Vining and Boardman [1992] and Walter et al. [2009]). The
results concerning ownership are inconclusive. Choice of restoration measures at a cer-
tain site may be another source of inefficiency because of considerable differences in
costs and ecological effects (Sandin et al. 2017). Long duration of a project may gen-
erate cost savings from learning but can also reflect cost increasing delays in project
implementation.

In order to proceed with the regression estimation, we need to specify the regres-
sion equation to be estimated. To be consistent with the economic theory, the cost
function needs to be increasing in input prices and environmental output and should
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satisfy the concavity assumption in input prices (Greene 2008; Kumbhakar, Wang, and
Horncastle 2015). Thus, we imposed a linear homogeneity restriction in the input pri-
ces which is ensured by normalizing cost, Ci and input price (wage rate), wi using one
of the input prices (interest rate), ri: Homogeneity implies that, for a given environ-
mental effect, the cost increases proportionally to a simultaneous increase in the input
prices. The data for a longer period of time (1987-2013 as described in Section 3)
raises the need to control for eventual monotonic technological change, T. The cost
function to be estimated is therefore written as:

log Ci=rið Þ ¼ b0 þ b1 log wi=rið Þ þP
sb

s
2 log Qs

ið Þ þP
s<yb

sy
3 log Qs

ið Þ log ðQy
i ÞþP

lb
l
4 logðKl

iÞ þ b5Tþ Di þ ui þ vi
(5)

where wi is the input price (wage), Qs
i the ecological outputs s¼ y¼ 1,… ,n, Kl

i the cli-
mate variables l¼ 1,… ,m, T is a trend variable, and Di denote dummy variables that
control county specific unobserved factors. By introducing the variable
log ðQs

i Þ log ðQy
i Þ where s< y we allow for interaction in the provision of different eco-

logical outputs since restoration in e.g. a stream can have simultaneous effects on sev-
eral outputs.

The estimation procedure followed the one-step maximum likelihood estimation
(MLE) of the stochastic frontier model including Equations (4) and (5) suggested by
Wang and Schmidt (2002) and Schmidt (2011). This approach was chosen since it
addresses the potential bias in parameters due to the possible correlation between
regressors of the cost frontier function and inefficiency determinants. A parameter, c ¼
ru=ðru þ rvÞ is used for testing the existence of cost inefficiency (Battese and Corra
1977). Rejecting the null hypothesis of c ¼ 0 confirms the existence of cost ineffi-
ciency when the model fits half-normal distribution. However, in the case of more
complicated models (such as truncated normal), a log-likelihood-based test for ineffi-
ciency is recommended, as the gamma parameter does not provide essential informa-
tion on the existence of a one-sided error term (Kumbhakar, Wang, and Horncastle
2015). In general, accepting the null hypothesis implies an absence of cost inefficiency
that the variation in the total error term, ei in Equation (2), is attributable to the statis-
tical noise component, and thus Equation (5) can be estimated using the ordinary least
square regression method.

3. Description of data

A minimum requirement of data for the estimation of the regression equations pre-
sented in Section 2 is a sufficient number of projects with observations on costs and
ecological effects. Data for these variables were taken from two main sources: the
national database for restoration measures (CBJ 2016) and a survey of hydropower
plants in Sweden (Sandin et al. 2017). The national database includes information on
the costs of different types of restoration measures, the timing of the project, project
duration, and project owner. The data on costs included the principal’s total operating
the costs for implementing and managing the measures. Data on costs in terms of
impacts on hydropower plants’ provision of energy were not available, which implies
underestimation of the overall costs. This may be of particular importance for meas-
ures restoring connectivity in the landscape. In total, the national database included
487 different hydropower plants. The projects were implemented over 26 years,
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between 1987 and 2013, but all costs were measured in 2016 prices by using the con-
sumer price index.

Ideally, data on ecological effects of the projects would be based on measurements
of ecological status before and after the implementation of the restoration project.
Biodiversity recovery of restoration projects may take time, which would necessitate
repeated measurements at the sites. Such data is not available. Therefore, we used
results from a survey of experts at county boards (Sandin et al. 2017). This approach
has been applied by other studies on efficiency analysis (e.g. Korhonen and Syrj€anen
2003; Ustundag, U�gurlu, and Serdar 2011; Torres-Jim�enez et al. 2015).

The survey data contained responses for 410 restoration projects on several indices
of perceived ecological effect. One is the effect on the primary target of the project,
such as improvements in trout, salmon, or eel, while others include five additional eco-
logical effects. For each ecological effect, the responses were scaled from 1 to 20,
where 20 is the best achievement. Since both targets and additional ecological effects
may impact the decision on project investment, we included both these effects. To
reduce the number of variables, we constructed a weighted index of the five other eco-
logical effects by employing principal component analysis (e.g. OECD 2008). Two dif-
ferent ecological effect variables were then constructed: Targeffect, which includes
only the effect on the target for the restoration, and Addeffect, which represents the
constructed index on additional effect. Data on ecological effects were not available
for all hydropower plants with cost information in the national database, but for 245 of
these plants.

The responses to the survey rest on the experts’ subjective evaluation. Therefore,
there is a risk of comparing the efficiency of measures with different ecological out-
comes where, for example, a grading of 4 by one expert may not reflect the same eco-
logical performance as the same grading by another expert. However, Sandin et al.
(2017) found that the expert evaluation scores were close to measured performance at
a small sample (33) of the 410 restoration projects. This finding indicates some con-
sistency in the measurement of target achievement. Another heterogeneity may occur
from differences in the formulation of main targets, which can be expressed in terms
of viable populations of different species. A viable population of salmon trout is
reported as the main target for 83% of all projects (Sandin et al. 2017), which indi-
cates a similar target formulation among the experts.

The cost frontier variables (i.e. Equations (1) and (5) in Section 2) included in this
study are input prices (wage and interest rate), climate variables (temperature and pre-
cipitation), and monotonic technological development represented by a trend variable.
Data on average annual salary was obtained from Statistics Sweden (2016a) and the
return on a relatively risk-free asset, short-term government bonds, was used as a
measure of the interest rate (Statistics Sweden 2016b). The return on short-term gov-
ernment bonds was chosen since the opportunity cost of investing in risky capital is
proportional to the potential return on risk-free investment such as government bonds
and treasury bills.

The climate variables include temperature (degree centigrade) and precipitation
(millimeters). They were obtained from the Copernicus Climate Change Service (C3S)
portal, which provides high-quality georeferenced climate data in Europe and world-
wide (Mu~noz Sabater 2019). These datasets represent 2 meters above the surface of
the land with a gridded horizontal resolution of 0.1� � 0.1� spatial coverage. The data-
set is given on an hourly basis and thus we computed the annual average per hour for
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the project site. The expected impact of the climate variables is unclear. If increased
temperature or precipitation promotes biodiversity, the cost would decrease for a given
ecological output, and vice versa.

With respect to the explanatory variables in the cost inefficiency estimates (i.e.
Equation (4) in Section 2), three different categories of inefficiency sources can be
identified; i) type of restoration project, ii) principal manager of the project, and iii)
duration of the project. With respect to the first category, there are a number of differ-
ent measures improving biodiversity, which can be divided into two main classes;
improvements of the migratory connectivity in the catchment and improvements of
habitats (Nieminen, Hyyti€ainen, and Lindroos 2017). Fish passage is the earliest sys-
tem for removing migratory barriers which was introduced at hydro power plants in
Europe about 300 years ago. The fishways are divided into two main classes: technical
and natural. Removal of the dam is a more drastic measure, which is mainly applied
on small dams (<15m height) (Carlson, Donadi, and Sandin 2018). Construction of
road culverts is used in Sweden for improving migratory passages (Sandin et al.
2017). Two measures improving habitat conditions are reported in Nieminen,
Hyyti€ainen, and Lindroos et al. (2017) and Sandin et al. (2017), instream restoration
and improved spawning conditions, which are included in this study.

Regarding the second category, principal manager, all restoration projects included
in this study are funded by the Swedish government as complements to the restoration
requirements set by the Swedish Environmental Law on hydropower plants. The
county boards are responsible for the distribution of the funds and can decide to use
part of the budget for its own restoration or to pay other actors to make the restoration.
The payments to other actors are based on their applications to the county boards. In
order to examine the impact on cost efficiency, we include four classes of actors in
addition to the county boards; municipalities, NGOs, private entities, and others.
NGOs are local organizations for water and fish management, while private actors can
be individuals but also firms such as hydropower producers and forest companies.
Others consist of government authorities, such as the Swedish Forest and the Swedish
Transport Administration.

With respect to the final group of inefficiency factors, project duration could have
a positive or negative effect on the level of cost inefficiency. If a project runs for a
long period, this could provide the potential for learning where project owners can
reduce cost inefficiency. However, the positive effect of project duration could reflect
additional spending by principals in order to maintain the planned amount
of operation.

Descriptive statistics for the 245 observations with data on cost and ecological
effects are displayed in Table 1.

The average cost per project is 355,755 SEK (9.47 SEK ¼1Euro on average
2016), but there is large variation between projects. Each of the two classes of biotope
improvement measures (instream and spawning restoration) accounted for approxi-
mately half of the total number of measures. Municipalities were responsible for more
than half of all projects (Sandin et al. 2017).

4. Regression results

Prior to maximum likelihood estimation, it is essential to test the OLS residuals skew-
ness in order to endorse whether the specification of stochastic cost frontier function is
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valid (see Olson, Schmidt, and Waldman 1980; Schmidt and Lin 1984; Kumbhakar,
Wang, and Horncastle 2015). The maximum likelihood estimates are consistent if the
distribution of OLS residuals is skewed to the right, i.e. positive skewness. The corre-
sponding skewness test statistics showed a positive sign (skewness ¼ 0.112), as was
expected and this confirmed maximum likelihood estimation was in line with a sto-
chastic cost frontier specification. We also tested whether the functional form pre-
sented in eq (5) in Section 2 by implementing a log-likelihood ratio (LR)-based test
with translog specification as an alternative. The corresponding test statistics failed to
reject the null hypothesis favoring the unrestricted or Cobb-Doulas specification
(p> 0.1264). Therefore, we preferred the Cobb-Douglas functional form over the trans-
log specification.

Results based on the specification in Equation (5) showed that Addeffect and the
interaction between the two ecological effect variables had no statistically significant
effects (Table S1). This suggests the absence of economies of scope despite multiple
ecological outputs in the specified cost function. Therefore, we estimated the explana-
tory power of different variables on cost inefficiency using only Targeffect as eco-
logical output. Three outliers were identified and removed from the dataset.

It can be argued that different project owners chose specific restoration measures
based on e.g. knowledge and skill. Regressions are therefore made for separate and
combined inclusion of project owners and restoration measures (Table 2). The refer-
ence variables for management and measure type variables are municipalities and dam
removal, respectively.

Table 1. Summary of descriptive statistics (N¼ 245).

Variable Mean Std. Dev. Min Max

Cost function
Total cost (SEKa) 355,755 785,451 2,060 5,994,082
Wage rate (SEKa/year) 460,735 46,042 330,509 531,164
Interest rate (%) 2.772 3.005 0.133 9.000
Targeffect 16.204 3.437 1 20
Addeffect 1.084 1.081 2.09 4.24
Average temperature/year (�C) 8.816 1.300 6.189 12.312
Average precipitation (mm/hour) 0.0013 0.0005 0.0006 0.0023
Time trend 22.28 5.57 1 30
Inefficiency determinants
Project duration (Years) 1.110 1.982 0.0 24.065
Managing principal;

NGO 0.192 0 1
Private 0.106 0 1
County board 0.216 0 1
Municipality 0.555 0 1
Others 0.041 0 1

Restoration projects;
Instream restoration 0.229 0 1
Natural fishway 0.139 0 1
Road culvert 0.086 0 1
Spawning 0.318 0 1
Technical fishway 0.114 0 1
Dam removal 0.114 0 1

a9.47 SEK ¼ 1 Euro in average 2016.
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We compared the distributional assumptions associated with the inefficiency com-
ponent, ui in Equation (4). The implemented log-likelihood ratio test for model selec-
tion favored the truncated normal assumption instead of half-normal and exponential
assumptions. Hence, the estimates in Table 2 are based on the assumption of truncated
normal distribution on the one-sided idiosyncratic term. Checking the existence of cost
inefficiency following the estimation of stochastic frontier models is essential. Thus,
we implemented a generalized log-likelihood ratio (LR) test to check whether there is
cost inefficiency in all specifications. This procedure is preferred in the case of a trun-
cated normal assumption, as the LR test statistics follow a mixture of v2 distribution
(Coelli 1995; Kumbhakar, Wang, and Horncastle 2015). The test has two degrees of
freedom since the null hypothesis has two restrictions: r2u ¼ 0 and l ¼ 0, where l
denotes a mean of the one-sided error term. The critical values for the corresponding
test hypothesis testing are illustrated in Kodde and Palm (1986).

The results in Table 2 show that the null hypothesis of no cost inefficiency was
rejected (at p< 0.01) in all specifications, suggesting the presence of cost inefficiency
across all the biodiversity restoration projects studied. Other common results are the
sign of the estimated coefficients of all variables in the cost frontier function and the

Table 2. One-step maximum likelihood estimates of cost frontier function cost frontier and
inefficiency functions (N¼ 242).

Variables
The dependent variable is log(Cost)

Model 1 Model 2 Model 3

Cost frontier variables
Log(wage) 0.492��� (0.142) 0.242 (0.213) 0.363� (0.213)
Log(Targeffect) 0.440��� (0.165) 0.722��� (0.165) 0.612��� (0.199)
Log(Temperature) �2.551��� (0.498) �2.628��� (0.057) �3.352��� (0.469)
Log(Precipitation) 129.044�� (55.925) 188.621 (155.012) 245.027��� (53.738)
Time trend �0.026 (0.039) �0.010 (0.033) �0.016 (0.054)
County fixed effects YES YES YES
Inefficiency determinant variables
Log(Project duration) 0.880��� (0.223) 0.766��� (0.024) 0.761��� (0.054)
Management:
NGO �2.413 (1.653) �2.161 (1.472)
Others �0.386 (0.265) �0.446 (0.274)
Private �1.290�� (0.557) �1.162��� (0.391)
County board �0.221 (0.231) �0.148 (0.548)
Measure type:
Instream restoration �0.269 (0.751) �0.347 (0.906)
Natural fishway 0.995��� (0.207) 0.535 (0.683)
Road culvert 0.523 (0.540) 0.130 (0.116)
Spawning �2.012� (1.070) �1.253 (0.904)
Technical fishway �0.176 (0.430) �0.743 (1.144)
Constant 0.234 (0.228) �0.306��� (0.117) 0.710 (0.658)
Vsigma 0.166 (0.441) 0.044��� (0.010) �0.458 (0.403)
Mean efficiency 0.52 0.56 0.53
LR ratio test 167.31��� 167.87��� 172.73���
Log likelihood �414.459 �414.178 �411.752
AIC 832.919 832.356 827.505
BIC 839.888 839.326 834.474

��� p< 0.01, �� p< 0.05, � p< 0.1. Municipality level clustered standard errors in the parentheses. The
inefficiency component follows the assumption of truncated normal distribution.
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inefficiency model. A robust result is the significant and positive effect of Targeeffect,
which is expected from the theoretical analysis in Section 2. When comparing the three
different models with respect to the reported log-likelihood, information criteria, AIC
and BIC in Table 2, the model including both management and restoration measures is
preferable. Model 3 will therefore be used in the subsequent calculations of cost frontier
and interpretation of the results concerning inefficiency and its determination.

5. Calculation of cost frontiers and cost efficiency scores

The estimated regression equation in Model 3 in Table 2 is used to assess the proper-
ties of the cost frontier function, i.e. the minimum cost at different levels of ecological
effects, and to calculate the magnitude and implications of cost inefficiency.

5.1. Cost frontier

The regression results in Model 3 for the cost frontier are used to calculate the relation
between cost per project and ecological outputs, similar to the illustration of the cost
function in Figure 1. The coefficient estimates for all variables except Time trend
show the percentage change in cost from a change by 1% in the respective independ-
ent variable. For example, the estimate of 0.612 for Targeffect implies that 1%
increase in the ecological effect increases the average cost per project by 0.612%. The
interpretations are similar for Wage rate, Temperature and Precipitation. The positive
sign of Wage rate is expected from theory since an increase in labor cost, ceteris pari-
bus, raises the cost of a restoration project. The negative sign of Temperature implies
that the cost decreases when the temperature increases. This can be due to a higher
ecological effect when temperature gradient increases the productivity of several
aquatic species (e.g. O’Gorman, Olafsson, and Gislason 2018). The positive sign of
Precipitation has the opposite interpretation, Precipitation affects hydrological condi-
tions in the catchment and contributes to loads of nutrients and other pollutants to
fresh water systems in Sweden (e.g. Tornevi, Bergstedt, and Forsberg 2014). This can
alter the food web system and hamper fish population growth.

To derive a cost function that shows the relationship between cost and ecological
effects, we calibrated the cost function at the average values of the significant inde-
pendent variables in the cost frontier, and the cost as presented in Table 1. The min-
imum cost is then assumed to correspond to 0.53 of the actual cost per project because
of the estimated inefficiency. However, as shown by the regression results in Table 2,
changes in wage rate, temperature, and precipitation will shift the cost curve.
Therefore, cost curves are calculated for the reference case at the mean values, and at
10% increases in the wage rate, the temperature and the precipitation (Figure 2)

All curves in Figure 2 show the minimum cost per project at different levels of
ecological effects. For example, in the reference case the minimum cost for an eco-
logical effect of 16, which is the average level in the dataset, would be approximately
189 thousand SEK. It can also be noticed that an increase in the temperature by 10%
from the average level of 8.81 �C would reduce this cost to 137 thousand SEK. The
corresponding increase in the wage rate and precipitation has a smaller impact on the
cost by raising it to 211 and 194 thousand SEK, respectively.

A feature common to all cost functions is that they exhibit economies of scale, i.e.
that the average cost per ecological output decreases as the output increases. For
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example, in the reference case, the average cost at 10 ecological effect is 14.1 thou-
sand SEK, which is reduced to 11.8 thousand SEK at the ecological effect of 16.

5.2. Cost efficiency score

Based on the evidence for the presence of cost inefficiency, we predicted the magni-
tude of efficiency score associated with different management categories and restor-
ation measures.

The results indicate a range in cost efficiency between 0.44 and 0.75 for the project
owners (Figure 3). Projects owned by Municipalities, County Boards and Others show

Figure 2. Minimum cost per project at different ecological effects in the reference case and 10
% increases in the wage rate, temperature and precipitation.

Figure 3. Cost efficiency score for different project management types.
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relatively low cost efficiency, and Private and, in particular, NGO project owners dis-
play a higher average cost efficiency. The difference in efficiency distribution between
project owners could be attributable to a number of factors. For instance, better per-
formance by private owners might be an indication of efficient utilization of resources
due to e.g. objectives of maximum profits for these principals.

The relative difference in cost efficiency scores is larger for the restoration meas-
ures (Figure 4). The cost efficiency score varies between 0.33 (natural fishways) and
0.67 (improved spawning). The average cost per project is approximately 8 times
higher than for improved spawning (Sandin et al. 2017), and the results in Figure 4
indicate that part of this cost difference can be explained by differences in effi-
ciency level.

However, despite the differences in efficiency scores among project owners and
restoration measures, the regression results in Table 2 show that only two variables,
Project duration and Private, have significant effects on the overall efficiency score.
Following the parametrization in Kumbhakar, Wang, and Horncastle (2015), we have
computed the marginal effects of these variables on the mean cost inefficiency score
(Table 3).

The results in Table 3 show that a marginal increase in project duration by one
year reduces cost efficiency by 0.093. On the other hand, a change in project man-
agement from municipalities to private management increases the cost efficiency
by 0.108.

Figure 4. Cost efficiency score for different restoration measure types.

Table 3. Marginal effects on mean cost efficiency (computed based on model 3 in Table 2).

Variables Marginal effect P-value

Project duration �0.093��� 0.000
Private project management 0.108��� 0.003

Significance levels: ��� p< 0.01, �� p< 0.05, � p< 0.1.
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6. Discussion

Given the chosen variables, data and regression model, the results showed that the
minimum cost for a given ecological effect is highly affected by temperature; the cost
for a given ecological effect can decrease by approximately 3% when the temperature
increases by 1%. Similarly, the calculated efficiency score varies considerably for dif-
ferent project managers and restoration measures. Therefore, it would be of interest to
compare the results with other studies. However, this cannot be made since similar
estimates have not been made for the restoration of biodiversity degradation caused by
hydropower plants or from other degrading land use changes. Instead, only partial
comparisons can be made with studies estimating restoration costs for some of the
same measures as in our study (Lillesund et al. 2017; Nieminen, Hyyti€ainen, and
Lindroos 2017; Venus et al. 2020), and with studies estimating project ownership as a
cause of cost or technical inefficiency (Tang et al. 2014; Sudrajat, Rahaya, and
Kusandar 2018; Gezahegn et al. 2020).

Lillesund et al. (2017) calculated restoration costs of hydropower plants in Norway
in an offset setting where degradation of biodiversity from hydropower plants could be
compensated for by improved biodiversity from the construction of wetlands, restored
alpine and forest ecosystems. The restoration costs ranged between 274 and 813 thou-
sand USD (2016 value) for the four large scale dams used as case studies. This is con-
siderably higher than the average cost of habitat improvements in the present study, the
average cost of which amounts to approximately 35 thousand USD (in 2016 USD). The
range in cost is large where the highest cost amounts to approximately 506 thousand
USD (Table S2), which is within the range of the estimates by Lillesund et al. (2017).

Nieminen, Hyyti€ainen, and Lindroos (2017) and Venus et al. (2020) calculated the
costs of natural and technical fish passages and related the cost to the electricity pro-
duction of the plants. Therefore, we can not compare our estimates with their cost lev-
els but only the relative costs between measures. Nieminen, Hyyti€ainen, and Lindroos
(2017) found that the cost of technical fishway is approximately 25% lower than for
natural fishways. Venus et al. (2020) obtained the opposite result where the cost of
technical fishways is on average two times higher than for natural fish passages at
hydropower plants in Sweden, France, Germany, Switzerland, and Austria. When com-
paring these results with our estimates it is found that the average cost of a technical
fishway is approximately 10% higher than the cost of the natural fishway (Table S2).

Regarding the comparison of the calculated efficiency score and its determinants, it
is of interest to compare with SFA studies applied to agriculture, since the output is
also subject to stochastic weather conditions. There are only a few studies considering
project managers as a source of efficiency and all of them calculate technical effi-
ciency (Tang et al. 2014; Sudrajat, Rahaya, and Kusandar 2018; Gezahegn et al.
2020). The estimated mean efficiency varies between 0.42 and 0.83 in these studies.
Our result of a mean cost efficiency of 0.69 is thus within the range of the estimates
from these studies. The studies also found significant impacts of project managers on
efficiency but in different ways. Management by farm cooperatives were examined in
all studies. Tang et al. (2014) and Sudrajat, Rahaya, and Kusandar (2018) found a
positive effect of cooperatives on efficiency while Gezahegn et al. (2020) obtained the
opposite result. Only one study included private management as an efficiency deter-
minant and found that it improves efficiency compared with community management
of water use in China (Tang et al. 2014).
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The partial comparison thus indicates that our results are in line with other studies.
The average cost efficiency of 0.53 implies that the same average ecological effect
could be obtained at a lower cost. In the reference case, the total cost of all projects
amounts to approximately 87 million SEK, which then could be reduced by approxi-
mately 41 million SEK and still obtain the same ecological effects. However, this
estimate is uncertain and the calculated cost efficiency scores and associated cost sav-
ings per project and totally within a 95% confidence interval can be considerable
(Table S3). A 95% confidence interval implies a range in the cost efficiency score
between 0.39 and 0.66. This generates a range in the excess cost, i.e. actual cost minus
minimum cost, between approximately 30 and 53 million SEK

However, the calculations are affected, not only by the level of included variables
but also by excluded factors because of lack of data. One such factor is the exclusion
of costs of reductions in electricity production, which implies an underestimation of
the restoration cost. A potential source of cost inefficiency not considered in this study
is the law regulating hydropower restoration projects. In Sweden, regulators issue per-
petual licenses to hydropower plants and the plant operators have to comply with the
national laws, such as the Environmental Code, and European Union directives includ-
ing the Water Framework Directive and the Habitats Directive. Several licenses are
issued to regulate different aspects of a plant, and the regulator requires the use of the
best available technology and decides about conditions and measures for biodiversity
restoration, such as the requirement of dam removals (Rudberg et al. 2014).

It is well-known in economics that such so-called command and control policies
give higher costs for a given environmental target than performance based instruments,
such as payments for biodiversity improvements (e.g. Baumol and Oates 1988). The
reason is that project owners, in general, operate at cost levels below the payment in
order to avoid net losses. The cost of restoration measures required by a regulator can
be higher because of e.g. less information on project specific costs and effects. If so,
considerable cost savings can be made by considering a change in the current com-
mand and control regulation in Sweden to a performance based system in the future
investigation of about 1300 power plants (SWA 2021).

7. Conclusions

This study evaluated cost efficiency in biodiversity restoration projects at hydropower
plants in Sweden using stochastic frontier analysis. To this end, we used data on costs
and ecological effects of 245 different restoration measures obtained from official sta-
tistics and a survey of hydropower plants. Two measures of ecological effects were
constructed, an index of targeted effects and an index of additional effects.
Econometric analysis of all restoration measures indicated that only the targeted eco-
logical effect had a significant and positive impact on the cost frontier. Expected
results were obtained for the costs of inputs where total costs increase when the wage
rate increases. Other findings were that climate factors, measured as temperature, had
a significant effect on the cost frontier and that the restoration exhibited economies of
scale where the average cost per ecological effect decreases as the effect increases.

A major finding was that the null hypothesis of no cost inefficiency was rejected
in all regression models. The estimated average cost efficiency score for individual
biodiversity restoration projects was 53%, suggesting substantial potential in cost sav-
ings. The results also pointed out a considerable range in the average cost efficiency
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score; between 0.39 and 0.66 within a 95% confidence interval. Estimates of the deter-
minants of cost inefficiency showed that project ownership and project duration sig-
nificantly contributed to variation in inefficiency level. Biodiversity restoration projects
owned and managed by private entities had a higher likelihood of being cost efficient
than projects operated by municipalities.

The role of cost efficient restoration may be more important in many countries in
the future because of the promotion of small scale hydropower plants because of the
relatively low environmental damage and capital cost (Oladosu et al. 2021). On the
other hand, the cost of mitigating environmental damage is relatively higher than for
large scale dams (Oladosu et al. 2021). The willingness to pay for environmental res-
toration of damage caused by hydropower plants was estimated by Mattman, Logar,
and Brouwer (2016). They found in a meta-analysis of studies on willingness to pay
for environmental restoration at hydropower plants that, although respondents are posi-
tive to restoration, there is weak evidence of willingness to pay.

A potential policy conclusion based on the results in this study is that the total
cost of biodiversity restoration at hydropower plants in Sweden could be reduced by
a reallocation of projects between owners. The total expenses of 87 million SEK for
the restoration projects included in this study could then have generated more eco-
logical outputs in terms of the targeted output or, equivalently, the output could have
been obtained at a lower total cost. This could have been achieved by reallocating
projects to private owners from the municipality. It was also noted that project man-
agers might be constrained by the current national laws and EU directives, the imple-
mentation of which is much focused on the requirements of specific restoration
measures. The results in this study indicate potential social gains in terms of cost
savings of a move from such technology-based regulation to performance-based reg-
ulations for hydropower restoration. In Sweden, the expenses for the projects were
paid by governmental funding and the consideration of cost efficiency would imply a
wiser use of the revenues from the Swedish tax payers.

However, our data on ecological effects rest on experts’ subjective evaluation. It is
therefore unclear if and how differences in spatial and dynamic scales of the ecological
effects between restoration measures are considered. On the other hand, a small sample
of projects comparing the experts’ evaluations with actual performance at the sites
indicated consistency in the evaluations. This points to the need for more assessments
of expert evaluations and data based on measurements and assessments of ecological
status at the sites before and after implementation of the restoration projects.

Note
1. Unlike SFA, the DEA based estimate is sensitive to measurement errors or other noise in

the data given the model is deterministic and attributes all deviations from the frontier to
inefficiencies (Kuosmanen and Kortelainen 2012).
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