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ABSTRACT

The habilitation thesis presents the advances in the research of the energy efficiency and
renewable energy sources (RES) policy evaluation. It focuses on selected areas in this field.
Specifically, the habilitation thesis addresses the following issues:

- The evaluation of the cost-effectiveness of energy efficiency and renewable energy
policies with a special focus on the cost-effectiveness of intentionally grown biomass
for energy purposes. A systemic approach to the evaluation of the cost-effectiveness
of energy biomass is presented, providing better insight and background information
for proper decision making. We show that in the current economic and policy
framework of the Czech Republic (with a possible extension of the results to Central
Europe), the energy biomass is not competitive.

- The inclusion of transaction costs in energy efficiency and renewable energy policies.
We examine the role of various factors on the structure and size of the transaction
costs on a case example of two major energy efficiency and RES subsidy programmes,
concluding that the potential for optimisation lies in streamlining the internal
processes and a clear legal environment. For public bodies, room for improvement
likes especially in the tendering for external services.

- The importance of ex-post evaluation of the real outcomes of specific policy
instruments. On a case example of one of the biggest subsidy schemes in Europe, we
provide evidence that there is a significant difference between the ex-ante (expected)
outcomes and the ex-post (real) outcomes of the programme. We also give insight
into the main reasons why this is happening.
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1. INTRODUCTION

In 2010 the European Commission launched the Europe 2020 initiative, which sets ambitious
targets to be reachedand by 2020. Among others, a 20 % increase in energy efficiency should
be attained (European Commission 2010). Similarly, The EU set a binding target of 20 % final
energy consumption from renewable sources by 2020 (European Parliament and Council
2009). Recently, within the negotiations over the so-called Winter Package, the Commission,
the Parliament and the Council negotiated a binding renewable energy target for the EU for
2030 of 32%.

The Energy Efficiency Directive (European Parliament and Council 2012), adopted in 2012,
sets out a further set of binding measures that should help the EU Members States reach the
energy efficiency target (with spill overs to renewable energy targets). It requires that energy
distributors or retail energy sales companies (or the Member States, if they opt for so-called
alternative policy measures) achieve 1.5% energy savings per vyear through the
implementation of energy efficiency measures. Furthermore, 3% of the total floor area of
heated and/or cooled buildings owned and occupied by the EU Member State central
governments has to be renovated each year.

The buildings consume about 40 % of energy in developed countries and about 75 % of
buildings in the European Union (EU) Member States (MS) are considered as insufficient
regarding energy efficiency (European Commission 2016). Therefore, there is still a significant
potential for improvement of the buildings stock and a decrease in energy consumption.

To this end, many supporting schemes (be it EU operational programmes or programmes at
the national level) have been set up. The European Union supports its Member States in
achieving the goals by providing a substantial level of funding through its Cohesion Policy
programmes. In the programming period 2007 — 2013 a total of EUR 6.1 billion was allocated
to the priority theme “Energy efficiency, co-generation and energy management”,
representing 2% of the total allocation (Ramboll and Institute for European Environmental
Policy 2016). Furthermore, the theme “Enterprise” (under which energy efficiency and RES
improvements have also been co-funded) was supported with EUR 51.9 billion, i.e. about 20 %
of total ERDF and Cohesion Fund support in the EU during the 2007 — 2013 period (Applica
and Ismeri Europa 2016).

However, the pace of improvement is still not high enough, and neither is the level of
monitoring and evaluation. Given the ambitiousness of the goals and the significant levels of
expenditures allocated to reach them, it is crucial that careful evaluation (ex-ante and ex-post)
is carried out to ensure that the public money is spent effectively.



The thesis provides an insight into the selection of challenges remaining in the field of energy
efficiency and RES policy evaluation. It focuses on the three main aspects that have been
underdeveloped both in the academic debate and in the policy design. These are the correct
calculation of the cost-effectiveness of the policy instruments, the transaction costs of energy
efficiency and RES policy measures, and the ex-post evaluation of real outcomes of the
policies and programmes. The thesis is based on the research and results published by the
submitter.

The second chapter provides background information on the main areas of research exploited,
i.e. the proper economic evaluation of energy efficiency and RES instruments, the need to
include transaction costs in the evaluation processes (and the main factors influencing the
transaction costs), and the inadequacies of ex-post monitoring of the energy policy outcomes.
The main aims of the thesis reflect the identified research gaps. The main body of the thesis is
then composed of the main results of the research articles which addressed the identified
research gaps. Conclusions convey further areas of research of the submitter.



2. ENERGY EFFICIENCY AND RES POLICY EVALUATION —
BACKGROUND

Policy targets should be SMART, i.e. specific, measurable, appropriate, realistic, and timed
(Rietbergen and Blok 2010). Specificity and measurability are the key components relevant to
the evaluation of the policy. As Harmsen (2014) puts it, “[w]ithout knowing what to achieve,
and without having data about the progress towards target achievement, evaluation becomes
an impossible mission”.

In the Czech Republic, the energy efficiency (and RES) programmes tend to be evaluated only
from the viewpoint of allocated public finances (and whether they have been spent out).
Partially, the attained results are reported too — mostly the energy savings achieved (or
planned to be achieved) due to the reporting requirements of the Energy Efficiency Directive
(European Parliament and Council 2012), and the Renewable energy Directive (European
Parliament and Council 2009). However, several areas keep being omitted in the evaluation
processes (the same, to a large extent, applies to the situation in other countries in the EU).

Firstly, economic evaluation of the policy instruments remains insufficiently addressed. Often,
in the policy design (and in the academic debate, too), the concepts of opportunity costs,
time dimension of the effects, additionality of the measures, and other, are not correctly
addressed. Furthermore, as, e.g. Oikonomou highlights the cost-effectiveness of a policy
instrument tends to change (decrease) over time, and creates the need for regular policy
instrument adaption (Labanca and Bertoldi 2017).

Secondly, one of the omitted parts of (cost-effectiveness) evaluation is the administrative
burden (or transaction costs) of the policy instruments, both on the side of the applicants (or
target audience), and on the side of the administrators of the policy instruments.
Unsystematic evaluation of the processes and related costs of the programmes can then lead
to suboptimal decision making. The public finances can be distributed ineffectively, and at the
same time, the energy efficiency targets are not being attained.

Thirdly, ex-ante evaluation of the policy instruments largely prevails over ex-post evaluation.
For instance, Hildén et al. (2014) note that only less than 10% of the entries in the 2011
reporting cycle of the climate policies in the EU Member States included quantitative data
based on ex-post evaluations. It means that the real outcomes of the programmes are rarely
known. For various reasons (discussed further) lack of ex-post evaluation may lead to
misinterpretation of the results of the programme, differences in the attained targets, and
ultimately in misinterpretation of its overall effectiveness.

The three aspects are discussed in detail in the following subchapters.



2.1. COST-EFFECTIVENESS EVALUATION

An important goal in the policy analysis is to provide information on how the results of the
policy relate to the costs expended on the programme. The correct evaluation of the costs
and benefits remains one of the burning challenges both in the academic debate and for the
policymakers. Correct calculation of cost-effectiveness allows for comparison between the
different policy designs and helps to set the optimal policy mix (Harmsen 2014). In general, a
benefit-cost ratio above 1 means the program has positive net benefits, which is desirable
(Environmental Protection Agency 2008). Often, the cost-effectiveness is defined as reaching
the target (the benefits) with minimum costs (del Rio and Cerda 2014).

There are three main approaches to evaluate the cost-effectiveness (Yushchenko and Patel
2017). Firstly, it is the private investor’s (or technical) point of view, comparing the costs of
the energy efficiency measure to the reduction of energy consumption thanks to the measure
(employed by, e.g. (McNeil and Bojda 2012; Ecofys 2017)). The similar can be calculated for
renewable energy sources (e.g. by (Kasmioui and Ceulemans 2013)). Ever more often now,
the multiple benefits of energy efficiency measures (such as health improvement,
environmental benefits, and other) tend to be addressed, and the idea is that they, too,
should be part of the cost-benefit analysis (Campbell 2014).

The second approach takes into account the administrators point of view (also discussed in
the previous subchapter). In such case, the programme costs (or the costs of the incentives)
are compared to the results of the programme (McCann 2013; De la Rue du Can et al. 2014).
Yushchenko and Patel (2017) argue that, while better for policy evaluation, this approach is
incomplete, too, as it does not take into account the impact of the policy instrument(s) on
other stakeholders, such as utilities and ratepayers. Therefore, they advocate a third
approach, the multiple-stakeholder perspective (Environmental Protection Agency 2008), in
which they calculate the cost-benefit analysis for various actors, including administrators,
participants of the programme, ratepayers, and utilities.

It must be noted that the actual estimate of the costs and benefits is not straightforward.
Additionally, the comparison between countries and between policy instruments may be
tricky, due to differences in methodology, and interactions between the measures (Labanca
and Bertoldi 2017).

Following the above debate, in our research, we have specifically focused on the challenges
of economic evaluation of RES policies. We have selected biomass intentionally grown energy
purposes to show further challenges to RES cost-effectiveness calculation. The reason is that
energy biomass plays an increasingly important role in both the EU and the Czech Republic



energy strategies and is expected to play the decisive role in fulfilling EU 2030 goals in
renewable energy sources (RES). Since sources of residual and waste biomass are quickly
depleted, further increase in the exploitation of biomass for energy purposes (as a decisive
RES contributor in the Czech Republic) can be guaranteed only by intentionally grown
biomass.

In the current academic debate on the economics of energy biomass, three main approaches
can be recognised. First, various aspects of the energy biomass supply chain are thoroughly
described, including economic, social, and environmental aspects of growing of biomass for
energy purposes (Cambero and Sowlati 2014). Economic models determining future biomass
prices reflect in detail typical processes of a given type of biomass related to growing,
harvesting, storage, processing if needed, and other parts of the logistic chain from the
biomass producer to the final consumer (Kasmioui and Ceulemans 2013; Fazio, Barbanti, and
Venturi 2009; van der Hilst et al. 2008).

Second, the studies compare the economic viability (competitiveness) of biomass for energy
purposes with conventional crops, such as wheat. The idea lying behind is that the arable land
is a scarce (limited) resource, and farmers decide on which purpose it will be used for, taking
into account economic criteria (profitability) (Sgroi et al. 2015; Gasol et al. 2010; Krasuska and
Rosenqvist 2012; Styles, Thorne, and Jones 2008). In such studies, the main focus remains on
the calculation of energy biomass production costs (Hauk, Knoke, and Wittkopf 2014).

Third, authors analyse the market demand, where biomass (or other RES) substitutes fossil
fuels, such as coal, exploited in power generation and heat production, and in household
heating systems (Nasiri et al. 2016; Cansino et al. 2011). Furthermore, the studies focus on
the assessment and analysis of RES support schemes (Gawel et al. 2017; Huber et al. 2007;
Klessmann, Nabe, and Burges 2008).

Only by combining the three above-mentioned approaches in one general model, one is able
to make informed decisions on the growth in production of biomass for energy purposes,
estimate the ‘real’ biomass contribution to the primary energy sources (PES) balance, based
on its market competitiveness, and formulate the cost-effective policy instruments for that
matter.

In conclusion, we show that a systemic approach to energy efficiency and RES policy
evaluation is essential to properly assess the economic implications of the various policy
instruments. The key stakeholders have to be identified together with the costs and benefits
on which they base their decisions.



2.2.  TRANSACTION COSTS

Closely related to the previous subchapter, the negative impact of the transaction on the
implementation of energy efficiency and RES policy measures has been acknowledged and
supported by a number of studies (Ostertag 1999; Reddy 1991; Sanstad and Howarth 1994).
Transaction costs can hinder implementation of energy efficiency and RES policy measures or
even prevent them from being implemented at all (L. T. Mundaca et al. 2013). However,
transaction costs have not been systematically taken into account when designing energy
efficiency and RES policies and have not been systematically evaluated ex-post, either
(McCann et al. 2005). Therefore, the information on the overall effectiveness of (public)
programmes tends to be incomplete.

The transaction costs theory is embedded in the New Institutional Economics theory, which
stipulates that all actors in the economy make their decisions with bounded rationality
(Musole 2009). The concept of transaction costs helps to explain how institutions affect
economic efficiency (Schofield, Caballero, and Kselman 2013). All transactions (and contracts)
induce transaction costs. Not including transaction costs in the decision-making leads to
suboptimal decisions from the system point of view as a substantial part of the reality is
neglected.

There is not an academic consensus on a common definition of transaction costs (McCann et
al. 2005; Musole 2009; Ostertag 2003). North (1990) categorises transaction costs to market
costs (such as legal fees) and costs of time that the actors spend to gain the necessary
information. Importantly, the transaction costs always consist of a variable part (dependent
on the size of the project) and the fixed part (independent of the size of the project) (Musole
2009). The categorisation then tends to be case specific. Michaelowa and Jotzo (2005), for
instance, identified the costs of monitoring as fixed costs and costs of negotiation as variable
costs. The typical phases during which the transaction costs of energy efficiency programmes
arise would be planning, implementation, monitoring, and evaluation (L. T. Mundaca et al.
2013; Rao 2003).

The methods to measure transaction costs differ in different studies and are tailored to the
specificities of the studied policies and measures (L. T. Mundaca et al. 2013; Musole 2009). As
Cheung (1998) puts it, “[t]he [transaction costs] paradigm (...) is simple but difficult. The
difficulty lies in the thorough empirical investigation required (...)".

The key drivers that influence the size and structure of transaction costs have been
summarised by, e.g. (Coggan et al. 2013; L. T. Mundaca et al. 2013; Musole 2009). Firstly, the
actors in the transactions (projects) are one of the main drivers. Ahonen and Hamekoski
(2005) found dependence between the transaction costs and the “competence and capacity



of project developer”. Coggan et al. (2013) identify the characteristics of the transactors (their
experience, capacity to assess information, etc.) as one of the core factors influencing the
structure and level of transaction costs. Relatedly, the institutional environment and internal
rules, in which the actors carry out the transactions, adds to the defining factors of
transaction costs (McCann 2013; Shahab, Clinch, and O’Neill 2018).

Secondly, it seems that transaction costs can to some extent be lowered thanks to the effect
of a “learning curve” (Lee and Han 2016; Michaelowa and Jotzo 2005). However, the extent
to which this is possible may depend on the character of transaction costs (Kiss 2016).

On the one hand, Musole (2009), citing (Furubotn and Richter 2000) concludes that given the
complexity of the whole (macroeconomic) system, “even if cost-minimising (...) institutions
could have been established in the past, there is little chance that they could still be the
optimal solutions of the present.” On the other hand, the empirical evidence in energy
efficiency programmes suggests that there is a positive effect of a “learning curve”, i.e. that
transaction costs can become lower thanks to the gained experience. For instance, Falconer
et al. (2001) emphasised that the transaction costs (in agro-environmental mechanisms) tend
to decrease thanks to administrative learning and fine-tuning of the processes. Similarly, Lee
and Han (2016) found that “emissions trading scheme works inefficiently in its early stages,
however, it could gradually be improved due to the learning curve effect”. Michaelowa and
Jotzo (2005) in their case study on programmes under the clean development mechanism
(CDM) conclude that transaction costs decline over time, supporting the hypothesis on the
effect of learning. Kiss (2016) emphasizes that the extent to which this is possible may depend
on the character of the transaction (i.e. the source of transaction costs). McCann et al. (2005)
add that the transaction costs decrease over time due to the existence of fixed (sunk) costs,
which incur at the beginning of the programme.

Thirdly, various studies (e.g. Bakam, Balana, and Matthews 2012; Jaraité, Convery, and Di
Maria 2010; Michaelowa and Jotzo 2005; Sathaye and Murtishaw 2004) have concluded that
transaction costs depend indirectly on the size of the project (or the environmental effect of
the policy measure), i.e. the bigger the project (or the higher the environmental effects), the
lower the burden of transaction costs. Michaelowa et al. (2003) believe one of the main
reasons is the different share of the variable component and fixed component in the total
transaction costs. Falconer et al. (2001) note that this offers a room for economies of scale.

Even though the debate on transaction costs has developed vastly from the beginnings, the
empirical evidence of transaction costs particularly in energy efficiency and RES policies and
programmes remains inadequate. Specifically, the number of quantitative estimates is limited
(McCann et al. 2005; L. T. Mundaca et al. 2013). The available empirical studies all conclude
that transaction costs are of non-negligible levels, ranging roughly from 8 % to 40 % relative
to the compared unit of measurement. For instance, Jaraité et al. (2010) estimated the



transaction costs of three programmes aimed at efficient transport. They found that the
transaction costs ranged from 3 % (of total costs of a fuel efficiency programme) to over 18 %
(of compliance costs of the Fuel Label Program). Bjorkqvist and Wene (1993) analysed the
transaction costs of energy efficiency measures in households. They estimated the level of
transaction costs at 28 % of the level of energy efficiency investment (using gross labour to
express the transaction costs). Mundaca (2007) analysed the white certificates scheme in the
United Kingdom, estimating the transaction costs at 8 % to 12 % of the investment in lighting
and 24 — 36 % of the investment costs for insulation. Falconer and Whitby (2000) analysed
the administrative costs of agro-environmental schemes in 8 European countries. The
administrative costs varied from 6 % to 87 % of the compensation costs. Nevertheless, the
studies are usually not directly comparable. They differ by their focus (different policy
programmes), by the method used to study the transaction costs (the choice of at which
stage and on which actors the transaction costs are measured), and by the choice of indicator
that the transaction costs are compared to (i.e. CO, emissions saved, kWh saved, investment
or compliance costs). Furthermore, the studies tend to rely on the small statistical sample (L.
T. Mundaca et al. 2013).

To sum up, the literature suggests, that the various factors of transaction costs have not been
sufficiently addressed. Specifically, the character of their impact on the size and structure of
transaction costs of various energy efficiency and RES policy instruments. We address this
issue further in the research.

2.3. EX-POST EVALUATION

Methods to estimate the expected outcomes of various energy efficiency, RES, and
greenhouse gas (GHG) emission schemes and programmes have been elaborated on greatly
(Clinch and Healy 2001). They mostly follow the so-called bottom-up approach, which sums
up the results of individual projects instead of breaking down general energy efficiency
indicators (top-down approach) (more on the two approaches can be found in, e.g. (Abeelen
2013)).

For instance, Kardsek and Pavlica (2016) evaluated the expected outcomes of the Czech
Green Savings Programme, using the data from the energy audits of the project applications.
Wang and Holmberg (2015) focused on the evaluation of the effectiveness of various
retrofitting options of the Swedish building stock.

German National Climate Initiative (Nationale Klimaschutzinitiative) covers a diverse mix of
instruments and programmes aiming at greenhouse gas emission reduction. Schumacher et al.



(2013) evaluated a total of 25 types of programmes within the Initiative. They evaluated the
impacts of both the financial incentives (leading to direct energy and GHG emissions savings)
and soft, information measures. In the former case, they used a mix of approaches mostly
based on the standard references and scenarios.

Loch et al. (2015) analysed the impact of consultations on the renovation and modernisation
of residential buildings in North Rhine-Westphalia, Germany. They used a questionnaire
survey in households that sought the consultation. They used the data on their actual energy
consumption before the energy efficiency measures and the information on the type of
energy efficiency measure implemented. They did not perform ex-post measurements or
checks of the actual energy consumption after the measures have been implemented.

It can be seen that the level of detail and accuracy of the monitoring system of the
programmes varies greatly (Le Den et al. 2016). Furthermore, the above studies (and many
more), as well as policy evaluators, analyse the ex-ante (expected) outcomes of the
programmes. The ex-post evaluations of the real outcomes of such programmes are much
less common (Webber, Gouldson, and Kerr 2015; Le Den et al. 2016; Hildén, Jordan, and
Rayner 2014). Real, achieved energy savings (or GHG emission reduction) are not usually
monitored (Hildén, Jordan, and Rayner 2014), and comparative studies on ex-post evaluation
are still missing. It must be noted that this is the case, especially in smaller scale projects.
Large-scale projects tend to include ex-post evaluation as one of the most important
evaluation indicators (Honzik, Kardsek, and Chmel 2014). However, as Hildén, Jordan, and
Rayner (2014) note, it remains to be investigated, whether the policies commonly projected
to deliver the biggest savings are those that are being the most rigorously evaluated ex-post.

Conversely to the situation in the U.S., where ex-post evaluation is more common (Stern and
Vantzis 2014), the lack of ex-post evaluation of the real outcomes of the programmes seems
to be a general issue across Europe (Rosenow et al. 2016).

The lack of ex-post monitoring in Europe is surprising given the existing proof and debate on
the so-called prebound effect. The prebound effect describes the fact that modelled energy
consumption of a building is usually higher than the actual consumption. The difference
between the modelled and real consumption averages at about 30 % (Sunikka-Blank and
Galvin 2012). This discrepancy then leads to overestimation of the expected energy savings
resulting from the (subsidised) energy efficiency measures.

While the fact that the real outcomes of policy measures differ from the ex-ante assumptions
is well known, the frequency and depth of ex-post evaluations are still small. One of the
directions of academic research (with potentially strong practical policy implications) is to
provide background data and analyses of ex-post measurements of the policy instruments. W
focused on this aspect in our research.
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3. AIMS OF THE HABILITATION THESIS

Following the literature review, | identified three main areas in energy efficiency and RES
policy evaluation with gaps in the academic debate and knowledge. These areas then form
the main aims of the current Habilitation thesis and the core of the research articles included
in the thesis.

The main aims are:

1. To properly assess the cost-effectiveness of energy efficiency and RES policy instruments

Together with my co-authors, we offer a systemic approach to the economic evaluation of
energy efficiency and (especially) renewable energy sources policy. We focus on the systemic
approach to the evaluation of energy biomass policies with potential for replication into other
related fields.

2. To investigate the transaction costs of energy efficiency policies and examine the role of
various factors on the size and structure of the transaction costs

Specifically, we focus on the role of the actors on the size and structure of the transaction
costs of energy efficiency programmes, i.e. to which extent the type of actor in the energy
efficiency programme influences the burden of transaction costs.

3. To provide ex-post evaluations of energy efficiency policies and programmes

We focus on examining the prebound effect of energy efficiency subsidy programme and
analyse the main reasons behind the differences in expected (ex-ante) and real (ex-post)
results.

11



4. ENERGY EFFICIENCY AND RES PoLicy EVALUATION —
CONTRIBUTIONS

This section reviews my contributions to the energy efficiency policy evaluation, with a focus
on cost-effectiveness calculations, including transaction costs, and the role of ex-post
evaluations. The contributions are organised into three subsections below, which reflect the
main aims of the thesis. | highlight the main results and conclusions relevant to each of the
identified research gaps. Publications included in the thesis appendix relevant to each of the
topics are indicated at the end of each subsection.

4.1. ECONOMIC EVALUATION OF ENERGY EFFICIENCY AND RES POLICIES

Firstly, we assessed the effectiveness of different types of biomass gained as primary or by-
product from agricultural land, evaluating all elements of the fuel cycle of energy biomass—
from biomass production through energy transformations to uses of specific types of biomass
(Kndpek et al. 2015).

Subsequently, we took a more systemic approach and tried to combine the three main
approaches to cost-effectiveness evaluation (supply chain analysis, competitiveness with
other crops, and the substitutes) in one general model. The general model enables the policy
makers and researchers to make decisions on the growth in production of biomass for energy
purposes, to estimate the ‘real’ biomass contribution to the primary energy sources, based on
its market competitiveness, and to formulate the cost-effective policy options for
intentionally grown biomass. We demonstrated the functioning of our model on a case
example of the Czech Republic.

We came up with a ‘decision-making triangle’. The first vertex of the triangle is formed by the
price for growing biomass for energy purposes (referred to as cmin). The price of intentionally
grown biomass cmin must provide the investor with the required return on invested capital
over the project lifetime. The second vertex of the decision-making triangle is defined as the
price of biomass (cat) which ensures the same net economic effect for the farmer as the
conventional commodities (e.g. barley, wheat, etc.), taking into account agriculture subsidies
for conventional production.

The first two vertices define the bottom limit for the price of energy biomass intentionally
grown on agriculture land (Cpot_lim).

12



Chot_tim = max(Cmin; Cait) (1)7

where

Crmin is the minimum price of grown biomass for energy purposes that assures an adequate rate of return for
investors [EUR/GIJ]; and

Calt is the price of grown biomass for energy purposes that assures the same economic benefit as

conventional agricultural production [EUR/GIJ].

The third aspect that influences the energy biomass price (and the third vertex of the triangle)
is consumers’” willingness to accept the price of biomass as a substitute for conventional fuels.
Consumers will accept (at maximum) such biomass price (csubs) that will assure the same
economic effect from the power and/or heat production as it is from the utilization of other
(conventional) fuels.

The results of the case study then revealed that under current conditions, farmers are not
likely to switch from conventional crops to energy biomass (caic in all cases higher than cmin).
Furthermore, the energy biomass for local needs is not competitive as a substitute for brown
coal (Csubssh). In the case of co-firing in large power stations, energy biomass could be
competitive (i.e. Cmin Meets Csubs,pg).-

As for the energy efficiency policy, we examined the status of the existing light emitting diode
(LED) pilot actions in Europe as of 2011, analysing 106 LED test cases from 17 European
countries. The article represented the first-time overview of its kind of the state of the art of
LED pilot projects. Projects from the public and commercial sectors formed the focus of the
article. We paid special attention to the energy savings of the pilot projects and evaluation of
the cost-effectiveness of the projects.

At the time of writing the article, the LEDs have been emerging, quickly spreading technology.
A typical application for LEDs would be outdoor public lighting installations. However, the
costs of the technology were quite high. In general, the payback was higher for outdoor
(public lighting) installations than for indoor (mostly commercial) applications.

Importantly, the research showed that the respondents often preferred the unquantified (or
unquantifiable) co-benefits of the installations, such as road safety for traffic lights (and
compliance with standards, which was often not the case for the existing lighting solutions),
no UV radiation, indoor and outdoor lighting quality, indoor ambience, and atmosphere,
variability in the design of LED applications, and environmental benefits.

13



The results have been published in (Knapek et al. 2015), (Kndpek et al. 2017), and (Valentova,
Quicheron, and Bertoldi 2015). All three articles have been cited further.

4.2. FACTORS OF TRANSACTION COSTS IN ENERGY EFFICIENCY PROGRAMMES

Using qualitative and quantitative analysis, we studied the transaction costs of two major
energy efficiency subsidy programmes in the Czech Republic. Based on the current state of
knowledge on the factors influencing the transaction costs, the research question has been
translated into two main research hypotheses. The first hypothesis of the article was that the
size of transaction costs is not fixed and depends on the size of the subsidised project. The
second hypothesis stated that the level and structure of transaction costs differ according to
the type of actor carrying out the project.

We examined the transaction costs in two particular subsidy programmes financed from the
European Cohesion policy in the period 2007 — 2013: Operational Programme Environment
(OP E, specifically Priority axis 3 focused on energy efficiency) and Operational Programme
Enterprise and Innovation (specifically the ECO-ENERGY programme).

The data were collected based on mixed method research. In line with this method, firstly
qualitative research provided initial (“exploratory”) information on the given topic. Based on
this knowledge, quantitative research was carried out, testing, generalising, and supporting
the initial findings. After desk research of the primary documents of the programmes, semi-
standardised in-depth interviews with subsidy recipients and representatives of the
administrative bodies were carried out. Thirdly, based on the interviews, a questionnaire was
distributed among subsidy recipients. In total, we contacted 463 subsidy recipients and 125 of
them fully completed the questionnaire

The results suggested that the transaction costs in energy efficiency subsidy programmes are
of non-negligible levels, altogether averaging at 11 % — 14 % of the total subsidy allocation,
with the most time and cost intensive parts of the administration process being the
application submittal and public tenders.

The results are comparable in their order of magnitude to the conclusions of available
international analyses (even though due to methodological differences the studies tend to be
rather case-specific). In line with other studies, we found that the size of transaction costs
was closely related to the size of the project. For smaller projects, there seemed to be directly
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proportionate relation whereas for bigger projects economies of scale apply and the total
burden of transaction costs decreases.

Other factors being the same, in our case study, the type of actor did not show to play the
major role in the size of transaction costs. However, some differences could be traced in how
the two actors negotiate for external services for implementing the projects. For smaller
projects, which formed most of the sample and the whole population in the programme,
private companies seemed to be more effective, while for bigger projects (over EUR 300,000)
public entities proved more efficient. For both types of actors, transaction costs mostly arise
in the preparatory phase of the application and tender procedures.

The results have been published in (Valentova, Lizal, and Knapek 2018).

4.3.  EX-POST EVALUATION OF ENERGY EFFICIENCY POLICIES

In 2011, we evaluated the achievements of the GreenBuilding Programme. In our analysis, we
focused on the energy savings achieved and the energy efficiency measures implemented in
the participating buildings. The European Commission launched the programme in early 2006.
It aimed at improving the energy efficiency and expanding the integration of renewable
energies in non-residential buildings in Europe on a voluntary basis. The programme
encouraged owners of non-residential buildings to implement cost-effective measures which
enhanced the energy efficiency of their buildings in one or more equipment systems.

The evaluation was based on the data submitted by the Partners in their reports. The data
provided by the Partners underwent a double quality and consistency check, firstly by the
National Contact Points for inconsistencies, and then by the Programme administrator (the
Joint Research Centre (JRC), who reviewed the reports before granting the building and the
organisation the status of GreenBuilding Partner.

Recently, we approached the policy evaluation from a different angle, and specifically aimed
at filling the gap of ex-post evaluations. We evaluated the real outcomes of the major subsidy
programme in the Czech Republic, the Green Savings Programme. By investigating the 206
projects ex-post, we offered a unique insight into the real outcomes of the energy efficiency
measures and the whole programme.
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In our research, a total of 206 measures was inspected in 124 projects, including
combinations of measures. We determined the real energy consumption before and after the
implementation of the measures based on energy invoices (and other relevant available data).
Like that, the comparison of ex-ante and ex-post CO, emission reduction could be performed
at 70 projects (56 % success rate). In case the ex-post calculation could not be made, the
reasons were mostly the unavailability of invoices, low level of detail or the fact that the
buildings were not inhabited yet or for a sufficient amount of time (in case of new buildings).
Also, semi-structured interviews were carried out with the household owners to examine
further relevant factors that may have influenced the final energy consumption in the
inspected objects (such as the use of the building, thermal comfort, occupancy of the building,
additional heat sources, and other).

The inspections showed that there is a significant difference between the ex-ante CO; emission
reduction and ex-post results (25 % on average). The reasons were partly methodical (e.g.
calculation methods and norms used for calculation of specific heat demand, inability to cover
other heat sources such as fireplaces), but mostl could be attributed to the behavioural factors in
the respective buildings. Higher thermal comfort than in the ex-ante calculations lead to lower
real savings. Similarly, occupancy or patterns of use of the buildings had a high impact on
resulting savings. If the buildings were not fully used for long-term, the measures had a highly
lower positive impact.

We demonstrated that the ex-post evaluation should be a standard part of the energy efficiency
programme. Even if the supported projects are small (family houses or building technologies), a
sample of applications (units of per cent of the whole population) should be selected where the
ex-post evaluation would be carried out. Importantly, such research should be independent of the
inspections implemented for legal requirements (avoiding deceptions), in order to ensure a useful
cooperation between the building owners and the research team.

In reality, the follow-up programme, the New Green Savings Programme running since 2013
involves a significantly lower number of households (around 14 000 as of 2018). The
programme setting does not envisage any changes regarding ex-post evaluation.

The results have been published in (Valentova and Bertoldi 2011) and (Valentova, Karasek,
and Kndpek 2018). Since its publication, the former article has served as a point of reference
to a number of research articles.
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5. CONCLUSIONS AND FURTHER RESEARCH

A significant amount of financing has been available for improvements in energy efficiency
and RES in all sectors of the economy in recent years. Operational programmes have so far
represented the most important source of funding in the Czech Republic: over 1 billion EUR
was dedicated specifically to energy efficiency and RES measures solely in the programming
period 2007 — 2013, so about 5% of the total allocation. In 2014 — 2020 the funds to energy
efficiency increased to 2.4 billion EUR (about 10 % of total allocation in the Czech Republic).
However, monitoring and evaluation of the programmes remain often inadequate.

Furthermore, it starts to be clear that the targets on energy efficiency progress as set by the
Energy Efficiency Directive, are very likely not to be met (esp. the ones brought by Art. 7,
demanding that new savings of 1.5% are achieved each year by 2020) (European Parliament
and Council 2012). New approaches to boosting energy efficiency and RES investments are
sought by the policymakers (Ministry of Industry and Trade of the Czech Republic 2017).

Following our research and findings so far and in the light of the above directions in energy
efficiency policy, the future paths for my research can be categorised into three mains
streams:

- Exploring the potential of new financial instruments to support energy efficiency

This research path includes an understanding of the financial flows currently being
invested into energy- and climate-related measures, estimating investment needs to
reach national (and EU) climate and energy goals, and investigating the options to
mobilising the corresponding investments.

- Economic evaluation of energy efficiency and RES programmes

Further research will entail exploring the learning effect on transaction costs in the
energy efficiency and RES policies, and building the transaction costs evaluation in the
overall assessment of the energy efficiency and RES programmes.

- Investigating the non-energy benefits of energy efficiency and RES measures

Multiple benefits of energy efficiency and RES measures become more and more
important as part of the cost-benefit analysis. The methods to estimate them are still
under development and data are inadequately covered.
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Advanced Review

Effectiveness of biomass for energy
purposes: a fuel cycle approach

Jaroslav Knapek, ' Tomas Kralik," Michaela Valentova' and

Tomas Vorisek?

The article presents a methodology that allows the complex evaluation of the
energy and economic effectiveness of the different kinds of biomass providing,
processing and utilization for energy purposes. The methodology is based on
identification of the whole fuel cycle for the individual types of grown biomass
and conversion technologies used for production of end-use energy products (such
as biomethane, liquid biofuels, electricity, and heat). The evaluation of energy
efficiency is based on the calculation of the net energy effect resulting from the
use of 1ha of agricultural land to grow biomass for energy purposes respecting
differences in biomass fuel cycles due to differences in biomass production,
conversion technologies, and end-use energy products. Evaluation of the economic
effectiveness of biomass utilization combines efficiency of biomass planting,
conversion technologies, and the economic parameters of the individual elements
of the fuel cycle. The application of the method is demonstrated on selected cases
of biomass fuel cycles in the conditions of the Czech Republic. The methodology
can serve as the groundwork for identifying the most effective strategies of biomass
utilization for the energy purposes with respect to the limitation of agricultural land
availability and the economic effectiveness of end-use energy products providing.
© 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Renewable energy sources play the important and
growing role in EU energy mix. In 2012, the
total amount of renewable energies in EU-28 exceeded
7400 PJ, which was more than 22% of total primary
energy sources consumed by EU-28. Biomass (in its all
forms) currently plays the key role in the portfolio of
renewable energies contributing app. 2/3 to total sum
of renewable energies.!

Biomass is a renewable energy source with
the highest potential for growth both in mid-term
(until 2020) and long-term (until 2050) in the Czech
Republic as well as the EU.2™*
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National Renewable Action Plans (NREAPs) of
the EU member states assume that biomass consump-
tion in the EU as a whole only for heating and cool-
ing will increase by 46% between the years 2010
and 2020.% Biomass also plays the important role in
power generation. According to NREAPs, a 2.24 times
increase of biomass consumption in the EU is expected
in 2010-2020. Biomass plays an even more impor-
tant role in the expected RES portfolio in the Czech
Republic. The Czech NREAP, e.g., expects an increase
of the biomass share in RES power generation from
36% in 2010 to 53% in 2020. The updated Czech
Energy Policy* from 2012 assumes an increase of
biomass utilization as the primary energy source from
ca 100 PJ in 2010, to 145 PJ in 2020, and ca 210 PJ
in 2040.

However, the biomass sources that are easily
exploitable, such as waste and residual biomass, are
fast depleted and their potential is almost attained.
Therefore, mid-term and esp. long-term aims defined
both on the EU and the Czech levels can be only
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obtained through the development of intentionally
grown biomass on agricultural land.

When developing a strategy for biomass devel-
opment the most economically and energetically
efficient options should be searched for. However,
biomass is a heterogeneous category, and different
ways and needs for its production, transformation
and use need to be respected.®

EFFECTIVENESS OF BIOMASS
UTILIZATION FOR ENERGY PURPOSES

There have been a number of studies that evaluate
energy and economic effectiveness of energy biomass.
However, they tend to focus only on a selected
part of energy biomass fuel cycle. Using a full step
approach,” most of the studies appear to focus on
evaluating the costs of biomass production (e.g., Refs
6, 8, and 9). Krasuska and Rosenqyvist,’ e.g., evaluate
the economics of biomass production from energy
crops in Poland (willow, Miscanthus and triticale) and
further compare them to conventional crops.

The results presented in the above studies can
hardly be directly compared, due to different method-
ologies used in analyzing economic effectiveness of
intentionally planted biomass. The studies also use
a simplified calculation of specific costs of biomass
production—referring to a ‘typical’ year and ‘typical’
biomass yields (e.g., Refs 10 and 11). In case of peren-
nial crops, the time value of money, inflation, projects
lifetime, and time dynamics of the yield curves of the
energy crops are not taken into account. A thorough
discussion on different approaches to biomass produc-
tion costs can be found, among others, in the study by
Havli¢kova, Weger and Knapek.'?

A number of studies also evaluated the costs of
supply of biomass to municipalities (e.g., harvesting
and transport costs Refs 7, 13, and 14). For instance,
Kamimura et al.!3 estimate the wood biomass sup-
ply for energy (focusing on supply costs) in Japanese
regions. The costs include harvesting and transporta-
tion systems (costs of forwarding, chipping, and trans-
portation).

Alternatively, the studies analyze the last step of
energy biomass fuel cycle, i.e., different conversion
processes, their energy and economic effectiveness, but
disregard different methods of production (e.g., Refs
15 and 16).

Only a few studies actually evaluate the whole
cycle of the biomass, from its production through
harvesting, transport, and conversion processes to
end-use energy products. For instance, Hoogwijk
et al.'! evaluate the cost-supply curve of biomass, i.e.,
focusing on the production costs of energy biomass

576 © 2015 John Wiley & Sons, Ltd.
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and consequently on costs of ‘secondary’ biomass
energy (bio-electricity and liquid fuels).

This study argues that to correctly evaluate
energy biomass effectiveness (both energy and eco-
nomic), the whole chain of energy conversions should
be respected, from biomass production on agricul-
tural land through all processes (e.g., transporta-
tion, storage, pelleting, anaerobic digestion, biomass
gasification, electricity generation, biogas upgrade to
methane, etc.) that were needed to obtain any given
kind of end-use energy product.

The practical application of the developed
method to evaluate the effectiveness of individual
kinds of biomass production and utilization for
energy purposes is illustrated in detail on several case
studies of energy biomass cycle in the conditions of
the Czech Republic.

Scope of the Study

The main aim of the study is to assess effective-
ness of different types of biomass gained as primary
or byproduct from agricultural land, evaluating all
elements of the fuel cycle of energy biomass—from
biomass production through energy transformations
to uses of specific types of biomass. The evaluation of
effectiveness is related to the only scarce resource there
actually is—(agricultural) land. The study provides
methodical guideline that makes it possible to deter-
mine how to allocate effectively the scarce resource,
land, to energy biomass from the system point of view,
i.e., how to select economically effective strategies for
systemic energy biomass development. The method
is based on internal costs only and does not include
potential externalities.

Biomass is a heterogeneous category that covers
different types of biomass varying by their production
methods (intentional planting, residual biomass from
wood or from agriculture, etc.), by technologies used
for their processing and by final energy products at
the end of the cycle. As discussed in the introduction,
in most developed countries, the intentionally planted
biomass on agricultural land will play the key role
in the mid- and long-term perspective (due to its
development potential). Therefore, the study focuses
on this type of biomass and does not deal with other
types of biomass, such as forest biomass (residues) and
residual biomass from agriculture and wood industry.

The proposed methods of energy and eco-
nomic effectiveness evaluation are illustrated in detail
on the case studies of cogeneration (power and
heat production) from maize in the biogas station
and biomethane production. This detailed analysis is
accompanied with the results of analysis for selected
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cases of biomass production and utilization for energy
purposes—biomass from short rotation coppice (SRC)
plantations for combined heat and power (CHP), Reed
Canary Grass for CHP, wheat and rape seed for lig-
uid biofuels production, and maize for biomethane
production.

These case studies represent typical ways of
energy biomass production on agricultural land in the
Czech Republic and other countries with similar soil
and climatic conditions.

Data Sources

The case studies on effective use of biomass in the
Czech Republic are mainly based on the following
data sources:

e Published data on typical yield curves for indi-
vidual types of energy crops—Vdvrova and
Knapek,'? Havlickovd etal.,'” Havlickova
et al.,'® Vorisek et al.??

e Statistical data on average yields of agricultural
crops—Czech Statistical Office (CZSO).

e Data on typical investment and operational costs
of individual transformation technologies for
biomass—Voiisek et al.”

METHODOLOGY

The evaluation of the use of energy biomass from the
system point of view is based on respecting the whole
biomass fuel cycle, starting from biomass production
(on agricultural land), through energy conversion
processes (e.g., transformation of biomass in solid,
liquid, or gas biofuel) to use of biomass (or biofuel)
for production of different forms of end-use energy.

The systemic view also means that the whole
life-cycle of each part of the fuel cycle needs to be cor-
rectly evaluated (from economic and energy point of
view). For instance, in case of biomass production, one
needs to respect all activities related to project prepa-
ration, implementation (through the whole life-time)
and termination (together with returning agricultural
land to its original state).

The comparison of (energy and economic) effec-
tiveness of individual types of biomass is complicated
firstly due to different ways of assessing energy effi-
ciency of conversion technologies and secondly due to
the place of conversion process, which may in some
cases limit the actual use of the final product. For
instance, a biogas station (with a gas cogeneration
unit) simultaneously produces two products: electric-
ity and heat. Therefore, the two products cannot be
assessed separately and their relation is basically given
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for a given cogeneration unit. To estimate a useful
product (effective use of energy by end-users), it is nec-
essary to deduct own technological consumption and
any other energy losses.”

Biomass Fuel Cycle—From Biomass

to the Final Useful Product

To address the aims of the study, the biomass fuel cycle
is defined as a set of individual stages from biomass
production on agricultural land to the transformation
of biomass into the energy products for final energy
consumers. The biomass fuel cycle uses agricultural
land, energy needed for biomass production and the
financial sources to carry out individual stages of fuel
cycle (see Figure 1).

The fuel cycle of biomass is determined both by
the type of biomass and by the conversion technology
and the related type of output. For instance, biomass
from energy crops such as Reed Canary Grass can
be used for the production of bio-pellets, which
are in turn used in CHP. Alternatively, this type of
biomass (harvested in spring) can be directly fired to
produce electricity and heat again.'® In the latter case,
there is no need for the conversion of biomass into
an intermediate product. Similarly, an intermediate
product is not needed in case of biomass production
from SRC plantations. The plantations are harvested
with special harvesting machinery and biomass is
gained directly in form of wood chips. Conversely,
in case of maize used as the input in the biogas
station, the biomass is firstly transformed into biogas
(intermediate product), which is then used for the
production of a useful product for the end-user—in
this case, electricity and heat or biomethane.

The evaluation method of the biomass use effec-
tiveness is based on a simplified assumption that fuel
cycles are compared at their output (as to the amount
of energy contained in individual useful end-use
energy products). It is assumed that the energy con-
tent is equivalent disregarding the type of product and
its use by end-users is also neglected. For instance, in
case of cogeneration, electricity and heat are consid-
ered the ‘same’ useful products—both products are
expressed in same units (GJ or kWh, converted by
physical equivalent). Furthermore, the method disre-
gards the transport of the product to end-users as
the location of end-users may vary; moreover, this
aspect is negligible when comparing the effectiveness
of biomass produced/gained on agricultural land.

Energy Flows and Losses in Fuel Cycle
Agricultural land and its availability for energy
biomass is the main limiting factor. All other inputs in

© 2015 John Wiley & Sons, Ltd. 577
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FIGURE 1| Structure of the biomass fuel cycle.

biomass fuel cycle can be considered as non-limiting
factors in the task. In the presented method, (energy)
effectiveness of a given biomass fuel cycle is expressed
as a ratio of energy produced per unit of agricul-
tural land and energy contained in end-use products
(respecting energy consumption in individual parts of
the fuel cycle).

The biomass yield on agricultural land depends,
among other things, on the soil and climatic con-
ditions in the given location, type of biomass crop,
agro-technical processes used, and so on. Based on
these parameters, the (brutto) energy yield of biomass
per one hectare of land ranges broadly from 50 to 220
G]J/ha.'8 In this study, we use the average, typical val-
ues of hectare yields in the climate and soil conditions
of the Czech Republic (see Refs 3, 12, and 17-19).

Gross production of energy in biomass (BEG)
from one hectare of land for a given kind of energy
crop can be expressed as follows:

BEG, = Y;- HV; [G]/ha] (1)

where BEG,; is the energy gain (gross) of one hectare
of land for i-type of biomass [GJ/ha], Y; is the hectare
yield of i-type of biomass [t/ha], and HV; is the heating
value of i-type of biomass (while considering typical
parameters of moisture and share of dry matter)
[GJ/t].b

Energy losses during the biomass transportation
and storage are reflected by the coefficient CELts;:

J

Losses due to missing possibility to use
originating heat on site (of transformation
process)

where BEGts; is the energy content in i-type of biomass
after transportation and the storage [GJ], and CELts;
is the specific energy losses in the biomass transporta-
tion and storage [G]/G]].

The third stage of the biomass fuel cycle is
its conversion to intermediate product (e.g., produc-
tion of pellets from biomass or production of biogas
through anaerobic fermentation). The energy effi-
ciency of biomass transformation (with the use of
k-fold conversion technology) to produce intermedi-
ate product is expressed by the coefficient CELcipy, ;:

BEGlka

CELCipk’i =1- m

[GJ/G]] (3)

where BEGip,; is the energy content in i-type of
biomass after conversion into intermediate product
using k-conversion technology [G]], and CELcipy;
specific energy losses in the biomass conversion into
intermediate product [GJ/G]].

The fourth stage of the fuel cycle is the transport
of intermediate product to the place where it is
transformed into the end-use (useful) energy product:

BEGtp,,
CELtp,; =1~ BEGip,, [GJ/G]] (4)

1

where CELtp, ; is the specific energy losses in the inter-
mediate products transportation (after conversion to
intermediate product using k-technology) and storage
[GJ/G]], and BEGtp,; is the energy content in i-type

BEGts; of biomass after transportation and storage of inter-
CELts; =1 - BEG, [GJ/Gl] (2} mediate product [G]].
578 © 2015 John Wiley & Sons, Ltd. Volume 4, November/December 2015
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The fifth stage of the fuel cycle is the trans-
formation of biomass (or the intermediate prod-
uct) into useful end-use product(s). Efficiency of
such transformation is expressed by the coefficient
CELtfp[,k’l-I

Yoet ECID g

CELtfp;,; =1~ BEGtp,;

[GI/G]] (9)

where CELtfp;,; is the energy losses in trans-
formation of biomass (or intermediate product)
into final products [GJ/G]], and ECfp,;,, is the
energy content in m-type of end-use product using
I-transformation technology (assuming i-type of
biomass and k-conversion technology into intermedi-
ate product) [G]].

Useful energy in end-use product is a brutto
value, i.e., one that has not been corrected for its
own energy consumption for the respective technology
(e.g., heat consumption in the fermenter, technological
electricity consumption, and other). Simultaneously,
in many cases, the whole useful product is not fully
effectively utilized, as for instance in cases where
it is not possible to fully use all heat produced
in CHP in the biogas station or in cogeneration
units in general. It is caused by the fact that bio-
gas stations are usually built in lower density areas
and the long distances to end-users cause dispropor-
tionate increase in costs of the delivered heat lead-
ing to its uncompetitiveness (see also footnote ‘a’).
The share of heat that cannot be effectively used
differs for different technologies. Based on expe-
rience from the Czech Republic, we assume that
the coefficient of unused heat is significantly lower
for direct firing of biomass than it is for biogas
stations.©

The technology’s own energy consumption is
expressed by the coefficient CESCtfp,,; which is
defined as the relative share of energy consumption for
technological purposes on total amount of energy in
end-use products:

> ESCIpkm

CESCtfp, ., =
H 21;:1 ECfpl,k,i,m

[GI/G]]  (6)

where CESCtfp,,; is the specific own energy con-
sumption of /-transformation technology [G]/G]J], and
ESCfp;4,» is the own consumption of m-form of
energy (electricity and heat) for technological purposes
of [-conversion technology [G]].

The rate of nonuse of the end-product is
expressed by the coefficient CELnufp, , —it is a ratio
of nonused energy after conversion on total amount of
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energy in end-use (useful) energy products potentially
deliverable to final consumers.

fn=1 ENUfpl,k,i,m

P ECED jim

m=1 SRt

CELnuprkJ =

where CELnufp,, ; is the coefficient of nonuse of the
end-product(s) [GJ/G]], and ENUfp, ;, ; ,, is the amount
of unused energy in m-type of end-use energy product
(with [-transformation technology) [G]].

With regard to the outputs of the biomass fuel
cycle, the energy consumption of all processes can be
considered as equivalent to energy losses in transfor-
mation processes. However, following the principles
of calculation of net outputs of a biomass cycle, one
has to differentiate between energy consumption of
different processes and losses in transformation pro-
cesses in different stages of the cycle. Energy consump-
tion of processes in the given fuel cycle is deducted
from the total energy contained in end-use (useful)
energy products.

As we assess the energy effectiveness of biomass
use from a broader, systemic point of view, we have to
deduct the energy consumption in the individual stages
of the given fuel cycle.

e ECBEG;: Energy consumption for biomass pro-
duction (we assume direct energy consumption
of biomass production—consumption of fuels
for agrotechnical machinery used for planta-
tion establishment, harvest, and short-distance
transport from the field). Energy consumption
is related to one hectare of agricultural land
and is considered fixed for the given type of
biomass (some dependency of fuel consumption
on biomass yield can be neglected).

e ECts;: Energy consumption for biomass trans-
port and storage. In many cases, this part of
consumption can be neglected because biomass
conversion is carried out in the place of biomass
production and the transport distances are very
short (as in case of biomass used in biogas
stations). Energy consumption for storage of
biomass can be neglected—biomass is usually
stored in open areas (e.g., as packed biomass or
chips) or in silage pit or silos (biomass for bio-
gas stations) and therefore energy consumption
of storage is minimal.

o ECcip,;: Energy consumption of biomass conver-
sion to intermediate product, e.g., energy con-
sumption of biomass drying and pelleting or in
case of biogas stations heat for heating of the fer-
menter.

© 2015 John Wiley & Sons, Ltd. 579
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e ECtp,,;: Energy consumption of transport and
storage of the intermediate product. Typically,
this means the energy consumption of biofuels
transport to the places of their further use in pro-
duction of electricity and heat. The consumption
may be considered negligible if the intermedi-
ate product is used directly in the place of its
production.

e ESCtfp;,,: Own energy consumption of the
I-type of equipment/machinery transforming
biomass or intermediate product in end-use
(useful) energy products.

The total net effect BEGnetto, , ; (in energy units,
GJ or kWh) resulting from production of i-type of
biomass on 1 ha of agricultural land assuming utiliza-
tion of k-technology for the conversion into the inter-
mediate product and [-technology of transformation
into the final products is defined as follows:

BEGnetto,;,; = BEG, - (1 — CELts;) - (1 — CELcipy;)
x (1 — CELtpy,) - (1 — CELtfp,) - (1 — CELnufp,, ;)
— ECBEG,; - ECts; — ECcip,,; — ECtp,

—ESCtfpy;,,; |GJ/ha] (8)

Economic Effectiveness of Energy Biomass
Use

Individual processes in the given fuel cycle are accom-
panied with respective costs for their realization.
When assessing the effectiveness of different types of
biomass grown on agricultural land, it is essential
to consider not only the energy efficiency itself, but
also the economic effectiveness of the end-use energy
products.

When assessing effectiveness of different uses
of energy biomass produced on agricultural land,
one has to closely respect the following principles
(they are basically analogous to requirements for
economic assessment of different investment variants)
see, e.g., 22

e Lifetime of the main equipment (plans) has to be
respected.

e All costs induced by processes in a given cycle
have to be covered.

e Market pricing of all inputs has to be used.

e Adequate rate of return on invested capital has
to be respected.

Biomass is valued either through market prices
(if it is a generally traded commodity, such as maize
for a biogas station) or through economic models

580 © 2015 John Wiley & Sons, Ltd.
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simulating given biomass production project if the
given type of biomass does not have a market price
(due to limited volume of production). In case of the
Czech Republic, this applies to SRC plantations or
energy crops such as Reed Canary Grass. The eco-
nomic model is an instrument to determine a so-called
minimum price per unit of production (e.g., price of
1 GJ of fuel heat in biomass), which ensures that the
producer gains an adequate rate of return on capital
invested in the project of biomass production on agri-
cultural land. More information on the application of
economic models in estimating the price of intention-
ally planted biomass can be found, e.g., in Refs 12
and 16.

The authors are aware that a full economic
comparison needs to account for opportunity costs of
energy biomass (conventional crops).” However, such
an approach goes beyond the scope of the present
study.

Another important input in economic effec-
tiveness evaluation of biomass use is the costs of
conversion technologies (for conversion of biomass
into intermediate products) and of technologies for
biomass (or intermediate products) transformation
into final products. As we compare the effectiveness
of use of different technologies without knowing the
concrete investor or the ways of the project’s financ-
ing, it is appropriate to use so-called levelized costs.
Levelized costs of energy are defined as follows?*:

ar;- CAPEX, + OPEX; + FEX,
W,

LCOE, = [EUR/G]|

9)
where ag is the annuity factor for given physical life-
time of /-th conversion technology and given rate of
return [—], CAPEX, is the investment cost of [-th con-
version technology [EUR], OPEX; is the annual oper-
ation cost of [-th conversion technology [EUR], FEX,
is the annual fuel cost of [-th conversion technology
[EUR], and W, is the annual energy output in final
(energy) product using /-th conversion technology®
[G]].

In principle, levelized costs are not ‘mere’ costs,
because they entail the rate of return on capital.
Annuity factor reflects the volume of adequate rate of
return. The formula of levelized cost (Eq. (9)) assumes
constant prices and does not calculate with taxation
and the way of financing (more on the method of
levelized costs e.g., in Ref 25).

Conversely to calculation of ‘net energy
gains’ from the biomass fuel cycle (see Eq. (8) for
BEGnetto,;,; calculation), the calculation of specific
costs of energy in the final product does not include
the deduction of energy used for biomass production,
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TABLE 1 | Input data for energy effectiveness evaluation

Effectiveness of biomass for energy purposes

Type of biomass CELts; CELcipy ; CELtfp 4 ; CESCtfpy . CELnufpy ;
and its use Y; [t/ha] HV; [GIit] [G)GI] [GJ/G]] [G)GI] [GI/G]] [GJ/GI]
Maize (biogas CHP) 40 5.4 0.1 0.33 0.15 0.15 0.35
Wheat (bioetanol production) 5 16 0.01 — 0.49 0.35 0

SRC (direct burning, CHP) 24.4 6.9 0.1 — 0.2 0.05 0.1

Rape seed (FAME production) 3 239 0.01 — 0.42 0.45 0

Maize (biomethane production) 40 5.4 0.1 0.33 0.08 0.25 0

Reed Canary Grass (spring harvest, 10 12 0.1 — 0.2 0.05 0.1

direct burning, CHP)

Source: yields—Refs 12 and 17-19, efficiencies of conversion technologies, technology’s own consumption of energy,!? data on losses in transportation and storage.!” Data on losses in
transportation and biomass storage were checked against the results of research studies on energy utilization of biomass2® and own experience of authors.
Note: It is assumed that the intermediate product is directly utilized on the site as the input for the production of end-use products, i.e., the transportation of the intermediate product is

neglected.

transportation, and storage (energy in fuels, fertilizers,
etc.). The reason is that this ‘indirect’ consumption
(loss) of energy enters the calculation as part of costs
of biomass production.

Specific costs of production of one unit of energy
SCPE,,; (kWh in final products) from i-type of biomass
using /-type of transformation technology are calcu-
lated as follows’:

BP,-3.6

(1 - CELcipy,) - (1 — CELtfp,)
% (1 — CESCtfp;,, — CELnufp,, )

aT,l . CAPEXI + OPEXl
+
LF, - IPT} - (1 — CESCtfp,;; — CELnufp, ;)
x [EUR/kWh] (10)

SCPE,, =

where BP; is the price of biomass expressed as price
of heat in fuel [EUR/GJ], LF, is the load factor (of
total installed capacity in electricity and heat) [h], and
IPT, is the total installed capacity in electricity and
heat [kW].

If there is only one output of the conversion
technology, the yearly utilization of installed capacity
and total installed capacity are related directly to this
product. If there are more outputs (e.g., CHP in a
biogas station), the above principle, in which energy
of both products is summed up, needs to be respected.
In case of the biogas station, the yearly utilization of
total installed capacity is related to the total installed
capacity (in electricity and heat), not only to electricity.

RESULTS

Evaluation of Energy Effectiveness of Energy
Biomass

The detailed application of the model is demonstrated
on the maize used as the input in the biogas station
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with the cogeneration unit. Other five examples of
biomass fuel cycles are presented in aggregate results.
The input data for calculation are summarized in the
Table 1.

Energy consumption for transportation has been
estimated at 1-2 GJ/ha (average maximum distance
of biomass transportation 50km) and energy con-
sumption for biomass production (incl. harvest) to 8
G]J/ha (wheat and Reed Canary Grass), 15 GJ/ha (rape
seed and maize) and 20 GJ/ha (SRC).'” The detailed
overview of energy flows for maize and CHP in biogas
station is shown in Figure 2.

As shown on Figure 2, the net output is (only)
39.5 GJ/ha (from 216 GJ/ha of the gross energy gain
from maize). The output value is influenced namely

by:

e biomass yield on agricultural land—depending
on the climate and soil conditions in given
location, and

e the coefficient of nonutilization of the produced
end-use (useful) energy product.

These two coefficients have the highest vari-
ability depending on the conditions of biomass pro-
duction and possibility of utilization of the end-use
(useful) energy product by the final energy consumers.
All other coefficients of losses and energy consump-
tion have relatively low variability and depend mainly
on technology (e.g., energy efficiency of cogeneration
unit, energy efficiency of biomass transformation into
biogas, energy losses during biomass storage, etc.).
The comparison of results for six analyzed biomass
fuel cycles are presented in Figure 3.

The results show that the most energy effective
way of biomass production and utilization (in terms of
net energy gain per one hectare) is the third example

© 2015 John Wiley & Sons, Ltd. 581
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(SRC for CHP) with net energy gain of 82 GJ/ha of
agricultural land, followed by maize for biomethane
production.

The energy efficiency of maize used for bio-
gas stations and CHP is strongly influenced by the
value of unused (wasted) energy. As was previ-
ously discussed, biogas stations are usually located
in places where effective utilization of all heat can
hardly be attained. In the current Czech conditions,
one can assume approximately the 35% share of

582 © 2015 John Wiley & Sons, Ltd.

unused end-use (useful) energy products (i.e., coeffi-
cient CELnufp, ;= 0.35).

Conversely, cogeneration plants using biomass
for heat production and delivery are usually
located directly in towns and villages, thus offer-
ing much better conditions for heat utilization.
This means that the coefficient of nonutilization
of end-use (useful) energy products (heat) tends to
be much lower—in our calculations, we assume
maximum 10%.
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If the same coefficient was applied to maize
and CHP (thanks to higher possibilities to utilize the
produced heat, resulting in coefficient CELnufp,, ; of
0.1), the net output from the cycle for maize and
CHP would increase from 40 to 67 GJ/ha and would
be closer to the energy efficiency of the maize for
biomethane cycle.

Evaluation of Economic Effectiveness

of Energy Biomass—Maize Production

for the Biomethane

Similarly to the evaluation of energy effectiveness,
the principle of calculation of economic effectiveness
is demonstrated on the example of biomass (maize)
production for biomethane, using typical values of
costs in the Czech Republic.

The costs of the preceding stages of the fuel
cycle are reflected in the biomass price at the entry
to the plant (as we assume the market price of
biomass input). We use the same values of coefficients
CESCtfp;;,; and CELnufp,,; as in the calculation of
energy efficiency. The specific investment cost and load
factor (utilization of installed capacity in power and
heat) are estimated at 2500 EUR/kW¢ and 7800 h,
respectively.” Fuel costs (derived from the typical cost
of maize silage) are estimated at 5.9 EUR/G]J (of
input biomass). Other annual operational costs (main-
tenance, power consumption, manipulation with the
silage, labor costs, etc.) are estimated at 8.5% of cap-
ital investment.! The annuity factor a is calculated
using the discount rate of 7% and 20 years of tech-
nology lifetime./ The fuel costs at the entry to the plant
are 6.56 EUR/G]J (assuming 10% of losses in the silage
storage).

The specific costs SCPE,; consist of two compo-
nents that can be calculated separately—see Eq. (10).
The first part of Eq. (10) represents the fuel costs trans-
formed to the final product. The second part of Eq.
(10) reflects the costs of conversion technology. If we
calculate with unitary power IPT, then the investment
costs CAPEX; and other operational costs OPEX; are
also related to a unit of energy.

Using the above mentioned values, we get Eq.
(10) in the following form:

6.56-3.6
(1-0.33)-(1-0.08)-(1-0.25-0)
0.0944 - 2500 + 2500 - 0.085
7800 -1-(1—0.25—0)
=51.1+40.3+363=127.7

x [EUR/MWh] (11)

SCPE,, =

-1000
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Total specific costs of biomethane produc-
tion equal to 127.7 EUR/MWh, consisting of 51.1
EUR/MWh of fuel costs, 40.3 EUR/MWh of the fixed
costs from the investment, and 36.3 EUR/MWh of
the fixed operating costs.

The method, illustrated on the above case
example, then makes it possible to compare the
end-use product costs taking into account transfor-
mation efficiency and the losses during transformation
of biomass into end-use products. It can be used for
economic evaluation of different ways of biomass
utilization for energy purposes to select optimum
strategies for further biomass development.

DISCUSSION

The first method presented in the study is aimed
at estimation of net energy effect of different types
of biomass grown on agricultural land and pro-
cessed with different technologies using the full cycle
approach. Given fuel cycle is determined by the type
of biomass, type of conversion technology for the
intermediate product (in some cases, biomass is used
directly skipping this conversion), and transformation
technology used to transform the intermediate product
(biomass) into end-use energy products.

The method takes into account both the amount
of energy in biomass and energy consumption to pro-
duce biomass including all energy losses in the conver-
sion processes from biomass to end-use products for
final energy consumers. The method disregards the use
of the final product, but does take into account the fact
that in some cases the total produced energy cannot be
effectively used up—a typical example being the prob-
lem with heat utilization from CHP in biogas stations.
Due to location of biogas stations, it is usually not pos-
sible to use all produced heat and part of the heat that
could be effectively used is lost.

The analysis of six selected case examples of
biomass fuel cycles (typical and the most important
as to use of energy biomass in the Czech Republic
and in other countries with similar climatic condi-
tions) has shown that the most energy effective use
of agricultural land are plantations of SRC, which are
then transformed to wood chips consequently used in
CHP generation. If we compare the use of biomass
(maize) for heat and power generation in biogas sta-
tions with production of biomethane, the conclusion
is that energy efficiency of biomethane production is
significantly higher.

However, based on the above energy efficiency
analysis, it appears questionable whether biogas sta-
tions based on intentionally planted biomass are the
most suitable alternative for ‘energy’ exploitation

© 2015 John Wiley & Sons, Ltd. 583
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of available agricultural land as the main scarce
resource.

At the same time, the results show that when
all losses and energy consumptions are included in
the calculation, the net energy benefit of 1ha of
agricultural land is low. Therefore, biomass potential,
which is usually expressed as brutto value (in the field),
should rather be expressed as netto—in connection to
final energy consumption. That appears to be the only
way to objectively assess the potential contribution of
biomass to meet the energy demand in the given area
or country.

We therefore argue that Eq. (8) for the net
energy gain from one hectare of agricultural land
for energy biomass—BEGnetto,, —should be used
for calculation of energy biomass potentials. Typical
example of such task would be the inputs for state
energy policy and search for optimum structure of use
of agricultural land for energy purposes with respect
to energy effectiveness. This in turn helps to effectively
reach targets on RES by 2020 as to the Directive
2009/28/EC,?” which are defined with respect to final
use of all forms of energy and therefore with a focus
on the highest productivity and effectiveness.

Under standard conditions, final energy prod-
ucts from biomass are still not competitive with clas-
sic fossil fuels and nuclear energy (or products made
thereof). To reach a certain share of RES (including
biomass), the use and development of RES needs to
be supported. The costs connected with such support
are directly transferred in energy prices, or burden
the state budget (or combination of both). The above
methods to calculate specific costs of production of
final energy products allow assessing economic effec-
tiveness of individual types of biomass and different
conversion technologies. The comparison of economic
effectiveness is a core input in the formulation of the
biomass use strategy and for the effective setting of
biomass development support schemes.

Nevertheless, it is important to keep in mind
that effectiveness of different biomass fuel cycles
(as to their net energy outputs per 1 hectare of
agricultural land) is determined by the technologies
used and, above all, by climatic and soil conditions
for biomass production. Energy consumption and
losses in individual stages of the biomass fuel cycles
in different countries can be considered as similar
(for the same type of biomass). However, significant
differences will occur in biomass yields, resulting from
different soils and climatic conditions, but also from
different agrotechnologies used and different levels
of experience with production of different types of
energy biomass. At a rough estimate (as to experience
from the Czech Republic), variability of hectare yields

584 © 2015 John Wiley & Sons, Ltd.
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is about one order higher than variability in costs
of technologies. Therefore, the effectiveness of energy
biomass use has to be assessed with respect to the
type of biomass, conversion technologies, but also
different climatic and soil conditions. The results from
one area and state are transferable only to the limited
extent.

CONCLUSION

Biomass is widely considered to be one of the most
significant renewable energy sources in the mid and
longer run. However, in many scenarios and strate-
gies, various incomparable values of its potential share
on agricultural land and related costs occur. This is
caused, among other things, by the fact that biomass
is considered to be rather homogenous category and
the specific fuel cycles (including all efficiencies and
cost characteristics) are not partly or fully respected.
In many cases, the energy inputs in biomass produc-
tion, transportation and/or conversion into intermedi-
ate products are not taken into account. Similarly, in
many cases, losses in biomass storage and losses result-
ing from ineffective utilization of part of originating
energy products are neglected.

The method presented in this study allows evalu-
ating the net energy gains from use of agricultural land
for energy biomass production, comparing different
types of biomass and different types of technologies
used to produce final energy products.

When making decisions on the strategies of
energy biomass production on agricultural land, not
only energy but also the economic effectiveness of pro-
duction of final energy products need to be respected,
as well as the whole biomass fuel cycle. The main
principle of the method of specific costs of produc-
tion is the reflection of all costs of the fuel cycle in
the final product(s) delivered to final consumers. This
makes it possible to model economic effectiveness of
different ways of production and use of biomass and
can serve as an effective tool for the formulation of
strategic policies in this area.

NOTES

4 Such losses may stem from a fact that some portion
of the ‘netto’ heat cannot be used up in the place
of production, as there is no economic demand, and
therefore the heat is basically lost; whereas all ‘netto’
electricity can be supplied in the distribution system.
Similar problems with heat use are encountered also
in other technologies based on firing or conversion
processes.
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b Note: Formulas are based on the following logic
of indexes: i: i-type of biomass produced on agricul-
ture land (e.g. maize, wooden chips from SRC plan-
tations, wheat, etc.); k: k-conversion technology used
to transform biomass into intermediate product; I:
I-transformation technology of biomass or interme-
diate products into end-use products; m: m-type of
end-use products.

¢ See method used by the Czech Energy regulatory
office for setting of feed-in-tariffs for biomass—Refs
20, 21.

4 Presented methodology for assessing the effective-
ness of different uses of energy biomass produced on
agriculture land is based on internal cost occurring in
individual parts of given biomass fuel chain. Internal
cost, according to their definition, are cost occurring
during the economic transactions as the real payments
(e.g. rent of land, payments for services, purchase of
seeds, etc.) or cost having the meaning of the oppor-
tunity cost (here as the time value of money reflected
in the value of annuity factor). Different biomass
fuel chains significantly differ in their environmental
effects, e.g., SRC plantations contribute to increase
of biodiversity, high maize penetration can result in
problems with soil erosion, etc. Different environmen-
tal effects can be included into economic effective-
ness valuation through concept of externalities and
their internalization. Methodology enables, in princi-
ple, inclusion of positive and negative effects related
with individual parts of given biomass fuel chains
in the form of internalized external cost—this would

FURTHER READING

Effectiveness of biomass for energy purposes

result in inclusion of new parameter in nominator of
Eq. 9. Inclusion of this new parameter would result
in expression of levelized cost of energy from social
or society points of view and this could serve as the
source for strategic decision making—e.g. for the pri-
oritization of biomass fuel chains for state support.
However the internalization of externalities is highly
difficult and complex process where different calcula-
tion methodologies can be used.?* Therefore, informa-
tion on internalized cost is not usually available.

¢ Following the above method, when there is more
than one product (typically combined heat and power
generation), the end-use products are considered as
equivalent and W1/ is calculated as a sum of energy in
all end-use products.

! Note: CAPEX and OPEX relates to the gross output
of transformation technology.

8 Exchange rate used 25 CZK =EUR.

b According to our method, we express the installed
capacity as the thermal capacity of the output end-use
product.

" The average operational costs of biogas stations
with CHP are approximately 5-6% of investment
costs. Costs for biogas stations with biogas upgrade
to biomethane are approximately 8.5% of the invest-
ment costs—values used by the Czech Regulatory
Office for calculation of feed-in tariffs (see Ref 20).

/ Values used until the year 2012 for feed-in tariff cal-
culation in the Czech Republic by Energy Regulatory
Office.
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Energy biomass competitiveness—
three different views on biomass

price
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The paper presents an economic model that provides a systemic approach to the
evaluation of growing biomass for energy purposes. We argue that to correctly
evaluate the potential of energy biomass, it is necessary to look at it from three
different, but interconnected perspectives: (1) minimum price for growing bio-
mass for energy purposes, (2) opportunity costs with respect to other uses of the
arable land, namely production of conventional crops, and (3) the aspects of sub-
stitution of fossil fuels (e.g., coal) for biomass—the analysis of the demand. Our
economic model incorporates the three above points of view. Furthermore, on
the case study of the Czech Republic, we show the practical implications of the
model on assessment of energy biomass in real conditions. The main findings
are that to give the farmers the same rate of return as conventional crops, the
price of intentionally grown biomass for energy purposes in the Czech Republic
would have to be up to almost three times higher than is the adequate minimum
price. On the other hand, in order to be competitive as a substitute for coal for
local space heating, the price of biomass would have to be close to zero. © 2017
Wiley Periodicals, Inc.
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INTRODUCTION

iomass plays an increasingly important role in

both the EU and the Czech Republic energy stra-
tegies and is expected to play the decisive role in ful-
filling EU 2030 goals in renewable energy sources
(RESs). Renewable energies currently contribute
25.4% to the total primary energy production in
EU28 (2014), where biomass has a decisive contribu-
tion of 63.1%." EU goals to 2030 expect further
increase of renewable energies production, so that
RES would contribute 27% to total final energy con-
sumption.> Since sources of residual and waste
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biomass are quickly depleted, further increase in the
exploitation of biomass for energy purposes (as a
decisive RES contributor in the Czech Republic) can
be guaranteed only by intentionally grown biomass.

In the current academic debate on economics of
energy biomass, three main approaches can be recog-
nized. First, various aspects of energy biomass supply
chain are thoroughly described, including economic,
social, and environmental aspects of growing of bio-
mass for energy purposes.® Economic models deter-
mining future biomass prices reflect in detail typical
processes of a given type of biomass related to grow-
ing, harvesting, storage, processing if needed, and
other parts of the logistic chain from the biomass
producer to the final consumer.*°

Second, the studies compare the economic via-
bility (competitiveness) of biomass for energy pur-
poses with conventional crops, such as wheat. The
idea lying behind is that the arable land is a scarce
(limited) resource, and farmers decide on which

10f13



purpose it will be used for, taking into account eco-
nomic criteria (profitability).”° In such studies, the
main focus remains on the calculation of energy bio-
mass production costs.'!

Third, authors analyze the market demand,
where biomass (or other RESs) substitutes fossil
fuels, such as coal, exploited in power generation
and heat production, and in household heating sys-
tems.'>'3 Furthermore, the studies focus on the
assessment and analysis of RES  support
schemes.'*~1®

In this article, we state that only by combining
the three above-mentioned approaches in one general
model, one is able to make informed decisions on the
growth in production of biomass for energy pur-
poses, estimate the ‘real’ biomass contribution to the
primary energy sources (PESs) balance, based on its
market competitiveness, and formulate the cost-
effective support scheme for intentionally grown bio-
mass. The article therefore offers a systemic approach
to the economic evaluation of growing biomass for
energy purposes. The functioning of our model is
demonstrated on a case example of the Czech
Republic.

The paper is organized as follows. In the fol-
lowing section, we present the general model for eco-
nomic evaluation of biomass for energy purposes. In
this section, three main factors that influence the
farmers in their decision-making are formulated: the
actual cost of growing biomass for energy purposes,
the profitability of conventional crops, and the price
of substituted fuel. Next, results of the case study on
the energy biomass cultivation in the Czech Republic
are presented, followed by discussion of some impli-
cations of the model and its applicability to other
European countries. Last, general conclusions
are made.

MODEL FOR ECONOMIC
EVALUATION OF ENERGY BIOMASS

The General Approach
The model is based on the presumption that farmers
as well as biomass consumers make rational deci-
sions. One can assume that primary motivation of
any entrepreneurial entity is the obtaining and maxi-
mization of the rate of return on investment.'”

A farmer (or business company) operating on
an agricultural land basically chooses between four
standard options:

e conventional agricultural production (aimed at
food production);

20f13 © 2017 Wiley Periodicals, Inc.
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e production of solid biomass for direct combus-
tion in biomass boilers or as an input for solid
biofuel production?;

e production of inputs for liquid biofuel produc-
tion (e.g., rapeseed); or

e production of inputs for biogas stations
(e.g., maize).

Agricultural land is the only limiting factor here—if
one hectare is used for energy biomass production, it
cannot be used for conventional production and vice
versa. In our model, we simplify the decision-making
situation only to the decision between solid energy
biomass production and conventional production.
But, it is a general principle, when a farmer decides
between mutually exclusive alternatives of agriculture
land utilization.

We suggest a ‘decision-making triangle’
approach depicted in Figure 1.

The first two vertices refer to the analysis of
biomass supply (i.e., biomass growing). The first ver-
tex of the triangle is formed by the price for growing
biomass for energy purposes (hereafter referred to as
Cmin)- The price of intentionally grown biomass ¢y,
must provide the investor with the required return on
invested capital over the project lifetime.

The second vertex of the decision-making trian-
gle is defined as the price of biomass (hereafter
referred to as c,,) which ensures the same net eco-
nomic effect for the farmer as the conventional com-
modities such as barley, wheat, etc., considering also
agriculture subsidies for conventional production.

The first two vertices define the bottom limit
for price of energy biomass intentionally grown on
agriculture land (cpor_jim):

Cbot_lim = max(cminicalt)7 (1)

BN

—_—

) >
| ~
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FIGURE 1 | Scheme of the decision-making triangle.
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where, ¢, is the minimum price of grown biomass
for energy purposes that assures an adequate rate of
return for investors [EUR/GJ] and ¢, is the price of
grown biomass for energy purposes that assures the
same economic benefit as conventional agricultural
production [EUR/G]].

If ¢, were higher than c.,;,, one can hardly
expect that farmers would be willing to supply bio-
mass for the price c¢pni,. Farmers would require at
least the price c,;. And, moreover, if we assume that
growing of energy biomass is a more risky activity
compared to the well-managed and routine planting
of conventional production, farmers will require
compensations for the higher risk associated with
planting of energy biomass. The biomass price would
thus be even higher than the price c,,.

Biomass (especially solid biomass) is a direct
substitute for conventional fuels—in the Czech
Republic, particularly for domestic brown coal. The
third possible aspect regarding the biomass price
(and the third vertex of the triangle) is consumers’
willingness to accept the price of biomass as a substi-
tute for conventional fuels. Consumers will accept
(at maximum) such biomass price (cqups) that will
assure the same economic effect from the power
and/or heat production as it is from the utilization of
other (conventional) fuels.

Assuming that the massive development of
intentionally grown biomass on agriculture land will
not significantly influence the price cpo; 1im (the price
cae is independent of possible decreases in biomass
production costs), and also assuming that a partial
substitution of domestic brown coal for biomass will
not significantly influence its prices, then the (upper)
limit of the biomass price can be estimated from the
prices of substituted fuels and other related costs
(such as induced investment costs and changes in
operating costs on the side of the power/cogeneration
plant operator).

Method for Estimation of Bottom Limit of
Biomass Price

The bottom limit of biomass price, as discussed
above, is defined as the maximum of ¢, and c,
prices.

The minimum price of biomass ¢, is derived
from the analysis of economic effectiveness of inten-
tionally grown biomass on agriculture land. To
determine the minimum price, economic models are
used that reflect all the processes needed for growth
of the given energy crop. The economic model must
also reflect the entire project lifetime, i.e., the prepa-
ration of the project, stand establishment,
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maintaining, and harvesting, up to the final stand
destruction and restitution of the land into its origi-
nal form. All the processes included in the model are
evaluated by market prices for the project inputs—
human labor, land rent, fertilizers, services, and so
on. The economic model for the given energy crop
thus reflects the typical conditions for its cultivation,
including yield curves (i.e., the amount of harvested
biomass per hectare and year). The model has been
fully described in Refs (18-21).

Such economic model for the given energy
crop enables simulating the project cash flows for
each year of its implementation. Basic criterion for
assessing the economic efficiency of the projects is
the criterion of net present value (NPV).'” Mini-
mum price cpmin is calculated from the condition
NPV = 0. In this case, the investor realizes the rate
of return equal to discount rate used in NPV
calculation.

Determining the value of ¢, is more compli-
cated. The reason is that the cultivation of conven-
tional, typically annual, agriculture crops, is
compared with energy crops that are often perennial
(e.g., short rotation coppices, SRCs). Biomass price
Caie represents the price of energy biomass, from
which the farmer will have the same benefit as from
the conventional crop cultivation. The problem lies
in the definition of the ‘identical economic return,’
i.e., we compare the crops (an entrepreneurial activ-
ity, too) fundamentally differing by the length of
their cycle. In case of perennial energy crops,
(e.g., reed canary grass), the assumed lifetime of the
stand is about 10 years, while in case of SRC, the
lifetime can reach even 20-25 years. In case of peren-
nial crops, the economic benefit can be interpreted as
the return on invested capital to the project prepara-
tion and initial expenses on the stand or plantation
establishment. The biomass project has then the same
character as classical investment projects; i.e., first
there are initial investment costs, which further gen-
erate the project cash flows.

Conventional crops have typically an annual
production cycle, and no significant initial expenses.
Actually, the farmers’ finances are blocked in the
period between the stand establishment and subse-
quent harvest. A currently used indicator for expres-
sing conventional crop cultivation economy is the
profitability calculated as the margin (the difference
between revenues and expenses) to the costs on the
production of a given crop. This indicator, even
though expressed as percentage, cannot be directly
compared to the percentage of the return on invested
capital, which is used in calculating the minimum
biomass price cmin.
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When comparing the projects of different life-
times, it is necessary to ensure proper comparability.*?
When comparing, for example, SRC having 20-year
lifetime with conventional agriculture annual crops,
we can achieve the comparability, e.g., by cultivating
annual crop repeatedly so many times until we achieve
the identical time with that of SRC. Then, the price of
biomass ¢, can be determined by a general formula,
expressing the balance of net cash flows generated
from the energy biomass production (Eq. (2), left side)
and net cash flows from the conventional crop cultiva-
tion (Eq. (2), right side) per an area unit and the lifetime
of the stand/plantation producing energy biomass:

Ty
Z (Calt,t'Qt +St—Et)‘(1 +7'd)_t
t=1
T,f
=Y (R=Cp)-(1-d)-(1+71) 7", (2)
t=1

where, Q, is the biomass production measured by
(lower) calorific value in year ¢ [G]]; S; is the subsi-
dies for the biomass cultivation project in year
t [EUR]; E, is the project expenditures on biomass
cultivation in year ¢, including taxes and financing
[EUR]J; R, is the revenues from conventional crop cul-
tivation [EUR]; C; is the cost of conventional crop
cultivation in year ¢ [EUR]; 7 is the average annual
inflation [-]; d is the income tax rate [-]; r4 is the
nominal discount rate (required return from long-
term cultivation activities) [-]; Tj is the lifetime of
the project for energy crop (comparative period)
[years]; and 7, is the required return of recurring
annual cultivation activities [-].

Note: Equation (2) assumes the same land area
used for energy and for conventional crop. We
assume that all the agro-technical operations are pur-
chased services, thus in this case, the meaning of vari-
able C, is identical to expenditures.

The required return in the Eq. (2) is used for
discounting of future cash flows to the present value.
The discount rate is dependent on the risk rate,
which is expressed in the capital asset pricing model
(CAPM) as systematic market risk, to which the com-
pany has to adapt, because it is undiversifiable.'” In
contrast, specific, unsystematic risk is connected with
the functioning of an individual enterprise and is
referred to as operational and financial risk that can
be diversified.

Expected rate of return has basically three com-
ponents: risk free rate of return, expected inflation,
and risk premium. Real rate of return (which is risk
free rate of return plus risk premium) is a very
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important variable from long-term perspectives. In
Eq. (2), on the left side the project with long-term
investments is depicted that can be compared, e.g., to
the rate of return on long-term bonds. In contrast, on
the right side of the equation are presented the dis-
counted cash flows of short-term, annually repeated,
projects. It can be illustrated, e.g., as short-term treas-
ury bill investments, repeatedly purchased and held
for the same period. Investors prefer an increase in
risk premiums to long-term bonds.!” Moreover, a spe-
cific numerical value of the risk premium, i.e., 1.5%,
derived from the values monitored over the last cen-
tury is presented.’” The calculation of the minimum/
alternative price according to Eq. (2) should reflect the
difference in a numerical form.

Generally formulated Eq. (2) represents the
balance between the present value of the incomes
from the cultivation of intentionally planted energy
biomass, and the present value of revenues from the
conventional agricultural production, per correctly
determined comparative period, covering the entire
period of the project implementation. In case of a
20-year SRC lifetime and its comparison with the
annual crop cultivation, the evaluation period will be
set to 20 years.

A long period of time does not enable us to
anticipate constant, unchangeable cash flow items.
Therefore, in the long run, it is necessary to respect
expected inflation.

In Eq. (2), variable ¢, can be expressed by
Eq. (3) that reflects inflation price trends of ¢, in time:

Calt,tzcalt,l'(l +i)(t_l)7 (3)
and likewise, E, by Eq. (4):
E,=Eq-(1+0)" Y, (4)

Eq. (2) is similarly applied also to parameters R, and
C.. The price in the first year is calculated so as to
maintain the balance between the left and right sides
of Eq. (2). The price is then interpreted as marginal
price, counted since the time when the farmer is will-
ing to consider a transition from the annual conven-
tional crop to the perennial energy crop cultivation.

Price cai,1, can be interpreted as the price of
energy biomass from the crops cultivated on the
farmland that provides the same economic benefit to
the farmer managing the land. It is the price in the
first year of the project; in subsequent years (during
the project implementation, considering also the
stand or plantations), it is increased by expected
average inflation rate—see Eq. (3).
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In case that the annual energy crops
(e.g., triticale) are used for growing energy biomass,
the price c,i; can be determined a lot easier. We com-
pare the amount of finances generated (on average)
from the conventional crop cultivation (Eq. 3, right
side) and the amount of finances generated from the
energy biomass production (Eq. 5, left side). It is then
a simple solution to the equation with respect to the
unknown c,j,.

carO-E+S=R-C. (5)

Minimum price ¢, varies with individual energy
crops, and, in some cases, quite substantially. Moreo-
ver, the minimum price of the same energy crops will
vary according to the conditions of a land, on which
the crop is grown. The habitat conditions influence
primarily the amount of biomass production. Thus,
we cannot determine one value of cn,;,, but it is nec-
essary to calculate with a range of its values for typi-
cal growing conditions and typical energy crops. The
calculation of price c,y, is based on the calculation of
the economic effect from the conventional crops
production.

Method for Estimation of the Upper Limit
for Future Biomass Price

Biomass, or solid fuels produced from it (briquettes,
pellets), is considered a substitute for conventional
fuels, especially coal. The upper price limit of bio-
mass (i.e., biofuel) is thus given by the readiness of
customers to pay for it. The upper price limit is
derived from market prices of substituted fuels with
respect to the costs associated with the change
of fuel.

Changing fuel (switching to biomass) in prac-
tice also brings about other effects, such as lower
amount of produced solid waste, reducing local emis-
sions, enhanced comfort, and so on. These effects are
not included in the analysis, although in practice they
could lead to the acceptance of biomass prices that
are higher than those obtained by a direct compari-
son of the costs per 1 GJ of (lower) calorific value.

The type of a customer plays a major role in
assessing the economic aspects in the substitution of
conventional fossil fuels (coal) for biomass. The task
can be simplified to two types of customers:
(1) households using fuel for local space heating,
(2) cogeneration plants, or power stations using fuel
for generating electricity and/or heat supplied to the
centralized heating system. Therefore, setting the
upper limit of biomass price is then divided into two
separate tasks. First, in case of large power plants, it
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is usually possible to directly use the baled biomass
(with nonwoody energy crops or residual straw from
conventional agriculture), or wood chips from SRC
plantations. Second, in case of households, such
practice is not possible and biomass must be con-
verted into a suitable form—pellets or briquettes.
Biomass price is thus increased by the costs of the
conversion.

Consumers’ decision-making on the amount of
money they are ready to invest in biomass or biofuels
is influenced also by the additional induced costs. The
substitution of one type of fuel for another does not
only mean the change in specific fuel costs (price of
1 GJ of lower calorific value), but also the change in
technology—e.g., the purchase of a new boiler,
changes both in storage and transportation of fuel into
the boiler. A rational decision-maker chooses such an
option (either to use currently used fuel or, newly, to
convert into biomass) that guarantees the maximum
economic benefit for the specified evaluation period.

From this perspective, in the case of house-
holds, two possible situations can occur. The first
case is that the decision-maker wants to renovate the
equipment and decides between the currently used
technology renovation and switching to biomass. In
case of households and local space heating, the cost
of technologies can be comparable (assuming substi-
tution of coal with biomass).”® Then, the upper price
limit of biomass (biofuel) is defined by the price of
substituted fuel, and is not affected by the costs of
changes in technological equipment.

An analogous situation is in the case of power sta-
tions and district heating plants. Here, however, the cal-
culation of the biomass price upper limit is influenced
by other factors, such as saved emission allowances and
support for power (or heat) generation from renewable
sources—biomass. In the Czech Republic, significant
amounts of electricity (or heat) is produced by using
technology called cofiring, where biomass is added to
coal in the range of about 5-20%. This technology
does not require any further significant investment costs
on the biomass utilization, disregarding relatively low
costs associated with the biomass logistics.

Upper Limit of Biomass Price from the
Perspective of Households (Local Space
Heating)

The upper limit of biomass prices for households
(local space heating) will be derived for the case,
when the household decides on the renovation of the
existing technological heating equipment, with the
perspective that the cost of modern coal boilers is
comparable to the cost of the installation of pellets/
briquettes boilers. Crucial role in the decision-making
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plays the cost of coal (EUR/G] of lower calorific
value), including the transportation costs and the
costs on biomass pelletizing/ briquetting, together
with biomass transportation costs. The aim is to set
up a price upper limit that would be comparable to
Cmin and ¢,y prices derived from the analysis above.

The upper price limit of intentionally grown
biomass, applied in local space heating, can be deter-
mined according to the Eq. (6):

Csubs,sh = SI)Csh - Cconv - Cbiom,log7 (6)

where, cgubs,sh 1 the upper price limit of biomass for
local space heating [EUR/GJ]; SPCy, is the specific
price of coal (suitable for local space heating),
excluding transportation costs [EUR/GJ]; C.ony is the
specific costs of conversion into pellets/briquettes
[EUR/GJ]; and Chiom,log is the specific costs on bio-
mass logistics [EUR/G]].

The costs of the coal and biomass transporta-
tion from the producer to the end consumer are con-
sidered the same, and therefore they are not included
in the calculation. The parameter Cpiom,jog takes into
account specific nature of biomass as a biological
material, i.e., the energy content losses due to biomass
storage during the harvest (biodegradation), including
both the losses during the process of conversion into
solid biofuels and the storage costs. The cost of pelle-
tizing/briquetting includes also the return on invested
capital. The parameter C,p,y is in principle derived
from the methodology of a minimum price.

Upper Limit of Biomass Price from the
Perspective of a Power Generating Company
In the EU, the use of biomass as a renewable source
of electricity (and/or heat) is generally supported by
the respective national RES support scheme. The
Czech Republic benefits from the support scheme
based on the feed-in tariff (FIT) or feed-in premium
(FIP). The logic of both types of support is usually
built on guaranteeing the (regulated) return on
investment. The upper biomass price limit from the
perspective of a power generating company or heat-
ing plant can be derived by means of FIP/FIT values
for biomass combustion. In many countries, the
amount of FIP/ FIT is differentiated according to the
type of energy biomass.?* Intentionally grown bio-
mass has usually higher FIP/ FIT values due to the
higher costs of its acquisition.

Using the FIP value for intentionally grown bio-
mass in the following Eq. (7), it is possible to determine:

Csubs,pg = SPCpg + FIPG] - Cbiom,loga (7)
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where, cgubspg i the upper price limit of biomass
used for power generation [EUR/G]]; SPC,, is the
price of coal used in power plants [EUR/G]]; and
FIPg; is the feed-in premium value for burning inten-
tionally planted biomass converted into 1 GJ of
lower calorific value [EUR/G]].

The FIPg; parameter value is calculated from
the FIP value (for intentionally grown biomass) and
average specific heat consumption in a fuel for power
generation.

FIP
EF,,’

FIPg, = (8)

where, FIP is the feed-in premium value for power
generation using intentionally planted biomass
[EUR/MWh] and EF,, is the average efficiency for
power generation [GJ/MWh].

As the biomass transportation costs are, as in
case of households, considered the same as the costs
of coal, they are not included in the calculation.

APPLICATION OF THE
ECONOMIC MODEL: CASE STUDY
CZECH REPUBLIC

Data sources for Biomass Price Modeling

Conventional Agriculture—Cost, Yields, and
Market Price

The data on conventional crops was taken from the
official statistics of the Czech Statistical Office and
from the surveys carried out by the (Czech) Institute
of Agricultural Economics and Information. The data
series cover the period from 2008 to 2014. The time
span corresponds with the energy biomass growing
cycle. It allows accounting for the differences in
yields as well as the fluctuations in the commodity
markets. The recent available data we can take
advantage of is the data from the end of 2014 year.
In turn, the data on costs of growing conventional
crops is assumed only for the year 2014. The costs of
growing crops are relatively stable; the changes can
be mainly assigned to the overall inflation rates.
Therefore, the averaging is here less meaningful than
at yields and market prices.

The following types of conventional crops have
been used for the analysis: wheat, barley, maize for
grain, and rapeseed. These four types of crops repre-
sent almost 70% of total arable land in the Czech
Republic, which in 2014 equalled to 2.468 million
hectares (see Table 1).
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TABLE 1 | Planting Areas of Main Conventional Crop Types, Czech
Republic, 2014%

Area [ha] % of Total Arable Land
Wheat 835,941 34
Barley 350,518 14
Rapeseed 389,298 16
Maize for grain 100,453 4

Table 2 presents the costs of conventional crop
production per hectare for the year 2014, average
prices of the main crops and average crop yields in
the conditions of the Czech Republic for the years
2008-2014.

When calculating economic effectiveness of
conventional agricultural production, one has to also
add subsidies (i.e., direct payments per hectare of
arable land within the Common Agricultural Policy
support system—so-called SAPS payments, and the
national top-ups). These payments (in total) reached
EUR 229/ha in 2014.>

Minimum Prices of Energy Crop Intentionally
Grown on Agriculture Land

The case study considers four most perspective
energy crops for conditions in the Czech Republic,
ie., reed canary grass, schavnat, miscanthus, and
SRCs.'?2% Typical yields of these energy crops in the
Czech Republic fluctuate as follows:

¢ Reed canary grass: 3-6 t (dry matter, DM)/
ha, year

e Schavnat: 3-8 t (DM)/ha, year

® Miscanthus: 4-10 t (DM)/ha, year

e SRC: 5.7-11.5 t (DM)/ha, year

At the price level of 2014 (price levels of agro-
technical services and land rents in the Czech Repub-
lic and the value of SAPS and the national top-ups of
EUR 229/ha in 2014), the biomass minimal prices

TABLE 2 | Costs of Planting Conventional Crops, Average Prices,
and Yields of Conventional Crops, Czech Republic?®~8

Costs Market Yield

Crop Type [EUR/ha] Price (EUR/) (t/ha)

Wheat 839 165 5.59

Barley 706 166 4.75

Rapeseed 1233 362 3.17

Maize for 1048 163 7.95
grain

Note: VAT is not included, 1 EUR = 27 CZK.
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(for a discount of 9%) fluctuate within the following
ranges:

Reed canary grass: 5.6-3.1 EUR/G]J
Schavnat: 5.0-2.1 EUR/G]J
Miscanthus: 5.15-2.82 EUR/G]J
SRC: 5.1-2.6 EUR/G]J

Note: Higher minimum price in a price range always
refers to a lower biomass yield in the range.

Brown Coal

Brown coal (lignite) is not generally traded commod-
ity on international markets. Its price is determined
by negotiations between coal and energy companies.
At present, the estimated price of coal for electricity
production can be about 1.5 EUR/GJ (for more
information about brown coal prices in the Czech
Republic, see Ref 30).

Specific heat consumption for electricity genera-
tion in the Czech modernized brown coal-fired power
plants is 10 MJ/kWh (derived from the minimum
indicative values defined in Ref 31).

In the Czech Republic, the price of brown coal
for households is not regulated and is generally deter-
mined by supply and demand. Coal price fluctuates
throughout the year; there are also relatively signifi-
cant regional differences caused mainly by transport
distances. The price of brown coal for households
(which is suitable for modern coal boilers currently
used for individual space heating, at a price level as
in 2014-2015) is between 4.93 and 7.15 EUR/G]
(including 21% VAT and excluding transportation),
the mean value is then 6.10 EUR/GJ’.

Costs of Conversion of Biomass into Pellets and
Briquettes

These costs are derived from pelleting and briquet-
ting technologies available in the Czech Republic,
suitable for local production. The capacity of the
production lines is about 1.200-1.500 t of pellets/bri-
quettes per year. Investment costs of pelleting lines
are considered to reach EUR 280,000, briquetting
lines EUR 380,000. Operating costs of pelleting lines
(excluding fuel) are about 62,000 EUR/year, of bri-
quetting lines about 114,000 EUR/year. The costs of
pelleting, as in the case of the price of intentionally
grown biomass, are derived from a minimum price
with a low discount rate (4%), which reflects the
assumption of local business operated by the munici-
pality, where the primary goal is not profit, but pro-
viding the required amount of pellets/briquettes from
locally available biomass.
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The data for the calculation of the price of bio-
mass for local energy needs (for households)—cqyps sh
has been taken from the project No. TD03000039
supported by the Technology Agency of the Czech
Republic on Tools for the analysis of market utiliza-
tion and competitiveness of biomass for energy needs
in local communities, in which the costs of pelleting,
storage, and energy biomass losses have been
calculated.

Pelleting costs are then ca 4.47 EUR/GJ and
briquetting costs 6.69 EUR/G]J. The value of biomass
losses during storage and storage costs can be esti-
mated at about 0.20 + 0.15 EUR/GJ.'832

Feed-In Premium Value for Biomass Power
Generation
For the year of 2014, FIP values for cofiring intention-
ally planted biomass with coal were taken from the
Energy Regulatory Office price decisions.*>** FIP
values for 2014 accounted for 54.07 EUR/MWh, and
for 2017, the value increased to 90.37 EUR/MWh.
The calculation of ¢y, price requires a FIP
recalculation from the value of EUR/MWh to
EUR/G]J of lower calorific value in the used fuel.
When using the above-mentioned values of specific
heat consumption in fuel for power generation of
10 MJ/kWh, the recalculated FIP value accounts for
5.4 EUR/G] for 2014.

RESULTS

If the farmer was to achieve the same economic effect
in energy crop cultivation as in the cultivation of

wires.wiley.com/energy

conventional crops, it would mean a sharp rise in
biomass price from the value ¢y, to the value ¢,
When considering the same conditions for growing
energy crops as at calculation ¢,;, and when request-
ing to achieve a 10-year stand life cycle at reed
canary grass, miscanthus and schavnat, or 22 years
at short rotation plantation, the price ¢, compared
with the price ¢, will be about two to three times
higher, depending on the type of crop and the yield

curve:

e Schavnat: c¢pin: 2.24-5.19 EUR/GJ, cae
4.63-11.44 EUR/G]J

e Reed canary grass: cppn: 3.16-5.80, cu¢
8.19-15.85 EUR/G]J

e Miscanthus: cpin: 2.82-5.15 EUR/GJ, cu¢
5.19-9.89 EUR/G]J

e Short rotation coppice: Cmin: 2.74-5.26
EUR/G], cae: 5.56-11.04 EUR/G]J

Using Eq. 6, the biomass price cqupssn for households
(where the biomass in the form of pellets is a substi-
tute for coal) is 0.16 EUR/GJ. The biomass price
Csubs,pg for coal-fired power plants using cofiring of
biomass (formula 7) is 5.55 EUR/G].

The results are summed up in the following
Figure 2.

The Figure 2 shows that in the current condi-
tions in the Czech Republic, farmers are not likely to
switch from conventional crops to energy biomass
(care in all cases higher than ¢,;,). Furthermore, the
energy biomass for local needs is not competitive as a
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FIGURE 2 | The results of modeling the lower and upper limits of biomass price.
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substitute for brown coal. In case of cofiring in large
power stations, energy biomass could be competitive
(i.€.5 Cmin MEELS Coubs,pg)-

DISCUSSION

A systematic approach to the development of inten-
tionally grown biomass for energy purposes assumes
its competitiveness relative to other alternatives, such
as natural gas, heat pumps, but, in many countries,
coal, as well. What must also be taken into account
are opportunity costs, i.e., other options of using
agriculture land. Agriculture land is actually the only
strictly limited production factor.

The results of the case study presented in the
article show that the current high profitability of con-
ventional crops (to some extent, depending on the
amount and way of subsidizing this production)
causes a significant increase in price of expected sup-
ply of intentionally grown biomass from farmers.
Price of biomass increases by about 1.8-2.7 times
(from cpin to cap), according to the type of energy
crops and yield curves. This leads either to noncom-
petitive biomass prices for the consumers or, con-
versely, to the fact that farmers are not willing to
produce energy biomass.

Economic models used for estimating the future
price of intentionally grown biomass from perennial
crops usually assume relatively low levels of
discount—typically 5-9%.1%-3%3¢ In the case study of
the Czech Republic, the discount value of 8.7% was
used for the calculation of c;,. It is consistent with
the rate of return for power generation from RES in
the Czech Republic (the discount rate used to calcu-
late FIT or FIP, using the methodology of minimum
price, was about 6-7%). The discount (i.e., 8.7%)
covers higher risk connected with energy biomass
cultivation.

The costs of establishing perennial crops (typi-
cally between 20-35%), harvesting (20-30%), and
fertilizers (20-30%) play a key role in determining
the minimum price of intentionally grown biomass
(besides the biomass yields influenced by climatic and
land conditions in the region/country). The costs of
land rent also play a relatively significant role in the
structure of ¢y (about 15-20%, depending on the
type energy crops).’**! Nonwoody energy crops
have relatively similar structure; SRC plantations
have typically lower costs of fertilization, but higher
costs of special harvest (about 40%), when biomass
is directly chipped. Conversely, minimally influential
are costs of labor force or transportation from

the field.
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Due to the structure of the minimum price of
various types of biomass, the results of calculation of
minimum price of energy biomass can be considered
transferable to other countries with similar land and
climate conditions—typically the Central European
countries. Agro-technology prices, based on the
prices of machinery, seed and fertilizers, can be con-
sidered comparable among individual EU countries.
In contrast to the conditions in the Czech Republic,
countries such as Germany and Austria have signifi-
cantly higher prices of land rent, or wage levels.
However, this has only a limited impact on the level
of minimum price. Given the structure of costs
described above, different level of wages can be actu-
ally neglected. If the land rent doubles, the minimum
price will increase only by about 15-20%. Similarly,
increasing the discount from 8.7 to 16% will result
in increase of ¢y by 15 to 30%. Higher growth is
evident at SRC plantations, where one-off costs are
higher at the beginning of the stand life cycle and the
life cycle is about two times higher than that of non-
woody energy crops.

Valuation of energy biomass from the perspec-
tive of opportunity costs—i.e., by conventional agri-
cultural production—has four key inputs: (1)
(average) level of individual crop production in a
given land and climatic conditions, (2) average costs
of crop production, (3) level of agricultural subsidies
in conventional crop cultivation, and (4) prices of
conventional crops. From the perspective of the first
and fourth factors, the results of the case study for
the Czech Republic can be considered fully transfera-
ble to other EU countries with similar climatic condi-
tions (we assume that commodity prices in different
countries reflect world prices). The level of agricul-
tural subsidies in the Czech Republic to conventional
agriculture is comparable (per unit of land) to West-
ern European countries. The cost of growing crops
are slightly lower (especially land rents), but as in the
case of energy crops, costs of agrotechnology and fer-
tilizers, which can be considered similar, play a
crucial role.

With respect to the above, the relation between
Cmin and ¢,y for the energy crops, presented in a case
study of the Czech Republic, can be considered as a
good approximation for other EU countries with sim-
ilar conditions.

The model intentionally stems from the current
situation (current prices, agrotechnologies, biomass
and crops vyields, etc.) to confront the optimistic
assumptions on biomass development with current
economic reality. In future, one can expect significant
changes in some of the model inputs—among others,
changes in absolute level of subsidies of conventional

© 2017 Wiley Periodicals, Inc. 9of 13
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agricultural production (in monetary units per hec-
tare) could occur. Similarly, the overall subsidy
scheme could change to incorporate, e.g., require-
ments for additional measures such as measures
aimed at landscape, and biodiversity protection. This
could significantly affect the results of the calcula-
tion. However, the logic of the model remains
unchanged. In contrary, the model could serve to
study the potential impact of such changes in subsidy
scheme.

Furthermore, the model works with average
yields, costs, and processes of conventional agricul-
tural production to demonstrate the general competi-
tiveness of intentionally planted biomass for
energy purposes. When analyzing a specific region
(e.g., when analyzing the effectiveness of pellets pro-
duction from locally available residual and intention-
ally planted biomass), it is necessary to assume the
specific local conditions—i.e., to derive biomass yields
from soil and climate conditions on the given land
plots (as they are the key factors for yields of both
conventional and energy crops)'® and based on that
to do the analysis of biomass competitiveness in the
given location based on its availability and concrete
values of ciin and ¢,y (as the cgups remains stable).

In the Czech Republic, the possibility of substi-
tuting coal with local biomass for heating is discussed
and supported through various programs (currently,
e.g., Green to Savings).>” However, the problem that
needs to be faced is the actual economic accessibility
(or competitiveness) of the energy biomass, particu-
larly when considering exploiting locally available
biomass reprocessed into pellets or briquettes. The
results of the case study for the Czech Republic show
that the price of biomass (for achieving a competitive
product—e.g., pellets) would have to be close to zero,
or even negative.

Under current conditions (fuel prices, the
amount of biomass cultivation support, or local pel-
lets production), massive development of the method
of energy crop cultivation and the conversion into
pellet/briquettes cannot be expected. This economic
barrier can be solved in three ways: (1) initiating the
restrictions on the use of fossil fuels, especially coal,
either by direct limitation of coal availability or by
increasing environmental taxes on coal from current
low value of 0.31 EUR/GJ of high calorific value,
(2) reducing the cost of biomass conversion and
logistics and reduction of cost of end-use technology
(e.g., pellet boilers), and (3) promoting the exploita-
tion of agriculture land for energy crops (supporting
the diversification of farmers’ activities, for example,
by changing the way in which subsidies are paid) and
supporting local production.

10 of 13 © 2017 Wiley Periodicals, Inc.
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The way and the level of support of biomass
exploitation play a key role in using intentionally
grown biomass for the production of power and/or
heat in large power and cogeneration plants. The
case study of the Czech Republic reveals that at the
current level of FIP for power production from bio-
mass (for cofiring), the price ¢,y is approaching the
price Cgupspe (in some cases, even slightly overlap-
ping). The economic barrier for the exploitation of
intentionally grown biomass is substantially lower
than in the previous case (biomass as a coal substi-
tute for local heating). However, electricity prices
decreasing on stock exchanges cause pressure on the
FIP increase, which is evident from the FIP increase
between the years 2014 and 2016.3® Maintaining the
amount of FIP would lead to a fast decrease in
energy biomass production effectiveness.

The model indicates that the successful develop-
ment of intentionally grown biomass on agriculture
land will happen only if the biomass price derived
from the costs of substituted fuel, i.e., the price cups
(i.€., Csubs,pg for electricity and cyypssh for local heat-
ing) overlaps or is higher than the price cpor tim
(i.e., higher from the values of c;, and c,). Only
then, the farmers have a strong economic incentive
for the energy biomass cultivation. The results of the
case study for the Czech Republic have shown that in
the current conditions such situation is basically not
likely to happen

Increase of biomass competitiveness requires
changes of the relation between prices cqups (for given
type of consumer) and cpor jim- Price Cpor im i cur-
rently strongly influenced by the subsidy scheme and
prices of conventional crops on the market. The com-
petitiveness of biomass utilization (in the form of bio-
pellets) by households for local space heating could
be significantly increased by the combination of spe-
cific measures, such as:

(1) increase of currently low ecological tax
imposed on coal (approximately five times to the
level 1.5 EUR/G]),

(2) investment subsidy for pelleting technology
to reduce biomass conversion costs (assuming above-
mentioned pelleting technology, 100% subsidy
would lead to the cost reduction of app. 1.2
EUR/G]J),

(3) investment subsidy for the purchase of pellet
boilers to reduce the costs of end-use technology,

(4) additional subsidy per hectare, year for
energy crop to reduce the price of raw biomass
(i.e., to reduce cpor im price). Assuming the logic of
Chot_lim Price, increase of subsidy for biomass planting
(from current value of SAPS and the national top-
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ups) would result in further reduction of cpor jim
(as the price ¢, would decrease thanks to higher rev-
enues from biomass planting. For instance for reed
canary grass increase of subsidy by 50% would
result in reduction of cpoe im price by 1.1-1.6
EUR/G]J).

Combination of all the above-mentioned mea-
sures could lead to the reaching of ‘break-even point’
of biomass competitiveness.

CONCLUSION

Biomass is considered a renewable resource with a
great potential for growth in the next few decades in
the Czech Republic (and is expected to play decisive
role as conditions for the development of utilization
of other RESs are limited, especially for photovolta-
ics).>” For example, the Czech Energy Policy envi-
sages the doubling of the share of solid biomass
consumption on PESs between 2010 and 2040—
(from 83 to 160 PJ).** This is not possible without the
development of a targeted cultivation of biomass on
agriculture land. Although, for the next 20-30 years,
800,000-1 million hectares are potentially available
for energy crops,*' we cannot automatically assume
their utilization for energy purposes. The situation is
similar in other EU countries.

A significant, even major, role in achieving the
objectives of the future biomass utilization lies in a
proper decision-making of the farmers farming on
agriculture land, which is actually the only major
limiting factor. The tasks focused on the analysis of
the future biomass development often solve the
potential of biomass, or its different forms, from the
perspectives of production, processing technology,
logistics, and so on, and do not take into account all
the economic aspects of the task.

We worked out a model combining the analysis
of the economics of both biomass growing and
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alternative agriculture land utilization for conven-
tional production, as well as the analysis of the
‘break-even point of biomass price,” when biomass
becomes competitive with potentially substituted fos-
sil fuels.

This model enables modeling biomass price from
three different perspectives and also enables including
the dynamics of the input parameters development
(e.g., the expected development of agrotechnologies’
effectiveness, fossil fuels market prices, emission allow-
ances prices, etc.). The model enables the combination
of different types of businesses with different time con-
stants (e.g., short rotation coppices, SRCs, plantations
with up to 25-year lifetime versus annual conventional
crop) and different levels of associated risk.

The results of the future biomass price modeling
that interconnects all the three different aspects of bio-
mass prices, are important for energy companies in
developing business strategies, for farmers making
strategic decisions on the land utilization (even with
respect to the length of renting agriculture land), and,
last but not least, for the policymakers in developing
energy policies and proposing cost-effective biomass
support schemes. It has been shown that the method is
generally applicable, and despite the fact that the case
study of the Czech Republic includes specific Czech
data, the threat of overestimation of the ‘market’ bio-
mass potential is relevant to other countries, too.

NOTES

“ Solid biomass has potentially also material utilization,
e.g., the production of fiber boards, and so on. The model
for economic evaluation of biomass is also applicable in
this case (with changed inputs). However, it is not subject
of this paper.

b Based on the research of lignite bid prices of brown coal
for households, carried out by the authors.
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Solid-State Lighting (SSL) is a fast evolving, promising energy-efficient technology, offering a wide range of potential uses. The article
presents the status of the existing light emitting diode (LED) pilot actions in Europe, analyzing 106 LED test cases from 17 European
countries. Projects from the public and commercial sectors form the focus of this article, with special attention devoted to the economics of
LED projects — particularly in terms of energy savings. The results of the test cases demonstrate wide variation. Installations offer energy
savings of 59% on average (savings range from 10% to more than 90%). In many applications, LEDs are competitive (with payback time
ranging from two to 10 years), yet a large number of projects are still in the trial phase. From the test cases reviewed, the most successful
applications are, in terms of savings and economic considerations, replacement of both (1) incandescent light bulbs in traffic light systems,
and (2) halogen spotlights in indoor applications. The LED projects bring many co-benefits, including lower maintenance costs, improved
lighting characteristics, or improved ambience. Some challenges remain to be addressed, such as to improve the quality characteristics of
LEDs and the quality of information and data provided by manufacturers/suppliers, and optimality of LED technology for existing street

lighting systems.

Keywords: Light emitting diodes (LEDs), Energy-efficient lighting, Solid-state lighting (SSL), Public sector, Commercial sector

Introduction

The first commercialized Light Emitting Diodes (LEDs) were
developed several decades ago (Dupuis and Krames 2008).
However, practical test cases for high-brightness (HB) white-
light LEDs became more common only in the last five years or
so. In spite of this rather short history, LEDs are being used more
and more in different lighting installations. Solid State Lighting
(SSL — hereafter generally referred to as LEDs) is perceived to
be the most innovative technology emerging in the market (e.g.,
Bertoldi and Atanasiu 2008; European Commission 2011c¢). The
European Commission is focusing on SSL and has published
a Green paper on SSL “Lighting the Future: Accelerating the
Deployment of Innovative Lighting Technologies” (European
Commission 2011c), proposing new policy initiatives to promote
this technology.

Given the relative novelty of the technology, the current debate
on LEDs focuses on their optical and technical characteristics,
often compared with other light sources, and on monitoring
of these characteristics over time (e.g., Khan and Abas 2011;
Ryckaert et al. 2012). Even though LEDs are seen as the light
of future (Richards and Carter 2009), some cautiousness remains
and it is foreseen that LEDs will take over only gradually (Dubois

Address correspondence to Michaela Valentova, Czech Technical
University in Prague, Technicka 2, 166 27 Praha 6, Czech Republic.
E-mail: michaela.valentova@fel.cvut.cz

Color versions of one or more of the figures in the article can be
found online at www.tandfonline.com/ljge.

and Blomsterberg 2011).! In addition, the performance in terms
of quantity and quality of light will vary a lot from one LED
installation to another. The comparison with other light sources
is therefore complex.

Practical case studies are not much available and focus mainly
on specific uses and characteristics of LEDs as part of indepen-
dent energy (lighting) systems (e.g., Adkins 2010; Huang et al.
2010; Pode 2010). Yet, an overview of the current state of the
art in LED applications and practical uses has been developed a
little.

The aim of this article is to present the status of the existing
LED pilot actions in Europe. Specific attention is given to the
economics of LED projects with a focus on energy efficiency.
Although a generalization of different test cases is not possible,
this article highlights and assesses the main features and experi-
ences from LED test cases and illustrates them on selected pilot
projects.

Light emitting diodes nowadays offer a wide range of potential
uses (varying from traffic lights to elevator lights and showcase
lights to bed lamps). This article provides an overview of LED
projects. The scope of the overview was limited to test cases in
Europe and was carried out in 2011. Even though the overview
is not exhaustive, the article provides a representative selection
of the most relevant test cases to give as broad a picture as

'For more information on other energy efficient lighting technolo-
gies that are not analyzed in the article, see, for instance, Yang and
Hsiao (2006) for high-pressure sodium lamps, or Teng (2013) for
fluorescent lamps.
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possible of what has been currently going on in Europe in LED
installations. Special attention is given to the economics of LED
projects.?

The article begins with an analysis of the types of installa-
tions in which LEDs are used. The main features of the projects
are highlighted. It is followed by the analysis of savings (in mon-
etary and technical units) and discussions about the economics
of the installations. The last two sections are dedicated to the
main advantages and benefits and drawbacks of the projects, as
perceived by the stakeholders.

The projects come mostly from the tertiary and public sectors,
but also from the industry.

Methods and Limitations

The analysis of LED projects is based on a survey, carried out
from mid-June to the end of August 2011. Lighting experts from
different sectors were asked to provide references and details
on LED pilot projects across Europe. A method of snowball
sampling, in which the existing acquaintances provide refer-
ences and contacts to further addressees, has been partially
used. Thanks to this, in the end more than 100 experts from
across Europe have been contacted, representing lighting experts
from academia, research institutes, NGOs, manufacturers, light-
ing installers, lighting associations, municipalities, etc. In total,
29 experts provided data on LED projects in their countries and
across Europe. In addition, the GreenLight Programme of the
Joint Research Centre of the European Commission was used as
a source of information.’

This article presents an analysis of 106 pilot projects selected
from 17 European countries. The projects have been chosen by
the experts addressed as representative and therefore, although
all LED projects in Europe are not (and cannot be) represented, a
good overview of the situation in Europe is provided.

The respondents were given a common formatted Excel sheet
to be filled in for each LED project. However, in most cases,
the project description did not follow the common format. The
analyzed case studies, therefore, vary in both form and level of
details provided by the respondents. That is why the article offers
qualitative, rather than quantitative analysis (even though some
quantitative data are provided).

A full list of all respondents that provided data on LED
projects and a list of the analyzed LED projects together
with references to more information are available in Valentova,
Quicheron, and Bertoldi 2011).

Limitations

The sample for the analysis is not exhaustive. The aim was not
to provide the full list of existing LED installations but to give

2Methods of economic calculations at lighting installations are
described in detail in, for instance, Li et al. (2009).

3The GreenLight Programme is an on-going voluntary programme
whereby private and public organizations commit toward the
European Commission to reducing their lighting energy use, thus
reducing polluting emissions. GreenLight was launched in February
2000.
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a good overview of the LED projects around Europe — i.e.,
covering typical installations and their characteristics.

Statistical conclusions should not be derived from the article.
For instance, the number of projects per country does not fully
correspond to the distribution of the LED projects in Europe.

Seventeen countries are represented in the sample. This does
not mean that there are no LED projects in the other European
countries. It may mean that in those countries, data on LEDs are
not systematically collected and the few projects realized so far
are for testing purposes. The proportions between LED projects
from different countries do not represent the real proportions of
existence of LED projects around Europe.

The second type of limitation pertains to the information
reported. The respondents have provided the LED projects’ data.
There is no check on the correctness of the data by the authors.
This being said, for the projects coming from the GreenLight
Programme (14 projects*), the reports undergo a double check —
by the National Contact Points and by the Joint Research Centre
— manager of the programme.

At the same time, the data have often been provided by the
manufacturers themselves, or as showcases (good practice exam-
ples). This means, for instance, that the number of cases where
drawbacks are described may be limited due to the character of
the reports.

Led Projects — Overview

A total of 106 LED test cases have been collected from all over
Europe. The projects come from 17 European countries —a quar-
ter from Germany, 10 from Spain, and eight from Switzerland
(Figure 1).

As shown in Figure 1, the number of test cases analyzed does
not necessarily correspond to the number of buildings or facili-
ties. In Belgium, the test case of Delhaize Company covers the
installation of LEDs in 130 supermarkets. In Denmark, one of
the test cases covers 69 QS8 gas stations, where neon lights have
been replaced with LED lighting, and in Northern Alentejo in
Portugal, LED lights have been installed in 12 municipalities.
The data for these test cases have been provided as a summary
and therefore are presented as one test case. Similarly, since
2007, more than 100 LED signs have been installed in 45 Coop
shops in Italy, but the contact person selected only four test cases
as representative ones, for which further data have been provided.

The LED technology is a relatively new one, at least in terms
of commercial applications. Only two projects in the sample were
carried out in 2003-2005. All the other projects were realized in
the last five years (between 2006 and 2011). Almost 80% of the
analyzed projects were carried out in the last two years, or are
still ongoing.

A typical application for LEDs is outdoor public lighting
installations. In the sample, almost two-thirds of the projects are

4City of Koenigsfeld, City of Tilburg, Municipality of Piombino,
Delhaize Belgium, Gemeinde Diex, Gemeinde St. Georgen,
Hamburg Streetlights, Intesa SanPaolo, Nyborg Street lights and
Nyborg gas stations, Unibail-Rodamco, City of Utrecht, Stadt
Villingen Schwenningen, Vossloh-Schwabe Optoelectronic GmbH
& Co. KG.
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Austria 4 ‘
Belgium 1
Bulgaria 1 Test case covering 130 Delhaize supermarkets
Crech Republic 7 ‘
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Includes a test case from 12 cities in Alentejo
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Fig. 1. Analyzed LED test cases per country.

Public lighting
63%

Other
1%

Fig. 2. Type of LED projects.

public lighting projects (Figure 2), which entail street and road
lighting,® bicycle paths (three cases) but also traffic lights (five
cases) and tunnel lighting (one case).

In the sample, LED lights are often used for lighting streets
with less traffic, or for pedestrian and bike paths. According
to the analyzed projects, current LED solutions do not seem to
offer enough performance to ensure adequate lighting of streets
and roads, acceptable to the safety authorities as well as pop-
ulation. However, the reduced light output of LEDs and their
color can be an advantage for pedestrian spaces. In Darmstadt,
Germany, the LED lights have been tried out specifically on a
road with higher luminance needs and the results are satisfactory
— the LEDs complying with the standards (Khanh 2010). This
shows that the technology is evolving rapidly as cities use more
and more LEDs for road lighting, as shown by the PLUS (Public
Lighting Strategies for Sustainable Urban Places) project of the
Lighting Urban Community International (LUCI) Association.

Indoor LED lighting projects (36%) are much more varied.
The sample includes hotels, restaurants, shops and shopping
malls, markets, gas stations, museums, theatres, and industry
buildings too. In the shopping malls, the areas cover indoor

SThe difference in street and road lighting, as perceived in the
projects, is in the level of traffic, where streets evoke residential areas
or areas with less traffic (and consequently lower luminance needs).
In this sense, street light projects largely prevail in the sample.

Test cases

parking lots, offices, or corridors. One project is about aviation
safety lights, which were mounted on transmitters (antennas) of
mobile operators.

In the United Kingdom, a large program on retrofit of social
housing has been running. Several of the projects of complete
house refurbishment included LED lighting. Two-phase trials of
LED lighting in communal areas of social housing in England
have been carried out from 2008-2010 (Energy Saving Trust
2011).

In several projects in the sample document, LEDs are installed
in historical buildings. There is a historical building at the
National Theatre in Prague, Czech Republic, built in the 19th
century, in which LEDs replaced incandescent light bulbs in all
emergency lighting. Similarly, LED lighting has been used in
the Musikpavillon, Luzern, Switzerland, and also the Hunterian
Museum in Glasgow, United Kingdom, the oldest public museum
in Scotland, in which LED lights replace halogen spotlights
(more about these examples are also given in the section on
benefits).

Technology

The sample projects are quite diverse, and it is not easy to find a
common denominator as to what technologies are replaced, and
consequently what type of LED technology is used. The variabil-
ity of LED lights, as one of their advantages, predisposes them
to be a replacement for many different lighting technologies in
different installations. Below, we present the types of replaced
technologies found in the case studies reviewed.

In the indoor lighting projects reviewed in the study, among
others, LEDs replace incandescent light bulbs (as in the
case of emergency lighting in the National Theatre, Czech
Republic, Christmas lighting in Solothurn, or, for instance, the
Musikpavillon in Luzern).

More often, however, LEDs have been found to replace halo-
gen low-voltage downlights (e.g., the Ribe Kunstmuseum in
Denmark, the Hunterian Museum in Glasgow, United Kingdom,
the Hotel Algarve in Portugal, or Delhaize Belgium, to cite
a few). In the Marriott Hotel in Prague, Czech Republic,
the LED lights replace the halogen lights on top of room
entrances, another typical use of this technology and potential
for replication.
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In a trial project of social houses in the United Kingdom,
LEDs have been used to replace fluorescent tubes, which are
on for 24 hours a day and therefore offer sufficient potential
for energy savings. In eight of the 10 shopping malls in Spain
(Unibal Rodamco, Spain), fluorescent tubes in indoor parking
lots are replaced with LEDs.

In outdoor (public) lighting projects, the technology replaced
is often the high-pressure sodium (HPS) lamps (e.g., street
lighting in Lugano in Switzerland, Ljubljana in Slovenia,
Regensburg in Germany, Espoo in Finland, and Freiburg im
Breisgau in Germany). Rather less frequent are replacements
of mercury vapor lamps, which are however much less repre-
sented in some countries (e.g., the Norrbackagatan project in
Sweden, and Stuttgart or Darmstadt in Germany). The traf-
fic lights projects usually entail replacement of incandescent
light bulbs in the traffic lighting systems (e.g., City of Graz,
Austria, Hamburg streetlights, Germany, or Northern Alentejo,
Portugal).

In some cases, fluorescent tubes and compact fluorescent
lamps (CFL) can be the competing technology. For instance, in
Amsterdam, Tilburg, and Assen (the Netherlands) over 200 pilots
with 6000 luminaires are reported, mentioning CFL as the com-
peting technology. However, it does not seem that LEDs would
directly replace CFLs. Instead, a comparison was made saying
that up to 15% savings can be achieved in the public light-
ing projects, compared with CFL, due to better directionality.
In Paderborn, Germany, the street lighting project involves the
complete replacement of existing fluorescent lighting in more
than 750 installations in the core urban area with LED lights.
Similarly, in the road lighting project in Vienna, Austria, 58-
W fluorescent tubes were replaced with LEDs. In the project of
lighting refurbishment in social houses in the United Kingdom,
the fluorescent tubes were replaced in communal areas, and in
Spain also fluorescent tubes are the main technology replaced in
10 shopping malls.

In two cases, the technology replaced is neon lighting. The
Q8 gas stations in Denmark replaced neon signs on many of their
petrol station sites with LEDs. Vodafone in the Czech Republic
replaced neon (and halogen) aviation safety lights installed on
some 350 transmitters.

For some projects, the total number of light points in the
installation decreases, as in the case of Gemeinde St. Georgen,
Germany, where 124 light points, equipped with sodium and
mercury-vapor lamps (with power from 75 to 165 W), were
substituted by 64 light-point LEDs (with a power from 26 to
50 W).

Conversely, there are projects in which the number of lights
installed increases. The reasons can be to maintain the level
of luminance (as reported, for instance, in National Lighting
Product Information Programme 2010), or simply because at the
original state, only every third pole has a bulb, whereas the new
state means luminaire on every pole (public lighting project in
Sungurlare, Bulgaria).

The projects do not focus only on the lamps but also cover
a complex renovation of the lighting system. Therefore, these
frequently include digital control systems, motion detectors,
occupancy controls, time scheduling, and other management
features, which can bring additional energy and cost savings as
well as comfort.
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For example, in the Glasgow Hunterian Museum, Scotland,
the whole system can be gradually dimmed when the area is
unoccupied. The museum is divided into zones, each with sen-
sors so that when a visitor leaves the zone, the lights are dimmed
after a few minutes.

To sum up, projects show a wide variety of existing tech-
nology and replacement features, including number of lights
installed and design of the lighting system. This will have an
effect on energy savings and quality of light.

Energy Savings and Quality Aspects

The present section focuses on the benefits in terms of energy
savings and quality of light, and additional co-benefits are
described in Advantages and Co-benefits section.

From the 106 LED reviewed projects, 70 reported on energy
savings achieved, either in absolute numbers (MW h/year) or
in relative terms (%), or in both. However, for two projects,
the calculation relates to the whole project, which also covered
other lighting technologies, so it was not possible to separate the
specific contribution of LEDs.

The relative savings in the projects reviewed average at 59%
(without the two above-mentioned cases) and the total amount of
energy savings reaches more than 14.4 GW h/year in the sam-
ple (from 38 projects). The proportion of savings ranges from
10 to 90%. It is higher in indoor compared to outdoor projects:
for 12 indoor lighting projects, where this data were reported, the
average savings reach 69% and for the 36 public lighting projects,
the average savings are 55%. The sample, of course, is not large.
However, it at least gives an indication of the levels of savings
in these categories. In general, the relative savings in the sample
are higher in cases where incandescent light bulbs are replaced
(potentially up to 85 to 90% energy savings).

In many cases, the savings reported were not achieved only by
the LED technology but also by other lighting energy efficiency
measures such as occupancy and motion controls, time schedul-
ing, or luminaire optimization. On the other hand, there are
projects in the sample at which energy consumption (or installed
power) is higher than at the original installation or higher than
would be the best conventional technology.

For instance, there are trial projects currently being carried out
in the city of Prague (Czech Republic) by several manufacturers.
Each manufacturer selected for the project (in total there are six
of them) has installed LEDs in one selected street. In three cases,
the installed power of the system goes down; in three cases, the
LED luminaire-installed power compared with the original tech-
nology is higher. The difference is due to differing technologies,
different lighting characteristics of LEDs, and shapes by different
manufacturers. The reason is most probably the trial character of
this project. The main aim of the client — the city — is to moni-
tor the qualitative characteristics of LEDs and their development
over time, the maintenance needs, and their perception by drivers
and pedestrians.

In the Delhaize retail stores in Belgium, the power of lumi-
naires with LEDs is almost 70% lower than the original tech-
nology (low voltage halogen lamps). However, the number of
luminaires has increased significantly, being now 3.5 times
higher than the original state. Therefore, the total electricity
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consumption of the LED lighting system is 17% higher than
it was before the replacement. Other measures in the super-
markets entailed replacement of 26-mm fluorescent tubes by
16-mm ones and replacement of magnetic ballasts by elec-
tronic dimmable ballasts and change of luminaire reflectors. The
number of other luminaires (with fluorescent tubes and metal
halide lamps) decreased significantly (in the case of metal halide
lamps, four times). Therefore, the consumption of fluorescent
tube luminaires decreased by almost 50% and that of metal halide
luminaires by more than 90% (while lighting quality improved).
Thanks to these measures, the project as a whole comes out with
a payback period of less than three years.

Similarly, in the street lighting project in Nyborg, Denmark,
high performance lamps (HPL) were replaced by CFLs. All
the 42 new lighting fixtures further included a blue 5.5 W
LED at the top, which gave an extra consumption of 0.97 MW
h/year. Nevertheless, the overall electricity consumption of the
whole system decreased by 73%, thanks to replacements of
high-pressure lamps by CFLs.

In Darmstadt, Germany, a trial project has been carried
out to test four lighting technologies — the original mercury
vapor lamps, two HPS-based lamps, and LED lamps. LEDs are
reported to provide savings of 35%, compared with the HPS
lamps. The project report states, however, that the consumption is
still 8% higher compared with the best conventional technology
with electronic ballasts (Khanh 2011).

However, besides energy savings, the installation also needs
to be assessed from the viewpoint of quality of lighting, quality
and age of the original installation, and other criteria, which go
hand in hand with the evaluation of savings. There are projects
in the sample that reported on energy savings but at the same
time quality of lighting decreased (see the section on drawbacks),
which may not be a desirable situation.

Given the quick and continuous development in LEDs, and
the unstable quality of different installations (see section on
drawbacks and challenges), some of the test cases specifically
highlight the fact that the given installation has fulfilled the rel-
evant norms and standards on lighting. For instance, this is the
case of the street lighting trial project in Darmstadt, the street
lighting project in Rietberg, or in Hannover, all in Germany, the
road lighting project in Budapest, Hungary, or the shopping malls
in Spain.

Economics of Led Pilot Projects

From the 106 cases studies, 35 reported on economic effective-
ness (in all cases the criterion was the payback time).

In 21 cases, the value of investment has been provided.
However, this obviously differs among the projects that range
from small-scale projects in retail to hundreds and thousands of
lighting systems installed. Therefore, the investment costs range
from hundreds of euros to several million euros.

The payback period in the cases reported varies from less than
a year to about 10 years, with an average at 4.3 years (Figure 3).

In two cases (Delhaize, Belgium and the National Theatre,
Czech Republic), the calculation relates to the whole installation,
which also includes other types of lighting (such as CFLs or HPS
etc.). In the Delhaize project, LEDs have been installed as part
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Fig. 3. Payback of 35 LED projects. Note: Dark blue line represents
the average payback time of projects.

of a complex lighting renovation project. Lighting applications,
with higher saving potential, provide a cushion for the less effec-
tive ones, and therefore the overall payback is 2.9 years. In the
case of the Czech National Theatre, the overall payback time of
the project, which entailed installation of CFLs, efficient halogen
lamps, and LEDs, was two years.

Even though the sample for economics of the installations is
rather small, there is a clear difference in the sample between
the payback times for public lighting projects and indoor light-
ing projects. For street lighting (and traffic lighting systems), the
average payback period (of 14 projects) is six years, whereas
for indoor lighting projects, the average payback period (includ-
ing offices and retail stores, in total 21 projects) is 3.3 years
(Valentova, Quicheron, and Bertoldi 2011).

Some projects in the sample have been realized through an
Energy Performance Contract (EPC)® or similar type of energy
service contract. If an EPC is applicable for the project, it auto-
matically implies cost-effectiveness of the project. In the project
in the Czech National Theatre, LEDs were part of a larger,
complex, and very successful EPC project. Energy Performance
Contracting was also used in the case of the public lighting
project in Sungurlare, Bulgaria. In Graz, Austria, incandescent
bulbs in traffic lights were replaced by LEDs in a “Thermo-Profit
Contract” of the Graz Energy Agency.

The economics of the projects has not been reported in almost
70% of the projects. The managers of the street lighting project
in Stockholm, Sweden went as far as to point out that “even if
the installation cost had been higher for the LED installation, it
was the best solution, considering the attractiveness of the city”
(Valentova, Quicheron, and Bertoldi 2011).

In the French city of Balma, a trial project on street light-
ing was implemented. The economics of the installation has not
been advantageous. However, the results would have been differ-
ent with different pole systems and spacing while the LEDs have
been installed in the existing system.

Similar conclusions are provided by two studies carried out by
the National Lighting Product Information Programme (National

®Energy Performance Contracting (EPC) is a proven and cost-
efficient instrument for tapping existing energy saving potentials
in the buildings sector. EPC is a contractual arrangement between
the beneficiary and the provider of an energy-efficiency improve-
ment measure, according to which the payment for the investment
made by the provider is in relation to a contractually agreed level of
energy efficiency improvement or other agreed energy performance
criterion such as financial savings (European Commission 2011a).
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Lighting Product Information Programme 2010, 2011). In the
studies, life cycle costs of various streetlights for collector
roads and local roads (High Pressure Sodium, Induction, and
LED lamps) were calculated. Essentially, the illumination lev-
els strictly had to follow the national standards for Roadway
Lighting. Costs per mile were determined for each lighting
source.

The studies found that the LED streetlights tested (for local
roads) required 41% less to 15% more power per mile than the
base case. Similar results were found for collector roads too.
(National Lighting Product Information Programme 2010) The
life cycle costs of the whole installation were dominated by the
costs of the poles though. To put it simply, the pole spacing for
LEDs needs to be more frequent in order to comply with the stan-
dards. Given that the average life cycle costs per mile for LEDs
were 1.9 times higher than the base case (100 W HPS).

However, one of the conclusions of the study is that the
standard may not be “meeting the needs of streetlight system
owners” (Poole, 2011), as 75% of the streetlight system owners
do not light their local roads according to PE-8 recommenda-
tions (which were used in the study, as there is no other national
standard).

Life cycle costs have been calculated for a street lighting
trial project in Kereva, Finland. LEDs replace high-pressure
mercury lamps. The present value of the life cycle costs has
been estimated at €41.6/road meter.” One of the conclusions is
that the pole spacing is not optimal and should be considered
when designing the lighting system. However, this is not always
possible in real life cases (Thakdmo et al. 2012).

In several cases, the respondents specifically mentioned that
the economics of projects has not been followed, as it is a
trial /experiment project (e.g., the Municipality of Piombino in
Italy, the French City of Balma, or street lighting project in
Stuttgart, Germany), pointing out that only some of the LED
projects are economically effective and such evaluations always
need to go hand in hand with quality aspects of the installa-
tions (e.g., for street lighting compliance with the standard EN
13201 on road lighting).

The resulting increased road safety is one of the co-benefits of
LEDs that are covered in next section.

Advantages and Co-Benefits

One of the most often mentioned benefits is the reduction of
costs of operation and maintenance. About one-third of those
respondents who described the benefits of the installation (about
66 case studies) explicitly mentioned that the comparative advan-
tage of LEDs, over other technologies, would be the reduced
operation and maintenance costs, which is mainly due to longer
life-time of LEDs. The need to substitute the burnt-out or dam-
aged lamps is much less frequent. In Solothurn, Switzerland,
LED Christmas lighting has been installed. Before that, the city

"The costs include dismantling of old luminaires, installation, use,
maintenance, and end-of-life. The purchase price may have been
higher than average due to the size of the installation — only four
pieces of luminaires.
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had to change one-third of Christmas lights every year, which no
longer happens with LEDs.

In Hamburg, Germany, in total, 500 lighting signal systems
will be changed, LEDs replacing incandescent light bulbs (at
the time of writing, about 380 light signal systems had been
replaced). While the incandescent light bulbs needed to be
changed every year, the LEDs are to be changed only once every
eight to 10 years. About 80% of the cost savings realized so far
are maintenance cost savings (€580,000 per year from a total of
€716,000 per year) (Valentova, Quicheron, Bertoldi 2011).

In the City of Graz, Austria, the traffic lighting system has
been renovated, with the replacement of 190 traffic lights with
LEDs. From the total €339,000 of cost savings, about 55% can
be attributed to energy savings and the rest being reduced mainte-
nance costs (Valentova, Quicheron, Bertoldi 2011). Nevertheless,
unlike these two examples, the maintenance costs are rarely
explicitly quantified in monetary terms.

Apart from energy savings, the test case reports often high-
light “soft” co-benefits, which add to the potential of energy
savings. These co-benefits include, among others the following:

1. Road safety for traffic lights

2. No UV radiation

3. Indoor and outdoor lighting quality, indoor ambience, and
atmosphere

4. Variability in the design of LED applications, and

5. Environmental benefits

These co-benefits (supplementary to energy savings) are
rarely quantified, possibly hardly quantifiable, yet apparently per-
ceived as very important by the customers. Often, these are
highlighted as the major benefits, outdoing the “direct” benefit of
energy savings, which, as mentioned above, may not be sufficient
to cover the higher investment costs of the projects.

In traffic lighting systems, an important co-benefit has been
mentioned several times: road safety, which increases, thanks
to higher reliability of LEDs in traffic lights. Similarly, the
project of traffic lights replacement in the City of Norderstedt,
Germany, reports that, in comparison to incandescent bulbs, the
“sun phantom effect” is avoided. A slightly different case, but
related to safety issues, is the street lighting project in Freiburg
im Breisgau, Germany, which stresses that the new installation
increased the sense of security, among other benefits.

Another important group of benefits, which have been men-
tioned in the case studies, could be summed up as “indoor and
outdoor lighting qualities, improved ambience and atmosphere.”
The street lighting project in Toulouse, France, highlights the
benefits of stable chromatic effect, whereas more uniformity in
lighting is appreciated in the street lighting project in Lugano,
Switzerland. In some projects, the overall improvement of light-
ing quality is reported (such as in the case of Prague’s Marriott
Hotel, the City of Tilburg in the Netherlands, or the Municipality
St. Georgen in Germany). Pleasant, neutral light is the benefit
perceived of street lighting projects in Havifov and Pardubice in
the Czech Republic. Significantly improved color reproduction
has been cited as one of the main advantages of the street light-
ing project in Freiburg im Breisgau, Germany, as well as Espoo,
Finland. For the indoor projects, cafeterias and bars benefit from
the improved atmosphere provided by LEDs.
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Other co-benefits, mentioned in several cases, are that the
LED lamps do not produce UV radiation on objects and have
a low direct heat output. This has been appreciated, for instance,
in the Hunterian Museum in Glasgow, reporting to be able to illu-
minate sensitive parts of their collection in an aesthetically much
more pleasant manner, while certain ancient objects could be
illuminated for the first time. Similarly, in Bern’s Parliamentary
Library, Switzerland, LEDs provide lighting of bookshelves and
reading tables. For the books, the heat protection is important.

The following benefits have been reported from a chain of
supermarkets (Coop in Oberwil, Switzerland). Thanks to the
LED downlights, the products remain fresh for a longer time and
overall the presentation of the food (and of other products) is
perceived to be better. LEDs also provide more attractive color
rendering to customers.

Light emitting diodes are also seen to open up a broad oppor-
tunity for design. In the above-mentioned Parliamentary Library
in Bern, Switzerland, thanks to LEDs, the lighting could be
unobtrusively incorporated into the interior design.

Drawbacks and Challenges

In 23 (out of 106) project reports, some drawbacks are mentioned
related to LED installations.

In some cases, what has been reported as a benefit at one
installation has been reported as a perceived drawback in another
one.

1. Uniformity of light: For instance, in the City of Séquestre,
France, a trial project was launched in 2007, testing LED street
lighting at a roundabout. The project report concludes that
while drivers and pedestrians generally welcomed the color
of the light and little glare, the uniformity of light was not
perceived very well; in contrast to other projects of street
lighting, which highlight the uniformity of lighting as one of
the strong points — Paderborn and Kieselbronn, Germany or
Lugano, Switzerland. Similarly, the report on installation of
LEDs at ski slopes in Kittild, Finland, highlighted the func-
tioning at low temperatures, unlike in the Swedish project
in Kalix, where roadway tests were carried out and reported
degradation of light sources at low temperatures.

2. LED technology is not yet delivering high Iluminance:
In Stockholm (Akalla-provstracka, Konradsbergsparken, and
Katarinavdgen) various problems related to lighting (lumi-
nance) quality have been spotted by the company that installed
the lighting systems. For instance, in the Akalla-provstricka
project (Stockholm, Sweden), only four of the 10 tested
LED fixtures gave the requested amount of light and only
one passed all criteria. In another project, from the City of
Stockholm, Konradsbergsparken, the LED fixtures give too
little light, and light is perceived as gloomy and cold, making
the space “uninviting.” The same problem was also perceived
in the Norrbackagatan project, Stockholm, where moreover
too much unwanted backlight seems to be pointing toward
the apartments. On the other hand, no light to surroundings
is perceived as one of the drawbacks in Konradsbergsparken.

In Toulouse, France, low levels of lighting attained with LEDs
was the reason for installing LEDs only in pedestrian zones so far
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(mentioning though that for pedestrians, the reduced luminance
is actually more convenient).

3. Poor quality of LEDs: Another challenge (and one of the
major ones) is the quality of LEDs, which according to some
does not always meet the technical criteria that the customers
require. In the Katarinavigen project, Stockholm, after two
years the whole installation had to be changed due to man-
ufacturing error in LED boards, and because of the the whole
installation went dark for a period of six months. This is totally
unacceptable for this type of installation, as public lighting
needs to be reliable and easy to maintain, with spare parts
readily available.

4. Missing data from manufacturers: In the Swedish Akalla-
provstriacka project, the installers complained about gaps
in information received from manufacturers and missing or
incorrect data for fixtures. These concerns are also found from
other sources (Poole 2011).

S. Quality of the LED lights, in general, is a chapter on its own.
Poor quality of some LEDs is perceived as a major concern.
Low-quality LEDs in the market give bad publicity to whole
LED lighting and may discourage some system designers and
the final users from using LEDs in future. One bad experience
tends to discourage users for many years — a similar situation
happened with CFLs some years ago (European Commission
2011b).

6. New suppliers have reduced knowledge of LED products: The
evaluators of the LED project in Tilburg, the Netherlands,
specifically highlight that “new suppliers with no public light-
ing experience are a risk and so is too much pressure from
politicians to implement LEDs. A LED pilot has to be evalu-
ated seriously to build up knowledge” (Wajer, Mackaay, and
Ottens 2009).

7. High initial investment cost: In a number of projects, the
high initial investment costs are perceived as a limiting fac-
tor (specifically reported, for instance, by Coop, Italy, Ribe
Kunstmuseum, Denmark, and Galerie Forsblom, Finland).
However, high initial costs are often offset by lower energy and
maintenance costs, as reported in the section on economics.

Conclusions

Solid-state lighting is a fast developing technology with a high
potential for development in future years. The growing number of
projects all over Europe proves this trend. LED installations are
highly variable and diverse, and so are their effects. These effects
are complex to measure as they depend a.o. on the installed tech-
nology that is replaced with LEDs, the type of LED lights or
fixtures used, the objective of the entity in charge of the project,
and the criteria used to measure the performance of the test case.

However, from the 106 LED case studies reviewed in this arti-
cle, the following conclusions are drawn, with a focus on energy
efficiency:

1. LEDs can replace a great variety of lighting technologies,
from high-pressure sodium and mercury vapor lamps in pub-
lic lighting, through incandescent lamps in traffic lights or
indoor applications to fluorescent tubes or halogen (spot)
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lights indoors. In some instances, LEDs can also replace
CFLs.

2. Given the variability of installations, the resulting energy sav-
ings range from 10% to as much as 90%. In some cases
though, the energy consumption is higher than with the origi-
nal technology.

3. In many applications, LEDs are competitive (offering payback
time from 2 to 10 years).

4. In a large number of projects (trials and test cases), the
economics are not relevant, not measured, or would not be
advantageous. Yet, all applications show a clear potential for
competitiveness in the (near) future.

5. It seems that the results of the projects are highly dependent
on the specific features and conditions of each installation.
Given the great variability in LED installations, what may
have worked in one application may not be the most suitable
and optimal one for another application.

6. There are several common success factors for replication in
the current state-of-art, such as replacement of incandescent
light bulbs in traffic light systems or specific installations in
retail stores and shops, e.g., replacing halogen spotlights.

7. Main co-benefits of the LED projects analyzed are as follows:

e Lower maintenance costs

e Improved atmosphere and lighting characteristics, no UV radi-
ation and flexibility in design

e Improved security (road safety)

e Contribution to climate change goals and environmental
protection

Some drawbacks were also perceived by the respondents:

e LED quality characteristics (uniformity of light, glare, etc,)

e Information and data provided by the manufacturers/suppliers

e LEDs may not be the optimal solution for the existing street
lighting systems (e.g., given the pole spacing)

The number of LED installations is growing fast. Most of the
projects reviewed in this study are reporting substantial bene-
fits, be it on energy (and money) savings or having impact on
the environment. Nevertheless, some challenges remain. Wajer,
Mackaay, and Ottens (2009) sum it up by calling for the imple-
mentation of “coordinated neutral pilots before changing over to
LED solutions for public lighting on a wide scale.”

Careful evaluation of the existing projects and exchange of
information on the good practice examples, as well as on bottle-
necks and risks, may be a way to facilitate expansion of LEDs.
In the meantime, the quality characteristics of LEDs — via the
setting up of standards and their enforcement — and provision of
proper data by manufacturers are among the main challenges.
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Transaction costs are perceived as one of the main barriers in achieving energy efficiency. Hence, the omission of
transaction costs in the evaluation (and preparation) of energy efficiency policies leads to suboptimal decision-
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making. However, empirical evidence on the main factors influencing transaction costs of energy efficiency
programmes remains insufficient. By investigating two cases of major energy efficiency subsidy programmes in
the Czech Republic, we analyse the role of two factors influencing the transaction costs: size of the projects and
type of actors. The results show that while the dependence between the size of the projects and the size of
transaction costs is rather straightforward, the role of actors is more complex. On one hand, no significant
difference has been found between total transaction costs of the two types of actors entering the analysed
programmes (private companies and public entities). Our results imply the potential for optimization of trans-
action costs in energy efficiency subsidy programmes lies in streamlining the internal processes (especially in the
preparatory phase and in public tenders) and a clear legal environment. On the other hand, differences between
the two entities were found in the costs of external services, indicating a room for optimization for public bodies.

1. Introduction

In 2010 the European Commission launched the Europe 2020 in-
itiative, which sets ambitious targets to be reached by 2020. Among
others, a 20% increase in energy efficiency should be attained
(European Commission, 2010). The Energy Efficiency Directive
(European Parliament and Council, 2012), adopted in 2012, sets out a
further set of binding measures that should help the EU Members States
reach the energy efficiency target. It requires that energy distributors or
retail energy sales companies (or the Member States, if they opt for so-
called alternative policy measures) achieve 1.5% energy savings per
year through the implementation of energy efficiency measures. Fur-
thermore, 3% of the total floor area of heated and/or cooled buildings
owned and occupied by the EU Member State central governments has
to be renovated each year.

The European Union supports its Member States in achieving the
goals by providing a substantial level of funding through its Cohesion
Policy programmes. In the programming period 2007 — 2013 a total of
EUR 6.1 billion was allocated to the priority theme “Energy efficiency,
co-generation and energy management”, representing 2% of the total
allocation (Ramboll and Institute for European Environmental Policy,
2016). Furthermore, the theme “Enterprise” (under which energy effi-
ciency improvements have also been co-funded) was supported with

* Corresponding author.

EUR 51.9 billion, i.e. about 20% of total ERDF and Cohesion Fund
support in the EU during the 2007 — 2013 period (Applica and Ismeri
Europa, 2016).

Given the ambitiousness of the goals and the significant levels of
expenditures allocated to reach them, it is crucial that careful evalua-
tion (ex-ante and ex-post) is carried out in order to ensure that the
public money is spent effectively. Transaction costs of the programmes
are one of the main aspects of such assessment. The negative impact of
transaction costs on the implementation of energy efficiency measures
has been acknowledged and supported by a number of studies
(Ostertag, 1999; Reddy, 1991; Sanstad and Howarth, 1994). Transac-
tion costs can impede the implementation of energy efficiency policy
measures or even prevent them from being implemented at all
(Mundaca et al., 2013). Even though transaction costs cannot be zero
(from the mere reason of existence of economic activity (Cheung,
1998)), it is believed that lower transaction costs are”almost always
beneficial” (Gu and Hitt, 2001).

When designing energy efficiency policies, transaction costs are
often not systematically taken into account and are not systematically
evaluated ex-post (McCann et al., 2005). North (1990) categorises
transaction costs to market costs (such as legal fees) and costs of time
that the actors spend to gain the necessary information. Importantly,
the transaction costs always consist of a variable part (dependent on the
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size of the project) and fixed part (independent of the size of the pro-
ject) (Musole, 2009). The specific categorisation then tends to be case
specific. Michaelowa and Jotzo (2005) for instance identified costs of
monitoring as fixed costs and costs of negotiation as variable costs. The
typical phases during which the transaction costs of energy efficiency
programmes arise would be planning, implementation and monitoring
and verification (Mundaca et al., 2013; Rao, 2003).

The empirical evidence on the transaction costs of energy efficiency
programmes is still inadequate, and in particular, the number of
quantitative estimates is limited (McCann et al., 2005; Mundaca et al.,
2013)." In the available studies, transaction costs are of non-negligible
levels. For instance, Jaraité et al. (2010) estimated the transaction costs
of three programmes aimed at efficient transport. They found that the
transaction costs ranged from 3% (of total costs of a fuel efficiency
programme) to over 18% (of compliance costs of the Fuel Label Pro-
gram). Bjorkqvist and Wene (1993) analysed the transaction costs of
energy efficiency measures in households. They estimated the level of
transaction costs at 28% of the level of energy efficiency investment
(using gross labour to express the transaction costs). Mundaca (2007a)
analysed the white certificates scheme in the United Kingdom, esti-
mating the transaction costs at 8-12% of the investment in lighting and
24 - 36% of the investment costs for insulation. Falconer and Whitby
(2000) analysed the administrative costs of agro-environmental
schemes in 8 European countries. The administrative costs varied from
6% to 87% of the compensation costs. Nevertheless the studies are
usually not directly comparable as they differ by their focus (different
policy programmes), by the method used to study the transaction costs
(the choice of at which stage and on which actors the transaction costs
are measured), and by the choice of indicator that the transaction costs
are compared to.

It seems that transaction costs can to some extent be lowered thanks
to the effect of a “learning curve” (Lee and Han, 2016; Michaelowa and
Jotzo, 2005). However, the extent to which this is possible may depend
on the character of transaction costs (Kiss, 2016). Various studies
(Jaraité et al., 2010; Michaelowa and Jotzo, 2005; Sathaye and
Murtishaw, 2004) have concluded that transaction costs depend on the
size of the project (or energy efficiency measure), i.e. the bigger the
project, the lower the burden of transaction costs.

The key drivers that influence the size and structure of transaction
costs have been summarised by, e.g. (Coggan et al., 2010; Mundaca
et al., 2013; Musole, 2009). Among others, the actors of the transactions
(projects) are one of the main drivers. Ahonen and Hidmekoski (2005)
found dependence between the transaction costs and the “competence
and capacity of project developer”. Coggan et al. (2013) identify the
characteristics of the transactors (their experience, capacity to assess
information, etc.) as one of the core factors influencing the structure
and level of transaction costs. Relatedly, the institutional environment
and internal rules, in which the actors carry out the transactions, adds
to the defining factors of transaction costs (McCann, 2013; Shahab
et al., 2018).

This article, therefore, aims at partially filling this gap and focuses
on the role of the actors on the size and structure of the transaction
costs of energy efficiency programmes. Using qualitative and quanti-
tative analysis it studies the transaction costs of two major energy ef-
ficiency subsidy programmes in the Czech Republic. In the Czech
Republic, the allocation to energy efficiency policy measures amounted
to roughly EUR 1.03 billion in 2007-2013 (Ministry of the
Environment, 2007; SEVEn, 2010). Besides having distributed sub-
stantial amounts of financing to energy efficiency, the two analysed
operational programmes are optimal for the research as they coincide in
their main characteristics (type of subsidised projects, size of the

* In the Czech Republic, Lizal et al. (2001) analysed adjustment costs of investments in
the Czech Republic, their general specification can be viewed as another approach
evaluating the transaction costs.
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projects, administration processes). Therefore, the only major factor in
which the two programmes differ are the actors — the eligible applicants
(public bodies and private entities). Furthermore, given their size (and
the number of subsidised projects), the two programmes provide a solid
base for research, and as they are part of the EU Cohesion Policy, there
is potential for replicability of the research and findings in other
countries and the current and future programming periods.

Based on the current state of knowledge on the factors influencing
the transaction costs, the research question has been translated into two
main research hypotheses. The first hypothesis is that the size of
transaction costs is not fixed and depends on the size of the subsidised
project. The second hypothesis states that the level and structure of
transaction costs differ according to the type of actor carrying out the
project.

The structure of the article is as follows. Section 2 describes the
analytical background of the research, embedding the research within
the conceptual framework of transaction costs theory and providing a
detailed description of the methodological approach. In Section 3, the
results of the analysis are presented, with a focus on testing the two
main hypotheses on the relation between transaction costs and the size
of the project and the actors. Section 4 assesses and discusses the main
findings and embeds them in a broader context. Section 5 concludes
and conveys policy implications.

2. Theoretical framework
2.1. Concept of transaction costs

Transaction costs are perceived as one of the main barriers to effi-
ciency. As to e.g. (Schleich and Gruber, 2008), such statement can be
extended to energy efficiency measures, too. The transaction costs
theory is imbedded in the New Institutional Economics theory which
stipulates that all actors in an economy make their decisions with
bounded rationality (Musole, 2009). That means that all transactions
(and contracts) induce transaction costs. Not including transaction costs
in the decision-making leads to suboptimal decisions from the systemic
point of view as a non-negligible part of the reality is neglected.

However, there is not an academic consensus on a standard defi-
nition of transaction costs (Musole, 2009; Ostertag, 1999). Also, the
methods used to measure transaction costs differ in different studies
and are tailored to the specificities of the studied policies and measures
(McCann et al., 2005; Mundaca et al., 2013; Musole, 2009).

A definition that is suitable for this article is the one adopted by
Mundaca (2007) and derived from Matthews (1986), which identifies
transaction costs as the costs of preparation of a contract (ex-ante costs)
and its implementation, monitoring and enforcement. Such a definition
fits the studied energy efficiency subsidy programmes. In line with
McCann et al. (2005), transaction costs also comprise administrative
costs.

Bjorkqvist and Wene (1993) further highlight the need to consider
the time of the ones who rejected or were unable to participate in the
innovation (energy efficiency measure) in order to assess the effec-
tiveness of the given demand side management programme. In the
analysis presented in this article, such an assumption is extended to
rejected, unsuccessful applicants.

2.2. Model of transaction costs

Transaction costs were examined in two particular subsidy pro-
grammes financed from the European Cohesion policy in the period
2007 - 2013: Operational Programme Environment (OP E, specifically
Priority axis 3 focused on energy efficiency) and Operational
Programme Enterprise and Innovation (specifically the ECO-ENERGY
programme). Running under the same framework umbrella (the
Cohesion funds), the two programmes had similar administrative pro-
cedures. They both focused on subsidising a broad range of energy
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efficiency measures in buildings, including thermal properties of
buildings, technological measures, and other. The only substantial dif-
ference between the two programmes were the eligible subsidy re-
cipients: public organisations (OP E) and private enterprises (ECO-
ENERGY). The two programmes are described in detail in (Valentova,
2013).

The data were collected based on mixed method research. The
reason is that this method combines the advantages of both quantitative
and qualitative research methods (Creswell and Plano Clark, 2011). In
line with this method, firstly qualitative research provides initial (“ex-
ploratory”) information on the given topic. Based on this knowledge,
quantitative research is carried out, that should test, generalise, and
support the initial findings.

The research was conducted in three stages: desk research, struc-
tured interviews and a questionnaire survey. A similar approach has
been already used by, e.g. Ofei-Mensah and Bennett (2013). Firstly, the
desk research allowed the study of the primary documents of the sub-
sidy programmes, such as the programming documents, that contain
information on the administrative structure of the programmes and
therefore provide a solid initial picture of the functioning of the pro-
grammes and the main steps in the whole administration process.

Secondly, semi-standardised in-depth interviews with subsidy re-
cipients were carried out (as the qualitative part of the research). In
total, eight subsidy recipients were interviewed (four for each pro-
gramme) and two representatives of the administrative bodies. All the
interviews were carried out in July — October 2011. The interviewees
were selected from the whole population of applicants in a way to re-
present the structure of the population of the subsidy recipients in the
given programme. The structure and sources of transaction costs were
identified based on the desk research and confirmed and specified
during the semi-structured interviews. In turn, the interviews helped to
explain the findings from the questionnaire.

A question arises whether more qualitative interviews may have
brought further themes (i.e. stages of the administration process, ex-
ternal costs of administration) to be then tested in the quantitative
survey. In other words, the question is whether some topics may have
been omitted. Galvin (2015) provides guidance for this reflection. He
calculates the probability of a theme being present in a given sample of
interviewees with respect to the percentage of the target population in
whom the theme exists. For eight interviewees, there is an 83% prob-
ability of finding a topic that is represented in 20% of the population
and 73% probability of finding a theme that is represented only in 15%
of the population (see Annex B in (Galvin, 2015)). For themes re-
presented in higher percentages of the population, the probability
reaches above 90%. Apart from subsidy recipients, the project admin-
istrators (representatives of the administrative bodies) were inter-
viewed. Even though the main aim of these interviews was to get in-
formation on the processes of the administrative body itself, being in
daily contact with the subsidy recipients, the project officers also
helped to identify and assess the processes of subsidy recipients. In line
with (Galvin, 2015) this further helps to ensure that all relevant topics
have been rightly and fully covered.

Thirdly, based on the interviews, a questionnaire was distributed
among subsidy recipients (the quantitative part of the research). The
questions were categorised in four main parts: 1) type of subsidised
measures and general experience with the administration process, 2)
time dedicated by the recipients to respective phases of the subsidised
project's administration, 3) recipients’ expenditures on external services
connected with the subsidy administration and 4) their own experience,
comments and opinion on the subsidy programme. The example of the
questionnaire for ECO-ENERGY is in Annex A. In total, 463 subsidy
recipients were contacted and 125 of them fully completed the ques-
tionnaire — 84 for OP E and 41 for ECO-ENERGY (a total response rate
of 27%).

From those, only the respondents with one project were selected for
further analysis. Even though respondents were asked to estimate the
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costs and time for all the projects together, given the character of the
costs (and the fact that some of the respondents managed more than ten
projects within the subsidy scheme), this step was taken to ensure
comparability. As a result, a total of 55 responses for OP E and 35 re-
sponses for ECO-ENERGY were used in the further analysis.

In line with, e.g. Bjorkqvist and Wene (1993) the estimated time
that the respondents devoted to the subsidy administration was con-
verted into monetary terms through total labour costs. It is assumed
that all the costs are incurred within one year. This simplifying as-
sumption is based on the interviews with respondents (Eq. (1)).

C=hxL @

where C; are the costs of time induced by subsidy administration, h is
the estimated time spent on subsidy administration, L are the total costs
of labour.

In the next step, the costs for external services connected with
subsidy administration are added to the costs of time, which gives the
total costs of subsidy administration in the given organisation (Eq. (2)).

TCr=C, + C, ®)

where TCy are total transaction costs for individual subsidy recipients,
C. are costs of external services connected with the subsidy adminis-
tration.

Total costs are then related to the total amount of the given subsidy,
giving a percentage formula of the recipients’ transaction costs so that
projects of different sizes can be compared (Eq. (3)).

TCR
cr = —— X 100%

S 3)
where cg is the percentage share of transaction costs on subsidy for
individual recipients, S is the allocated subsidy for individual re-
cipients.

The respondents were selected only from the successful recipients,
as the list of unsuccessful subsidy applicants is not available.

Two main research hypotheses were formulated. The first hy-
pothesis is rather straightforward (following, e.g. (Jaraité et al., 2010;
Michaelowa et al., 2003; Mundaca et al., 2013; Musole, 2009)) and
states that the level of transaction costs depends on the size of the
subsidised project. The second hypothesis (following, e.g. (Coggan
et al., 2013)) states that level of transaction costs depends on the type of
actor carrying out the project.

A simple model was established to test the two hypotheses. The size
of the subsidy of the project and the type of the programme are the
independent variables and the transaction costs related to the project
are the dependent variable.

TCr = f(S; P) (C)]

where TCy are the total transaction costs for individual subsidy re-
cipients, S is the allocated subsidy for individual recipients, P is binary
variable defining the type of programme being analysed for the in-
dividual subsidy recipients (i.e. the type of actor: private company in
ECO-ENERGY and public body for OP E).

Regression analysis was used to establish the relationship between
the variables TCg, S and P. Firstly, regression analysis was run for the
two samples separately, splitting the data by the type of the pro-
gramme. This shows the relation between the two variables: the size of
the subsidy and transaction costs. The dataset has a lognormal dis-
tribution.” Therefore, the regression was operationalized as:

for ECO-ENERGY: InTCg = oq + B,InS; + & 5)
for OPE: InTC, = &y + B,InS, + & 6)

where ¢; are the standard i.i.d. error terms, i = 1,2. The same regression

2 We provide the evidence for treating the distribution as log normal in the next sec-
tion.
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equation can also be established for the relation between the total
subsidy (S) and costs of time (C,) and costs of external services (C.) of
the subsidy recipients.

To answer the second hypothesis of the paper — whether the
transaction costs differ due to different actors, two null hypotheses have
to be tested to assess the elasticity:

1) Hp: B1 = B2, and
2) Hp: 01 = ay,

A dummy variable D (where ECO-ENERGY was coded 1 and OP E 0)
was introduced, to test these hypotheses:

In(TCg) = o + (a1 —a,)D + B,In(S) + (B, — B,)DIn(S) + ¢ )

A regression function is developed and the coefficients (a; — a,) and
(B1 - B2) tested to be equal to zero. If the differences of coefficients are
statistically significant, it means that these are different from zero and
therefore there are statistically significant differences between a; and
as, and between [3; and f3,. The test of equality of variances of standard
errors on standard confidence levels was also conducted.”

On the side of the administration body, the administrative costs
associated with the administration of the subsidy programme were
approximated through so-called technical assistance. Each operational
programme is divided into so-called “priority axes”, which further
specify the supported themes. Technical assistance is a subpart of all
operational programmes and is represented as one specific priority axis
in each programme. It is allocated to ensure implementation of the
programmes. Administrative intensity was therefore estimated as the
share of costs allocated to technical assistance for the given programme
divided by the total allocation of the programme within the rest of the
(substantive) priority axes in the programme, which define the sup-
ported types of projects (i.e. all priority axes except priority axis tech-
nical assistance). It is assumed that the technical assistance is dis-
tributed proportionally across the specific subsidised themes (priority
axes) within each programme (Eq. (8)).

TA
Al = — X 100%

Spa (8
where Al is the administrative intensity of the programme, TA are the
costs allocated to technical assistance for the programme, Sp, is the
total amount of financing allocated to subsidised themes (priority axes)
of the programme, except technical assistance.

2.3. Limitations

The method employed has several limitations that need to be taken
into account when discussing the results. The method does not include
overheads (such as rental costs, electricity costs, administrative staff
costs, etc.) attributable to the management of the subsidy. The in-depth
interviews revealed that the accounting practice for overheads differed
across companies and public bodies and therefore the obtained data
would not be comparable. Therefore, only the direct staff working on
the subsidy administration on the side of the recipient was included.”
Furthermore, the subsidy recipients do not keep track of the hours al-
located to subsidy administration and therefore the hours spent on
different stages of the subsidy administration had to be estimated. The
method used was similar to that used by, e.g. Hein and Block (1995),
and Ofei-Mensah and Bennett (2013).

It is also assumed that the whole administration of the subsidy takes
place within one year. The interviews revealed that in the studied
subsidy programmes, all of the subsidy administration and

3 The tests show that in the logistic specification the error terms have equal variance on
any convention level of significance; yet another fact supporting our specification.

“ For instance, Prusvic (2006) identified the costs of the “overhead” employees to be 20
- 25% of the costs of “direct” staff.
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implementation does take place within one year, except the monitoring
reports that are to be submitted several years after finalisation of the
project. However, the portion of the transaction costs related to the
monitoring reports is so small that such a simplification could be made
in this case. Relatedly, it is assumed that the administration costs (of the
administration body) are evenly distributed across the priority axes and
also across individual projects.

While the respondents estimated the time spent on the activity, they
were reluctant to provide data on actual labour costs. Therefore, simi-
larly to, e.g. Bjorkqvist and Wene (1993) the labour costs had to be
approximated through general statistical data on wages and labour (and
other costs directly related with the wages such as social and health
insurance) in the given economic sector.

Additional limitation lies in the very research instrument, the
questionnaire. It is not possible to influence who responds to the
questionnaire. Therefore, the analysed sample can be best characterised
as the sample of successful applicants that replied to the questionnaire.
To partially make up for this limitation, a comparison between the
survey population of successful applicants and the sample based on the
main characteristics, such as the level of subsidy, type of applicant, type
of facility and type of measure, was made.”

3. Results

Transaction costs were analysed for the two main energy efficiency
subsidy programmes in the Czech Republic: Operational Programme
Environment (specifically Priority axis 3 focused on energy efficiency,
hereafter referred to as OP E) and Operational Programme Enterprise
and Innovation (OPEIL, specifically the ECO-ENERGY programme,
hereafter referred to as ECO-ENERGY). The programmes were running
in the years 2007 - 2013.

3.1. Transaction costs of the applicants

The following main phases of the subsidy administration process
were identified in which transaction costs arise. Where differences be-
tween the two programmes occur, this is highlighted in the description.

3.1.1. Initial information and decision about the project

At this stage, the prospective applicant finds initial information on
the subsidy programme and the conditions of the subsidy allocation.
The decision on applying has to be made. The process depends on the
type of the applicant. For private companies, this step mainly entails
presenting the proposal to the company's management, for public en-
tities it means preparing and presenting the background documents to
the municipal council or similar body and its approval.

3.1.2. Submission of the subsidy application

After the decision has been made, the applicant prepares and sub-
mits the subsidy application. Some of the applicants hire an external
company to help them with the subsidy administration. In some cases,
public tenders for such external services are organised. The subsidy ap-
plication consists of an online application form and paper documents.
In the case of ECO-ENERGY, the application is a two-stage process.
Firstly, the so-called registration application is submitted (serving as a
preliminary filter for the projects). Upon approval of the registration
application, the full application is submitted.

3.1.3. Project implementation (including public tenders for suppliers)
Once approved, the subsidised project is prepared and im-
plemented. Following the conditions of the programme and the ap-
plicable laws, public tenders need to be organised for suppliers of the
technology and other measures. The transaction costs connected with

S More details on the comparison are provided in (Valentovd, 2013).
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Fig. 1. Amount of time of individual phases of the administration process of the subsidy recipient — OP E.

the realisation of the project are the ones related to the fact that the
project is subsidised. They mainly consist of the need to consult changes
in the project or eligibility of expenditures with the administration body
(i.e. whether these are eligible costs under the subsidy programme).

3.1.4. Contract on subsidy and request for payment

When the subsidy is approved, the contract between the adminis-
tration body and the subsidy recipient is prepared and signed. Only
after that is the subsidy recipient allowed to submit the request(s) for
payment of the eligible expenditures connected with the project.

3.1.5. Interim, final and monitoring reports

The subsidy recipients have to regularly submit reports to the ad-
ministration body. Those include interim reports throughout the rea-
lisation of the project, a final report at the end of the project and yearly
monitoring reports for four years after the end of the project.

The following figures (Figs. 1 and 2) illustrate the whole adminis-
tration process and the average amount of time of each stage of the
process as estimated by respondents of the questionnaire survey.

The analysis has shown that the most time intensive phases are the
processes connected with the preparation of the subsidy application and
then the public tender for suppliers of the subsidised energy efficiency
measures. Altogether from the initial information on the programme to
submission of the application, the respondents spent on average 115
(OP E) and 195 h (ECO-ENERGY). Furthermore, they spent on average
84 and 120 h respectively on preparation and organisation of the public
tenders. In total, the respondents estimated the time spent on admin-
istration of the subsidy to average 324 (OP E) and 494h (ECO-
ENERGY).

Apart from their own time, the respondents all stated that they
outsourced some of the tasks connected with subsidy administration.
All but one respondent said they hired an external company to prepare
an energy audit (one of the compulsory parts of the application) and
also more than 80% had the project documentation prepared by ex-
ternal companies. More than 60% had an external company helping to
prepare the application as such. Two-thirds of the respondents in OP E
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(i.e. public bodies) hired an external company to prepare the tender
dossier for the public tender for suppliers of energy efficiency measures,
whereas the same applies only to 39% of ECO-ENERGY respondents
(i.e. private companies).

The relative transaction costs of the subsidy recipients in the sample
average 5.9% of the subsidy for OP E (with the maximum reaching 31%
and median 6.7%) and 7.4% for ECO-ENERGY (with the maximum of
53% and median 11.5%). It means that for each EUR 100 of a subsidy,
the recipients spent on average EUR 5.9 for OP E and EUR 7.4 for ECO-
ENERGY on transaction costs connected with the subsidy. The main
results are summarised in the following Table 1.

For unsuccessful applicants, the data are not available. If we ap-
proximated the transaction costs of unsuccessful applicants by the share
of the transaction costs devoted to the preparatory phase of the appli-
cation of the successful applicants, the percentage share of transaction
costs of unsuccessful applicants would be 2.7% (OP E) and 3.5% (ECO
ENERGY) of the average subsidy.

3.2. Administrative costs

Administrative costs are associated with the costs assigned for
technical assistance in the programmes. It is assumed that the admin-
istrative costs are the same across all subsidised projects (all project get
equal “attention” from the administrators of the subsidy). The levels of
technical assistance for OP E and OPEI (ECO-ENERGY) are summed up
in Table 2.

The numbers above are likely to represent the lower boundary of the
administrative burden, as the technical assistance does not cover some
of the stages of the administrative process, mostly the ones related to
tasks that are carried out by other bodies than the main administrative
body. For instance, for OP E, the main administrative body was the
State Environmental Fund. However, the strategic issues were covered
by the Ministry of the Environment and the financial flows between the
European Commission and the administration body are channelled by
the Ministry of Finance. The costs of these bodies are not covered in the
technical assistance (but can be estimated to be an order of magnitude
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Table 1
Transaction costs of subsidy recipients of OP E and ECO-ENERGY.
Time External Average Relative
(labour) costs subsidy transaction
costs [EUR] [EUR] [EUR] costs [%]
OPE 3,520 13,710 293,696 5.9
ECO-ENERGY 4,583 19,077 320,041 7.4

Note: The total labour costs in the respective economic activities were used to
translate the estimated time into monetary terms (EUR 10.6 in the public sector
and EUR 9.3 in industry in 2011 (Czech Statistical Office, 2012) The exchange
rate of EUR/CZK 24.6 was used.

Table 2

Technical assistance.

Source: (Ministry of Industry and Trade, 2015; Ministry of the Environment,
2009), own calculations

Programme  Total allocation Technical assistance  Technical assistance [%
[EUR] [% of total of allocation on
allocation] individual projects]®
OPE 168,000,000 2.91% 2.99%
OPEI 105,000,000 2.93% 3.02%

@ In case of OP E that means share of technical assistance on allocation for
priority axis 1-7, in case of OPEI, share of technical assistance on allocation for
priority axis 1-6.

smaller).

The interviews with the representatives of the administration bodies
revealed that similarly to the experience of the applicants, the most
time intensive is the evaluation of the project applications. Secondly,
the administrators of the subsidy programmes identified the checking of
public tenders carried out by the subsidy recipients as particularly de-
manding. The demanding character of the public tenders can be at-
tributed to the legal framework. However, the time intensity is mainly
attributed to the fact that administrators check the public tender dos-
siers before the launch of the public tender.
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3.3. Factors influencing transaction costs

Firstly, Figs. 3 and 4 endorse the lognormal distribution of the
sample. While the non-transformed distribution for subsidy has a de-
clining character of a distribution of an exponential type, the loga-
rithms of subsidy exhibits shape typical for a normal distribution.

Following the regression analysis, the regression equations can be
therefore formulated as®:

ECO-ENERGY: In(TC) = 2.95+ 0.56 In(S)
Adj. R* = 0.55 (1.03)*** (0.09)***
OPE: In(TC) = 5.17+ 0.36 In(S)
Adj. R? = 0.20 (1.13)* (0.09)*#*

The F-test for both regression equations is significant; therefore the
model has explanatory power. The results suggest that there is a posi-
tive dependence of transaction costs on the size of the subsidy for both
programmes. Both coefficients, a; and as, are significant. The coeffi-
cients a; and a, can be interpreted as elasticity, i.e. for ECO-ENERGY if
subsidy changes by 10%, we could expect the transaction costs to
change by 5,6%. The results further imply that the size of the subsidy
could be a stronger predictor of transaction costs for OP E (0,56) than
for ECO-ENERGY (0,36).

A regression equation was developed to test the two coefficients 4
and f,, and ayand a,. This in turn gives an answer to the hypothesis
that the transaction costs differ depending on the type of actor. The
regression function is formulated as follows:

In(TC) = 7.23 — 2.87 D
(1.24)%(1.87)

+ 0.36 In(S)
(0.08)**

+0.20 D In(S)
0.13)

Both coefficients of model difference (intercept and slope) are in-
significant. The p-values both for coefficient (a; - a,) and for coefficient
(B1 - B2) are greater than 0.05 (and even greater than 0.1). That

6 (Standard error) w*kp = 0.01, **p = 0.05, *:p = 0.1. No * means that the coefficients
are not statistically significant at conventional levels.
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indicates that we cannot reject the null hypothesis and therefore cannot
state that on the 95% (90%) confidence level the regression coefficient
B, is significantly different from and (., or that o,is different from a,.
However, the joint F-test rejects equality of both slopes and intercepts.
Based on additional test, we can say that the slope coefficients f are the
same and the programmes differ in the intercept term. Therefore, based
on the data sample, we cannot say that the slope of total transaction
costs would be different depending on the type of the actor - i.e. that
there would be a statistically significant difference between the ”be-
haviour” of private companies and public entities, when it comes to
transaction costs in energy efficiency programmes.

If the same analysis is performed for the two components of the
transaction costs: the costs of time and costs of external services, the
regression equations are:”

OP E
In(Cg) = 4.52 + 0.38 In(S)

(1.68)#++(0.14)=*
Adj. R> =0.13

ECO—-ENERGY

In(Cg) = 0.74 In(S)
(0.12)y**

Adj. R? = 0.52

7 The constant is not statistically significant on any conventional level, therefore has
been excluded in this case.
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In(Cr) = 5.34 + 0.22 In(S)
(0.89)***(0.07)***
Adj. R?* = 0.15

In(Cr) = 5.45 + 0.24 In(S)
(0.98)***(0.08)***
Adj. R? = 0.20

Analogically to the analysis with total transaction costs, a regression
equation was formulated to test the two coefficients 3; and f,, and
ajand a, in case of independent variable external costs and time costs.
The regression function for the external services has been estimated
with results as follows:

In(Cg) = 4.52 — 4.18 D + 0.38 In(S) +0.36 In(S) D
(1.63)*(2.24)* 0.13)*** 0.19)*

In(Cy) = 5.34 + 0.11 D + 0.22 In(S) + 0.011n(S) D
(0.95)*%(1.31) (0.08)*** (0.01)

For the variable of costs for external services, there is a statistically
significant difference (on 90% confidence level) between the two pro-
grammes, suggesting that there is a difference in how the two actors
handle tendering for external services for administration of the sub-
sidies. Conversely, the results suggest that the costs of time for the two
programmes are not statistically different from each other — as can also
be inferred directly from the regression equation.
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Table 3
Transaction costs of OP E and ECO-ENERGY.

Programme Transaction costs  (Estimated) Administrative
of successful transaction costs of  costs [%]
applicants [%] unsuccessful

applicants [%]
OPE 5.9% 2.7% 3%
ECO-ENERGY 7.4% 3.5% 3%

4. Discussion
4.1. The level of transaction costs

The percentage share of transaction costs of the analysed energy
efficiency subsidy programmes is summarised in Table 3. The results
are indicative given the size of the sample (90 respondents).

The time lag between the implementation of the subsidy and the
research may have influenced the results. The transaction costs were
estimated through a combination of interviews and a questionnaire
survey. The respondents estimated the time spent on individual stages
of the subsidy administration process and also the external costs. They
were selected from the applicants who went through the whole ad-
ministration process. This, however, meant that the time lag between
the actual project and the survey was quite significant (usually 1-3
years). Clearly, the higher the time lag, the more difficult to correctly
estimate the transaction costs (see also McCann et al., 2005).

Transaction costs rise for third-party actors in the given programme,
too. These can be for instance the suppliers of the subsidised energy
efficiency measures, which may need to acquire specific certification to
be eligible as suppliers in the programme, or banks that cooperate with
the programme. In the analysed programmes, the third parties were
included only as the external companies supporting the applicants in
the administration process. In this case, it can be assumed that all costs
connected with the programme are reflected in the price of the service.

To correctly estimate the structure and level of transaction costs, the
unsuccessful applicants should be covered in the analysis (Bjorkqvist
and Wene, 1993). For OP E the success rate of the applications is 53%,
and in ECO-ENERGY it is 69%. However, for both programmes, only
data on successful applicants are publicly available. Therefore, the
transaction costs of unsuccessful applicants could not be properly
analysed. That means that a significant part of the transaction costs
cannot be thoroughly analysed. The important message is not to omit
this significant segment of actors, both in ex-ante and ex-post evalua-
tion of the policy instruments. Relatedly, ex-ante and ex-post evaluation
of the programme should aim at covering the actors/entities that
decided to implement the measures without the subsidy programme.

To properly analyse administrative costs, it is crucial to detect the
institutions or bodies that are responsible for the operation of the
programme and set the boundary of the whole system. For the pro-
grammes analysed in this article, the boundary is the Czech Republic.
However, given the fact that the programmes are financed from
European funds, the national-European negotiations, administrative
procedures and financial flows should be taken into account as well.

In this study the effect of the learning curve appears weaker than in
other research studies (e.g. Falconer and Whitby, 2000; Kiss, 2016; Lee
and Han, 2016; Michaelowa et al., 2003; Michaelowa and Jotzo, 2005).
Even though the statistical analysis was carried out for applicants with
one project only, there were a high number of respondents with more
than one project (i.e. they applied with various projects at once or
applied subsequently within different calls). The in-depth interviews
revealed that, especially in the case of towns and cities, this does not
necessarily mean that the transaction costs for these applicants would
be lower. In the case of the public administration, if the respondents
applied for more projects in the same programme, the various projects
tend to fall under different departments (e.g. renovation of a school
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under the Department of Education, healthcare centre renovation under
the Department of Public Health). The different parts of the adminis-
tration hardly communicate and therefore do not make use of the po-
tential for the transfer of knowledge and advantages of a learning curve.
The second reason is the below further mentioned fluctuation of poli-
tical employees.

4.2. The factors of project size and actors

Various studies have identified the relationship between the size of
the project (or the performance) and the level of transaction costs
(Bakam et al., 2012; Michaelowa and Jotzo, 2005; Mundaca et al.,
2013). The data from the two analysed programmes, OP E and ECO-
ENERGY has confirmed this premise. The relation is logarithmic, i.e. it
seems that for bigger projects, the burden of transaction costs will be
lower than for smaller projects. Following the regression function (for
ECO-ENERGY), if the subsidy is EUR 10,000, the burden of transaction
costs would be over 30%, for the subsidy of EUR 100,000, it would be
12%, and for EUR 1,000,000, it would be only 4%. The same pattern
can be observed for OP E with the burden of transaction costs of 48%
for the subsidy of EUR 10,000 going down to 2% for a subsidy of EUR
1,000,000. Therefore, in line with, e.g. (Michaelowa and Jotzo, 2005)
economies of scale apply in the case of the analysed energy efficiency
programmes. That would also suggest that the fixed costs (unrelated to
the size of the project) prevail over variable costs.

On the other hand, the hypothesis that the size of transaction costs
differs according to the type of actor in the energy efficiency pro-
grammes could not be confirmed. The analysis has shown that there is
not a statistically significant difference between the two subsets of data,
which differ only by the type of applicant. Yet, the results are close to
conventional 10% confidence levels (p = 0.13 for (a; - a») and 0.11 for
(B1 - B2

However, taking a closer look at the data, it can be seen that while
there is no statistical difference between the costs of time and the size of
the project between the two types of applicants, there is an observable
difference as to the size of costs of external services. While the differ-
ence is on the verge of statistical significance (being significant only at
90% confidence level), the results suggest that private companies may
be able to negotiate the services more effectively, but only for projects
up until a certain size. The intercept of the two regression equations is
at roughly EUR 300,000 subsidy, which includes 75% of the sample
projects. The results seem to imply that unlike public entities, private
companies in these programmes tend to contract suppliers of external
services specifically for the project and therefore the amount of external
services is in a tighter relationship with the size of the project. One can
further speculate that the public entities will have the procedures and
contracts standardised and therefore less dependent on the actual size
of the contract.

On the other hand, for both OP E and ECO-ENERGY subsidy re-
cipients the internal (time) costs were much less correlated with the size
of the project — both slopes are low — 0.2. That would suggest that the
activities carried out internally are predominantly of a fixed nature (for
example, disregarding the size of the project, the structure and com-
plexity of project applications remain the same). The results, therefore,
suggest that there is room for optimisation for both public and private
entities.

As for the structure of transaction costs, the main source of trans-
action costs for both types of applicants and administration bodies in
the analysed programmes lies in the preparation process (the search for
information, internal approval procedure and application submission)

81f the same analysis were performed for normal distribution of the sample - i.e.
without converting the two variables into logarithms, there would be a statistically sig-
nificant difference between the two programmes. That means that such hypothetical
difference would be primarily pulled by large projects in the sample, which, however, do
not form the core of the sample, nor of the population.
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and the processes connected with public tenders for implementation of
the energy efficiency measures.

The transaction costs related to tender procedures were found to be
largely dependent both on existing legislation and on internal condi-
tions set by the programmes. A straightforward and simple legal en-
vironment could play a significant role in decreasing the transaction
costs burden (McCann, 2013). However, the respective transaction
costs cannot be attributed only to this external factor. For OP E the
programme conditions were set in a way that the initiation of public
tenders was dependent upon approval from the administration body.
Therefore, long time delays often developed, making the realisation of
the energy efficiency measures more difficult (e.g. building envelope
reconstruction in schools needs to fall in the time of summer holidays
not to interfere with the school year). For ECO-ENERGY, the require-
ment to call for a public tender for energy efficiency measures stems
purely from the conditions of the programme. In both programmes, the
administrators aimed to streamline the procedures by developing
checklists and standard documents.

Also, the type of actors seems to play a role in the very research on
transaction costs. Given the nature of the subsidy recipients in OP E
(towns, municipalities), the political cycle is a limiting factor. Often, the
people responsible for the administration process have been replaced in
the meantime (typically the mayors of the small villages), that means
that the data on the transaction costs is irreversibly lost. The situation
could be partially solved if the applicants had a tracking system in
place, in which they assigned their time directly to a particular project.
This problem did not arise in the case of ECO-ENERGY; continuity in
the private companies systems seemed to be therefore better secured.

5. Conclusions and policy implications

Operational programmes distribute a significant amount of finan-
cing; large part is devoted to energy efficiency. For instance in the
Czech Republic, over 1 billion EUR was dedicated specifically to energy
efficiency measures solely in the programming period 2007 — 2013, so
about 5% of the total allocation. However, monitoring and evaluation
of the programmes remain often inadequate. It has been shown that
when designing energy efficiency (subsidy) programmes transaction
costs should be included in the ex-ante evaluations. Furthermore, ex-
post evaluation of the programmes needs to cover not only the effects of
the programme (energy efficiency gains, and other), but also total costs
of the programme, including transaction costs.

The data in this study suggests that the transaction costs in energy
efficiency subsidy programmes are of non-negligible levels, altogether
averaging at 11%-14% of the total subsidy allocation. The results are
comparable in their order of magnitude to the conclusions of available
international analyses (even though due to methodological differences
the studies tend to be rather case specific). In line with other studies,
the size of transaction costs is closely related to the size of the project.
For smaller projects, there seems to be directly proportionate relation
whereas for bigger projects economies of scale apply and the total
burden of transaction costs decreases.

Other factors being the same, the type of actor did not show to play
the major role in the size of transaction costs in the two studied pro-
grammes. However, some differences can be traced in how the two
actors negotiate for external services for implementing the projects. For
smaller projects, which form most of the sample and the whole popu-
lation in the programme, private companies are more effective, while
for bigger projects (over EUR 300,000) public entities seemed more
efficient. For both types of actors, transaction costs mostly arise in the
preparatory phase of the application and tender procedures.

In order to optimise transaction costs, policymakers should try to
address both the internal and external factors in programme prepara-
tion. Regarding the internal factors, a clear setting of the conditions of
the programmes, provision of templates and streamlining of processes
seem to be the most powerful tools. Externally, the legal environment
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determines to a high extent the complexity of the tendering process.

The data further revealed that there is room for improvement in
setting the administrative processes for public bodies as recipients in
energy efficiency subsidy programmes. Specifically, the public bodies
may reconsider setting up their public tendering procedures to reflect
the actual size of the project better.

Even though it was not the primary goal of the paper, the research
also demonstrated that unsuccessful applicants need to be taken into
account both in the ex-ante and ex-post evaluation of the programmes.
The transaction costs born by unsuccessful applicants represent a non-
negligible share of the subsidy and should not be omitted. (In extreme
cases, transaction costs may event prevent possible applicants from
applying.) A two-stage submission process may be a good way to lower
the transaction costs for the unsuccessful applicants.

The research has opened further questions that could be examined,
such as whether the role of actors in transaction costs is country/region
specific or to what extent transaction costs develop over time in similar
programmes. Systemic evaluation of transaction costs in policy mea-
sures could give answers to those questions.
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on efficiency measures implemented in the participating buildings and the achieved energy savings.
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1. Introduction: the GreenBuilding Programme

In its 2006 Action Plan on Energy Efficiency [1], the European
Commission (EC) identified the building sector as an area where
important improvements in energy efficiency could be realised.
According to the Action Plan, the building sector accounts for more
than 40% of the final energy demand in Europe. At the same time,
improved heating and cooling of buildings constitutes one of the
largest potentials for energy savings and thus reduction of CO,
emissions. Such savings would also improve the energy supply
security and the EU’s competitiveness, while creating jobs and rais-
ing the quality of life in buildings.

In early 2006, the European Commission initiated the Green-
Building Programme (GBP). This programme aims at improving the
energy efficiency and expanding the integration of renewable ener-
gies in non-residential buildings in Europe on a voluntary basis.
The programme encourages owners of non-residential buildings to
implement cost-effective measures which enhance the energy effi-
ciency of their buildings in one or more equipment systems. The
GBP is complementary to the EU Energy Performance of Buildings
Directive (EPBD) as it stimulates additional savings in the non-
residential building sector.

* Corresponding author. Tel.: +420 22435 3308; fax: +420 23333 4232.
E-mail addresses: michaela.valentova@fel.cvut.cz (M. Valentova),
paolo.bertoldi@ec.europa.eu (P. Bertoldi).

0378-7788/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.enbuild.2011.03.028

To become a GBP partner, building owners perform an energy
audit of their existing buildings and formulate an action plan to
improve energy efficiency. By applying to the GBP, potential Part-
ners agree to reduce the primary energy demand of the building
by at least 25% (if economically viable) and to report the results
of the renovation measures. The energy consumption is measured
prior to and after the renovation. For new construction, investors
or building owners design a building using at least 25% less energy
than requested by the building code in force at the time. The energy
savings are calculated from modelled energy use.

Fourteen organisations from 13 European countries are support-
ing the implementation of the GBP in the national context; these
organisations are called National Contact Points (NCP) and they
assist building owners in this process by providing guidelines for
energy saving renovation and a website in the national language
containing an inventory of best-practices. Other private and pub-
lic organisations (Endorsers) may help potential Partners join the
programme. Besides reducing energy as well as operational costs,
other reasons for building owners to join GBP are

e Public recognition for the participating organisations

e Practical help from the NCP

e Public commitment to environmentally friendly behaviour
e Corporate Social Responsibility

e Reduction of CO,-emissions

Participation in the GBP for existing buildings starts with the
submission of an action plan defining the scope and nature of the
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Table 1
Building type.

Commercial Centre

Buildings containing shops, restaurants, conference rooms, offices, etc.

Education From kindergartens to universities

Healthcare Hospitals, and also rehabilitation, day care centres, etc.

Industry Warehouses, storage, production halls, manufacturing buildings, workshops (there can also be offices, but these do not represent the
main part of the building)

Office Buildings mainly for office use

Leisure Spas, leisure centres, swimming pools

Public administration Municipal halls, courts, penitentiaries

Retail Supermarkets, shops

Other Churches, canteens, community centres, social housing, social care, airports, train stations

company’s commitment. Based on aninitial energy audit, the action
plan must define the buildings in which energy efficiency measures
will be undertaken as well as the energy services (heating, lighting,
water heating, ventilation, air-conditioning, office equipment, etc.)
and the specific measures to which the commitment applies. If the
action plan is accepted by GreenBuilding, the company is granted
Partner status. For new buildings, energy modelling and a descrip-
tion of the building are needed to prove that the building’s energy
consumption is 25% below that specified in the building code.
The GBP encourages its Partners to tap a large reservoir of prof-
itable investments without the need for specificincentives from the
public authorities. GBP investments use proven technology, prod-
ucts and services for which efficiency has been demonstrated. It is
thereby considered to make good business sense for companies to
join the GBP [2].

GreenBuilding provides support to the Partners in the form
of information resources and public recognition, such as media
coverage in newspapers and magazines, presentation at fairs
and conferences throughout Europe, a regular newsletter, and
a brochure and a catalogue of success stories. The GBP plaque
allows Partners to show their responsible entrepreneurship to their
clients.

The present paper analyses the results of the GreenBuilding Pro-
gramme achieved so far. It focuses on the energy savings achieved
and the energy efficiency measures implemented in the participat-
ing buildings.

2. Methods

Partners whose buildings join the GreenBuilding Programme
attach a report in their application in which they provide informa-
tion on the level of achieved savings and a description of the energy
efficiency measures through which they achieved the declared sav-
ings. These reports served as a basis for the analysis. The period
under assessment is from 2006 to 2009.

The buildings are assessed as to the reported year of construc-
tion (and in this connection, whether the buildings are new or
refurbished), floor area and prevalent use (building type). As there
are many types of buildings, the following table (Table 1) shows the
main categories into which the buildings are categorised in order
to allow for the analysis while capturing the prevalent uses of the
building.

The achieved energy savings are analysed as to their absolute
levels (MWh/year) and in relative terms (% of the consumption).
The achieved (or modelled) energy consumption is compared to
the pre-refurbishment state for existing buildings or to the relevant
legal requirements or conventional buildings for new buildings. The
general characteristics of the buildings (building type and area, year
of construction, country) are also taken into account.

The efficiency measures vary to a certain extent among Partners
(given the different use, geographical area or year of construction).
Nevertheless, based on the Partners’ reports, the measures are cat-
egorised into seven main areas which have been found to be the
common denominator (Table 2).

The main categories (heating, ventilation/air-conditioning,
building envelope, lighting, renewable energy sources (RES), con-
trol systems and other) are in some cases further divided into
subcategories to give a better picture of the measures applied.
Within the general category of heating, combined heat and power
generation (CHP), heat pumps and biomass boilers are earmarked
(the last two could at the same time be categorised under RES).
RES are further divided into solar panels and photovoltaic installa-
tions. From building envelope measures, summer heat protection
is highlighted. The category “Other” mostly includes water saving
systems, as well as efficient appliances or staff training.

All the data analysed in the paper is submitted by the Partners.
There are some missing pieces of information in the Partner reports.
Nevertheless, the missing items of information are relatively neg-
ligible - there are only two buildings for which no report has been
provided. Yet, as there is no common format of the reporting form
in the participating countries, for some Partners only partial infor-
mation is provided. The only section, however, where the number
of provided sets of data is significantly lower is the information
on economic characteristics of the projects, in which the sample
consists of only 22 Partners.

The analysis is based on Partners’ information, which undergoes
a double quality and consistency check. The reporting forms and
data provided by the Partners are always checked by the National
Contact Points for inconsistencies before being sent to the Joint
Research Centre (JRC). The JRC reviews the reports too before grant-
ing the building and the organisation the status of GreenBuilding
Partner. Nevertheless, the analysed data should be taken keeping
this limitation in mind.

3. Results of the GreenBuilding Programme
3.1. Number and type of participating buildings

As at the end of December 2009, the total number of GBP Part-
ners had reached 167. The total number of GBP certified buildings

Table 2
Types of measures.
Category Subcategory
Heating Reconstruction of heating system
CHP
Heat pumps

Biomass boilers

Ventilation/Air-conditioning

Building envelope

Summer heat protection

Lighting Lighting

Renewable Energy Sources (RES) Photovoltaic (PV) panels
Solar panels

Control Systems Control systems

Other Other

Ventilation/Air-conditioning
Building envelope
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was 286.1 During the first two and a half years of operation of the
Programme (2006 - mid 2008), 71 Partners joined with 87 Build-
ings [3]. Since then, the number of Partners had more than doubled
and the number of Buildings more than tripled. The Partners come
from 17 countries, of which 14 are EU member states. Geograph-
ically, both southern and northern countries are represented. The
highest number of GBP Partners come from Germany (48), followed
by Sweden (36). Austria has 18 Partners and Spain 14. From non-EU
countries, there is one Partner from both Norway and Turkey, while
there are nine Partners from Croatia. A few international compa-
nies, such as NCC Development, Skanska and Siemens, have joined
the GBP in different countries.

1 The GBP Certificate is always granted to a specific building. Therefore, one GBP
Partner can join the Programme with more than one building. Each of these buildings
is assessed separately and receives the certificate on an individual basis.

The highest number of buildings has been registered in Sweden
(107), with more than three buildings per Partner on average, fol-
lowed by Germany with 76 buildings (i.e., approx. 1.5 building per
Partner on average). In most countries though, the number of build-
ings to large extent reflects the number of Partners (Fig. 1).

Almost 60% (167 out of 286) of the Partner buildings are offices
(Fig. 2). The second largest group of buildings is education buildings
(8.8% of the GBP buildings). These include kindergartens, primary
schools, high schools and universities. The public administration
buildings (10 in total) comprise municipal houses as well as courts
and penitentiaries. Healthcare, hotels, industry and leisure centres
are all represented by 13 buildings (approx. 4% of total number
of Partner buildings). Among other buildings, there are, for exam-
ple, a church, a technology centre, a research institute, a canteen,
libraries, a train station and social care and social housing centres.
Two airports also joined the GBP. One is included in the category
of office buildings because an office building belonging to the air-
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Fig. 3. Number of existing buildings according to the year of construction.

port was constructed. The second is included in “Other” buildings
because the buildings that were refurbished (satellite buildings or
ramp services) are a specific building type.

The majority of the buildings belong to private organisations
(77%), only 23% of the Partner buildings are public. All of the educa-
tion facilities and, obviously, the public administration buildings
in the GBP are run by public organisations. In healthcare facili-
ties, there are both public and private organisations involved. The
same applies to leisure centres (public are, for instance, munici-
pal spas) or offices. On the other hand, commercial centres, hotels
and industry buildings in the GBP are operated purely by private
organisations.

The average area of the Partner buildings was more than
15,595 m?.2 However, the median of the sample is nearly half of
the average - 8957 m? - meaning that 50% of the buildings are
actually smaller than 9000 m2. The sample is to a large extent
skewed by commercial centres, which have the highest average
floor area — more than 52,000 m?2. The smallest building only has
414 m?; it is a historical building built in 1900 used as an office
building of a regional association, with the primary energy savings
reaching 455 MWh/year. The largest building of the GreenBuilding
programme has 200,000 m? and is one of the new commercial cen-
tres, built in 2009, with savings compared to the building code in
force of 7329 MWh/year.

Out of 285 buildings (for one building this information was
not available), there are 126 new buildings and 159 exist-
ing, refurbished buildings. Among hotels, office buildings, public
administration buildings and education facilities, refurbished
buildings prevail - there are around twice as many existing build-
ings as new buildings. Conversely, there are far more registered
new commercial centres, industry buildings and leisure facilities.

Most of the existing buildings were built between 1961 and
1980. The oldest building of the GBP was constructed in 1600.
Another ten buildings were built before 1900 (Fig. 3), while the
newest refurbished building was constructed in 2004.3 The new
buildings were constructed between 2004 and 2011 (Fig. 4). This
means that the new buildings almost overlap with the existing,

2 This is the net floor area. In 19 cases the net floor area was not reported, thus
the gross floor area was used instead.

3 It must be noted though that these are the years of original construction. In
many cases, the buildings were of course reconstructed several times, or some parts
of the buildings were added. This was however disregarded in the present analysis.

2009

Fig. 4. Number of new buildings according to the year of construction.

already refurbished buildings, and at the same time, some buildings
are still under construction. In absolute terms, most of the Partner
buildings were finished in 2009 (35 Partner buildings out of 247
where this information was available), followed by constructions
finished in 2010 (33 Partner buildings) and in 2008 (18 Partner
buildings).

3.2. Energy savings

The GBP Partners usually report their savings in two ways: either
as absolute annual savings or as kWh per m? and year. In some case,
both sets of data are reported. In the case of relative savings (%), it
is not important which method of reporting is used. However, if we
are to analyse the absolute savings, in the case of the latter method
(reporting kWh/m? y) recalculation is necessary.

Total savings of the GBP to date (GBP Partners until the end
of 2009) have amounted to 304 GWh/year. The savings may have
been underestimated. There are two reasons for this. Firstly, these
savings have often been only estimated savings (e.g., for new build-
ings). And, as reported by some Partners, the verified savings tend
to be even higher than the calculated levels. Secondly, there were 40
GBP Partner buildings for which no data on absolute energy savings
were available (approx. 14% of the buildings).

The maximum absolute savings were achieved in Germany -
more than 116 GWh/year, despite the fact that Germany is only
second in terms of the number of Partner buildings. Sweden fol-
lows with total savings of 51 GWh/year, Spain being third with
19 GWh/year. When we relate the savings to the number of Part-
ner buildings in these three countries, then the average savings
per building are 1500 MWh/year in Germany, 480 MWh/year in
Sweden and 1000 MWh/year in Spain. This reveals that both in
Germany and Spain larger but fewer projects prevail, whereas in
Sweden it concerns a great number of relatively small projects.

With regard to individual projects, the maximum absolute sav-
ings were achieved in a Test Centre for Transformers. The maximum
primary energy demand that is legally required for such a building
is 984.3 kWh/m?a, whereas the Test Centre achieved the primary
energy demand of only 23.3 kWh/m?a, 97.5% less than required. In
absolute terms, it gives a saving of 11.83 GWh/year.
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In total, there were five buildings out of the 271 Partner
buildings that reported on the percentage savings which had not
achieved the 25% savings. The reasons for this are diverse. For
example, there is one building which had reached only 19% sav-
ings. Nevertheless, the building was accepted as a GreenBuilding
Partner because the energy consumption is 30% below the regu-
lation in force. Similarly, another Partner building is only 21.5%
below the legal requirements. However, there are photovoltaic and
solar systems installed in the building, together with tri-generation
plants, which can produce 160% of the primary energy demand of
the building.

More than two thirds of the Partner buildings (179 out of 271)
achieved more than 30% savings. The average achieved savings
are 41.2%, the median is 36.5%. The maximum achieved savings
on an individual basis were more than 97% (97.5%), through the
use of district heating, efficient lighting and thermal insulation in
the building.* There are five buildings in which primary energy
savings of more than 80% have been achieved. In all cases, the
measures included the building envelope and reconstruction of
heating systems; in four cases efficient lighting was installed. Inter-
estingly, there is one building from before 1900 which has reached
high percentage savings. The former canteen and office building
of an abattoir was reconstructed into a nursery house with offices.
Despite the fact that the area of the building increased, the pri-
mary energy consumption decreased by 80%. The main measures
included the building envelope, heating and hot water prepara-
tion (including floor heating, temperature regulation, installation
of water saving sanitary equipment and an efficient gas condensing
boiler). The important message is that the resulting primary energy
consumption goes even beyond the current building requirements,
thus showing that alow energy standard is viable even for historical
buildings.

When it comes to building type, the average percentage savings
range from 55% in commercial centres and leisure facilities (51%) to
28% at an airport (“Other” buildings). The relative savings in offices,
the most important building type as regards the total savings and
total number of buildings, averages 39%. It was ascertained that
the absolute level of savings does not correlate with the year of
construction. However, it is probably more surprising that neither
does the relative level of savings. Therefore, one cannot say that the
older the building, the higher the potential for savings. In historical
buildings, the reason may be the restrictions as to cultural preser-
vation of these buildings. Nevertheless, the correlation could not
be found even for the buildings from the 20th century.

3.3. Specific energy demand in office buildings

One of the most important indicators of efficiency with respect
to buildings is the primary energy demand per m? and year
(kWh/m?2 y). At the same time, both building regulations for new
buildings and the demand as such largely depend on the building
type and consequently its use. Therefore, we specifically depict one
building type for specific energy demand analysis. Office buildings
are the most frequent building type in the GBP and thus offer the
largest sample for analysis. In office buildings, energy consump-
tion related to kWh/m?2y is the most predictable and has been
analysed in other studies [4]. Office buildings (together with retail
stores) account for the highest share of energy consumption among
non-residential buildings [5].

The sample consists of 167 office buildings, of which there are
100 existing buildings and 67 new buildings. The following analysis
is divided according to this characteristic.

4 Itis a new building, thus the savings mean comparison with the respective legal
requirements.
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Fig. 5. Specific primary energy demand of existing office buildings before and after
refurbishment (kWh/m? y).

3.3.1. Existing buildings

The average pre-refurbishment primary energy demand per m?
of existing office buildings was 150 kWh/m?y. The lowest value
was only 34kWh/m?2y. The maximum demand before refurbish-
ment reached 558.4 kWh/m? y. The highest specific primary energy
demand after refurbishment was 328.6kWh/m?y, whereas the
minimum value reached only 11.1 kWh/m?2y, thus achieving the
passive house standard.

On average, the energy efficiency measures brought a decrease
in the specific consumption of 85kWh/m?2y. The highest abso-
lute difference between the specific primary energy demand
before and after refurbishment was 496.4kWh/m?y (from
558 to 62kWh/m?y), the lowest absolute difference reached
11.9kWh/m?2 y (from 45.5 to 33.6, which means savings of 26%).

The building energy consumption in existing buildings seems
on average the lowest in Sweden - approx. 100 kWh/m? y - where
a lot of heating and cooling is supplied by district heating (Fig. 5).
Conversely, the highest consumption of conventional buildings is
observed in Spain, Croatia, Greece and Italy (over 250 kWh/m? y),
thus also offering the highest potential for savings. This potential
is clearly shown in the case of Croatia, where the average energy
consumption after refurbishment decreased more than fivefold
(from 390 kWh/m?y to 70kWh/m?y). The existing office build-
ings in Sweden already tend to have a relatively lower specific
energy demand (an average of 111 kWh/m?y). Nevertheless, the
average difference between the values before and after refurbish-
ment is 40 kWh/m?2y, i.e., still 36% of the original primary energy
demand.

3.3.2. New buildings

Fig. 6 depicts the increase in efficiency of newly constructed
office buildings in the GBP. The reference values of the new build-
ings mean the building standards in force in the respective year to
which the primary energy demand of the newly constructed build-
ings is compared, or it can be the level of consumption in reference
with “conventional” newly constructed buildings in the country.

It is important to bear in mind that the values to which the
new buildings are compared are not in every case representa-
tive of the current energy code requirements in those countries.
Nevertheless, some patterns can be observed. The toughest require-
ments for GBP Partner buildings are in Denmark, Slovenia and
Sweden. In Denmark the average primary energy consumption
to which the newly constructed buildings relate is lower than
100 kWh/m2y (95.6); however, there was only one building in
the sample. The average reference requirements in Slovenia are
122kWh/m2y and 120kWh/m?y in Sweden. The average spe-
cific primary energy consumption to which the new buildings are
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Fig. 6. Specific primary energy demand of newly constructed office buildings and related reference values (kWh/m? y).

compared is 170 kWh/m?y. The lowest reference value is a legal
requirement for passive houses: 21.6 kWh/m?2y.

The maximum absolute difference reached between the energy
code requirement and the real energy demand of the building was
226 kWh/m? y (40 kWh/m? y instead of 266 kWh/m? y, which is the
reference national standard).

On average, the new Partner buildings consume 72 kWh/m?y
less than the respective national standards. The smallest achieved
difference is only 10.7kWh/m?y. However, the approximately
11 kWh/m?2 y means 50% lower consumption even compared to the
tough passive house standards. The relative savings in new office
buildings average 41.6%, thus slightly exceeding the overall average
(41.2%).

3.4. Energy efficiency measures

The energy efficiency measures are what makes the energy effi-
ciency improvement (or energy savings) possible. Out of the total
of 286 Partner buildings, 226 of them (79%) have reported on the
implemented measures.

Fig. 7 depicts the main measures in terms of their pro-
portional representation in the projects. The graph follows the
(sub)categories set up in Table 2 above. The percentage values mean
the share of Partner buildings in which the given measure was
implemented.

About 52% of energy in service sector buildings® in the European
Union is consumed by space heating; heating systems (together
with the building envelope) offer a significant potential for savings
[6]. Therefore, the GBP Partners most often choose heating as their
main target for efficiency measures. In Fig. 7, the reconstruction
of the heating system (57% of buildings) entails reconstruction or
dealing with the distribution systems within the building, use of
district heating and/or conversion from one fuel type to another
(not to biomass, but usually from oil to natural gas).

5 All the building types in the GBP come within the services sector, with the
exception of the industrial buildings.

Additionally, depicted separately in Fig. 7, heat pumps have been
used for heating in 14% of the Partner buildings. Where specified,
these were universally geothermal heat pumps. In 7% of the Part-
ner buildings, fossil fuel boilers have been replaced with biomass
boilers. In one case, the boiler burns biogas.

Combined heat and power generation (CHP) was used in 5% of
the buildings (some buildings are also connected to district heating
from CHP: see the next paragraph). Altogether, heating systems
have been upgraded or dealt with in 85% of the cases.

A very frequent measure is connection to district heating
systems, as countries in which these systems are commonly
utilised are highly represented among the GreenBuilding Partners
(Germany and Sweden). Eight Partner buildings (from Germany
and Austria) have connected the buildings to district heating from
either renewable energy sources (biomass) or from cogeneration
units. In one building, heat and power from a tri-generation
plant is used and, together with solar and PV panels, the building
produces 160% of the energy it consumes. Conversely, none of
the Partners reported having disconnected the building from the
district heating system.

More than 60% of the Partner buildings (61%) have focused
on the ventilation/air conditioning and cooling systems. The mea-
sures mostly concern the heat recovery (from 75% up to more than
90%), replacement and proper dimensioning of pumps and fans
(frequency transformers), resizing of the ducts or the overall sys-
tem optimisation (zone regulation, optimisation of operation time,
reduction of flow rates).

The building envelope represents further significant potential
for savings. The Partners have included it in the main measures
in 57% of the cases. Yet, the scope of the improvements of the
envelope systems differs to a large extent. It ranges from total insu-
lation of the building, including the whole building envelope (roof,
facade, ground and windows), to only featuring some parts of the
envelope (such as better glazing or low u-values of the facade).
Specifically, the buildings are equipped with summer heat pro-
tection (11%), which basically means external shading devices to
protect the building from excessive summer heat gains. The shading
devices tend to be movable, electronically controlled and auto-
mated. There were several cases in which vegetation was used as a
natural shading and air temperature reducing instrument.
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Fig. 7. Measures in buildings (%).

Lighting does not usually represent the highest portion of total
energy consumption.® However, lighting also represents one of the
most easily achievable energy efficiency improvements, usually
with very short payback times.” That is why more than half of the
GBP Partners (53%) have included lighting upgrading among the
efficiency measures. The measures mostly entail the use of more
efficient lighting (compact fluorescent lamps, efficient fluorescent
tubes, electronic ballasts, LED lights). To add more savings, lighting
is managed through motion/occupancy detectors, daylight sensors
or through localised lighting.

The Partners frequently install building energy management
and control systems (30% of the cases). The systems (the term often
used is Building Energy Management System, BEMS) control and
monitor all the buildings’ (above-mentioned) equipment, such as
HVAC or lighting. The control systems also help in monitoring
and evaluation of the energy consumption of the buildings, which
provides a basis for further energy savings.

Other measures (23%) included water saving systems, activities
to raise staff awareness and purchase of energy efficient appliances
(mostly office equipment). The water saving system was often used
in leisure centres and hotels, which include spas and swimming
pools, but also in hospitals, where the use of sanitary hot water
is high. The systems include use of rainwater, hot water recovery
systems and low-flow taps.

One fifth of the buildings have installed a photovoltaic system
or solar panels (8% and 11%, respectively). The installed powers
of the PV systems differ greatly. They range from small systems of
4-5kWp to tens of kWp. There is one photovoltaic power plant with
1MW installed capacity. The total installed capacity in GBP build-

6 For instance, as to [7] lighting represents approx. 11% of energy consumption
in the tertiary sector (and 21% of tertiary electricity consumption), five times less
than, e.g., space heating.

7 Similarly to GBP there is also the GreenLight Programme, which is a voluntary
programme focused specifically on lighting.

8 The building management system can be further used to control security or fire
systems.

ings amounts to approximately 1400 kWp. The area of the solar
panels ranges from 5m? to 300 m2.

The effectiveness of solar systems largely depends on climatic
conditions. It is therefore not that surprising that (even though
there are exceptions) the solar and PV systems have mostly been
used in southern countries rather than northern ones. Most fre-
quently (% of the Partner buildings in the country) the PV or solar
systems were used in Slovenia, Portugal and Italy (67%, 62% and
44%, respectively). There is also Hungary (not a typical representa-
tive of a southern country) with 50%. However, the high percentage
in this case pertains to the total number of buildings (2). The solar
and PV systems are far less present in Austria, Germany and Sweden
(17%, 11% and 2%, respectively).

On the other hand, among the GreenBuilding Partners there is
no evidence that the implementation of building envelope mea-
sures is associated with specific climatic conditions or geographical
distribution (Fig. 8).

The Partners implement 3.4 measures per building on average.
The relation between the number of measures and relative savings
(%) is shown in Fig. 9. The numbers on top of the columns rep-
resent the number of buildings in which the respective number
of measures was implemented.® In respect to the average number
of measures, Figure 9 shows that in most buildings three to four
measures have been implemented.

There is a statistically significant relationship between the vari-
able number of saving measures and percentage savings (on a 99%
confidence interval). However, the relationship is very weak and
the fitted models only explain 10% of the variability. It means that,
based on the sample, no real (significant) correlation between the
number of measures and the percentage savings has been found
(only a weak one). Nevertheless, the highest average savings are
achieved when four to five measures are implemented (47.7% and
48%, respectively).

9 The “number of measures” means how many measures, structured as the main
categories in Table 2, were implemented in the respective building.
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Table 3
Economic aspects of the GreenBuilding Partner buildings.
Cost of investment (EUR) Financial savings (EUR/year) Payback time (years) Average savings (MWh/year)
683,744 84,837 9.6 1334
The most frequent combination of measures is HVAC (heating 60% e
and air-conditioning and ventilation), which was implemented in 50% ° 2
50.7% of the buildings that reported on measures. The second most 0% 13 4 67
frequent combination is heating and building envelope (50.2%). ]
The three most common measures that are implemented together 30%
in the GBP buildings are heating, building envelope and lighting 20%
(31.7% of cases), followed by heating, air-conditioning and venti- 0%
lation and building envelope (29.1% of cases). The combinations 0
therefore closely follow the distribution of measures presented in 0% . ) s . s s ;

Fig. 7.

3.5. Economic aspects of selected projects

The economic effectiveness of the projects is one of the prereq-
uisites to become a GreenBuilding Partner and only a few Partners
have reported on this. The economic aspects of the GreenBuilding
Programme buildings could therefore be evaluated only to a limited
extent. Also, there is no common format to report on the economic
features. Therefore, the Partners reported different economic indi-
cators, such as pay back time, Net Present Value (NPV), Internal Rate
of Return (IRR), cost of the investment or the annual cost savings.

Only a small fraction of Partners (22, i.e., less than 8% of the
Partner buildings) reported on the financial features of the energy
efficiency investment. The main conclusions from their reporting
are shown in Table 3.

There were 30 Partners who reported the costs of the
investment.10 In the case of new buildings, only additional costs for
the energy efficient measures were included. On average, the cost
of 1 kWh/year saved was EUR 0.21, or the opposite way, on average
131 MWh/year were saved for EUR 1 of (additional) investment.
This result is, however, skewed by one Partner building in which
the savings were achieved at zero cost. If this one case were dis-
regarded, then EUR 1 of investment corresponds to 32 kWh/year.
When looking at the payback times of the investments, the numbers
vary greatly (Fig. 10).

10 Plus there was one Partner who reported the costs but the overall savings were
not available.

Fig. 9. Average savings (%) per number of implemented measures in the Partner
buildings.
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Fig. 10. Simple payback of the measures. Note: The payback was calculated for 22
Partners who reported both cost savings and the investment costs. The last two
columns represent paybacks of 40 years.

The average simple payback time is 9.6 years. There are several
extreme values in the sample (e.g., a payback period of sev-
eral decades!?). Therefore, the median (6.3 years) probably better
describes the mean value. There are seven buildings in which the
payback time varies around one to four years. Some Partners set
a low payback time (of less than three to four years) as a require-
ment for the energy efficiency measures and adapted the measures

11 There was one building in which the simple payback period exceeded 100 years.
However, there may have been a mistake in the recordings. This extreme value was
disregarded for the calculation of the average.
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accordingly (implementing less costly measures with a short pay-
back time, such as, e.g., lighting).

Five Partners have reported the values of Internal Rate of Return
(IRR) or Net Present Value (NPV) of the projects. The IRR ranged
from 9% to 20% and the NPV from EUR 6800 to 330,000. For other
investments, it may be assumed that the levels of NPV or IRR cor-
respond to the GreenBuilding Partnership criteria.

4. Conclusions

Within the four-year operation of the GreenBuilding Pro-
gramme, a total of 167 Partners have joined with 286 Partner
buildings. The total savings achieved by the Partners are
304 GWh/year. In 2020, the savings will have accumulated to
almost 3.3 TWh. On an individual basis, the maximum savings per
project were 11.8 GWh/year (4% of the overall savings).

Office buildings are the most represented building type among
the Partner buildings and therefore also represent almost half of the
total savings (141 GWh/year). Among countries, the highest sav-
ings so far have been achieved in Germany and Sweden, together
accounting for more than half of the savings (166 GWh/year). The
average percentage savings amount to 41%, which is well above the
GreenBuilding Programme requirements (25%). The highest aver-
age relative savings have been achieved in commercial and leisure
centres (55%).

There is only a weak correlation between the number of mea-
sures and percentage savings. Furthermore, the percentage savings
(statistically) depend neither on the building type nor on the year
of construction of the buildings. From the analysed data it is not
possible to conclude that the older the building, the higher the
potential for savings. Not even for the buildings constructed in the
20th century (which most probably cannot be classified as histor-
ical buildings) has such a correlation been found. However, the
case examples among the GreenBuilding Partners show that pri-
mary energy consumption even in historical buildings can go far
beyond the respective (current) building requirements and such
reconstructions are economically efficient.

The office buildings have been assessed as to their specific
energy demand (in kWh/m?2 y). In the refurbished office buildings
the average decrease in the specific primary energy demand was
85 kWh/m?y. The analysis of GBP office buildings shows that large
potential for savings exists where the original consumption is high;
however, this potential does not seem to be fully utilised in all cases.
On the other hand, even when the original energy consumption is
relatively low, the potential for savings remains significant (tens of
%).

On average, the new office buildings consume 71 kWh/m? y less
than respective building codes in force. The studied cases show that

the Partner buildings can attain energy consumption far below the
reference standards (while respecting the economic efficiency of
the projects) and even below the passive house standards.

In most of the GBP buildings, to achieve the above savings more
than one energy efficiency measure has been implemented. Most
often, it is a combination of three to four measures, but the highest
average percentage savings were achieved through a combination
of four to five measures. Most frequently, these entailed heat-
ing (85% of the buildings), air-conditioning and ventilation (60%),
building envelope (58%) and lighting (53%). The reasons for imple-
menting a number of measures at once are economic effectiveness
as well as design needs. If not done at once, it may leave some of
the measures unimplemented as there may not remain sufficient
potential for savings [8].

The use of sun (photovoltaic and solar panel installations) is
much more prevalentamong GBP Partners from southern European
countries. However, the focus on building envelope (and heating) is
common to most projects without relation to geographical location.

Economic effectiveness is a prerequisite for joining the Green-
Building Programme, all of the projects are assumed to be
economically viable. This is one of the reasons why the Partners
have rarely reported on the economic features of the projects.

The GreenBuilding Programme has been successful over its four-
year operation. The number of Partners is growing steadily. The
aim now is to promote these good practice examples to a wider
public.
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1 | INTRODUCTION

The buildings consume about 40% of energy in developed countries and about 75% of buildings in the European Union
(EU) Member States are considered as insufficient regarding energy efficiency (European Commission, 2016). Therefore,
there is still a significant potential for improvement of the buildings stock and a decrease of energy consumption. To this end,
many supporting schemes regarding EU operational programs or programs at the national level have been set up. However,
the pace of improvement is still not high enough, and neither is the level of monitoring and evaluation.

There has been a vast amount of literature on the expected outcomes of various energy efficiency, renewable energy
sources (RES), and greenhouse gas (GHG) emission schemes and programs (cf. Carley & Browne, 2013; Clinch & Healy,
2001; Karasek & Pavlica, 2016; Sayeg & Bray, 2012). However, the level of detail and accuracy of the monitoring system of
the programs varies greatly (Le Den et al., 2016). Furthermore, the number of ex post evaluations of the real outcomes of such
programs is still inadequate (Le Den et al., 2016; Webber, Gouldson, & Kerr, 2015), especially in small-scale projects.’ Moni-
toring of achieved energy savings is not usually implemented and comparative studies on ex post evaluation are still missing.
The current paper, therefore, contributes in this field by covering ex post evaluation of considerable variability of measures,
including the behavioral aspect of energy consumption.
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The paper evaluates the outcomes of the Green Savings Programme, result of the Green Investment Scheme (GIS) in the
Czech Republic. Based on the evaluation of ex post inspections which took place toward the end of the program, it analyzes
to what extent the expected energy savings from the subsidized projects turned into actual energy and emission reductions.
Furthermore, based on the inspections combined with qualitative interviews with the applicants, it analyzes and discusses the
reasons behind the differences in expected (ex ante) and real (ex post) results. The paper, therefore, contributes to the current
academic debate by providing a thorough insight into the real outcomes of the energy efficiency subsidy program. The results
of the inspections offer a valuable input in the future design of programs as well as evaluations of other, similar policy
measures.

The subsequent sections are structured as follows: The second section presents the Green Savings Programme including
the main outcomes of the program, types of applicants, and measures. It is then followed by a methodological section, which
describes the organization of the inspections, the methods for data acquisition and indicates the logic behind the calculation of
CO; emission reduction. In the fourth section, the quantitative results of the inspections are presented. The next section then
provides an insight into the reasons behind possible differences between ex ante and ex post calculations. A particular focus is
placed on the qualitative aspects of the subsidized measures such as the social impact on households. The last
section concludes and conveys policy implications of the research.

2 | GREEN SAVINGS PROGRAM - OVERVIEW

The GIS is an influential tool to reduce GHG emissions. The states in the GIS are obliged to invest the funds gained through
the sale of Assigned Amount Units (AAUs) in GHG emission saving and environmental protection programs. Under the
Kyoto Protocol for the period of 2008-2012, the Czech Republic achieved an assumed emissions surplus of about 150 million
tons of CO,.cq. (AAUs). About 100 million AAUs could be traded under the international emission trading mechanism
(Karasek, 2011).

The GIS in the Czech Republic has taken the form of the Green Savings Programme (further also referred to as the Pro-
gramme) which ran from 2009 to 2012 and supported energy efficiency and RES measures in residential buildings. These
measures led to an immediate reduction of CO, emissions and will kick-start a long-term trend of sustainable construction.
The State Environmental Fund of the Czech Republic (SEF) has been entrusted with the management of the Programme.

Calculation of CO, emission reduction was carried out under the Programme. The CO, emissions reduction has been
achieved by implementing the Green Savings Programme based upon the applications registered, approved, and paid until
December 31, 2013 across assisted areas. The calculations of CO, emission reduction were provided by SEF, according to a
validated calculation method devised for the calculation of CO, emission reduction under the Green Savings Programme
(Honzik et al., 2014).

According to the Annual Report of the Green Savings Programme in 2013 (SEF, 2014), the total number of applications
registered under the program was 74,117. In total, 80,696 projects were registered by the end of 2013, and the overall dis-
bursed subsidy of applications registered by December 31, 2013 exceeded CZK 20.29 billion.

By December 31, 2014, most of the projects under the Green Savings Programme 2009-2012 already had been provided
with the subsidy. The only projects discussed in 2014 (remaining a few hundred projects) were the ones that showed some
technical or administrative defects. According to the information provided by the SEF, all these projects were completed in
2014. Within the expected lifespan of 15 years, the total reduction of CO, emissions was calculated at 11,765,150 tons.

Figure 1 captures the structure shared by individual subsidy areas in the number of applications, investment costs, allo-
cated subsidy, and CO, emissions reduction. By comparison, this figure identifies measurable costs of reduction regarding
subsidies, as well as total investment costs.

Figure 2 shows that the most effective emission reduction was achieved from biomass boilers and heat pumps with the
highest share between CO, emission reduction and subsidy, that is, the highest greening ratio. The greening ratio means that
the higher ratio achieved, the better efficiency of financial sources reached.” The least effective area from this point of view
was passive energy building standards as the reference consumption is already low.

3 | METHODS

3.1 | Research framework

The methodology chosen to evaluate the results of the Green Savings Programme has two parts. The first part consists of a
comparison of metered (invoiced) data with standardized, ex ante data registered in project documentation of the applicants in
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FIGURE 1 Comparison of subsidy areas via shares on number of applications, investment costs, subsidy, and emission reduction (Karasek & Pavlica, 2016)

the Green Savings Programme. The second part then relies on the qualitative evaluation of the reasons behind the difference
between the expected and real outcomes of the projects. The qualitative part is based on semi-structured interviews with the
applicants. On-site inspections were carried out to obtain the data.

3.2 | Preparation of the inspections and sampling

In 2012, SEF, the administration body of the Green Savings Programme, launched a verification procedure of the outcomes of
the subsidized projects. Such procedure was a condition set by the buying parties of the AAUs. During this process, a total of
206 inspections of energy efficiency measures was carried out to verify the achieved energy and CO, emission reduction. The
present paper builds on these inspections to evaluate the real outcomes of the projects supported by the program.

Often, the applicants bundled energy efficiency measures together (this was also supported by the program in the form of
a bonus). Therefore, in 78 cases, two to three measures were inspected in one site—that is, a combination of two to three
energy efficiency and RES measures was carried out by a single applicant. In total, 124 projects (applicants) were therefore
inspected.

The sample for inspections was selected from a list of applications by the administrative body in cooperation with the
company carrying out the inspections. Only applications in which the measures were implemented at least 18 months ago
were selected. The list of applications contained all relevant data for emission reduction calculations and the calculated CO,
emission reduction. The list was further complemented with specific documentation of selected applications, such as energy
savings calculation, project documentation, and application for the Programme, to make the inspections more relevant.

The sample reflected both the regional diversity of the projects and the diversity in types of measures. The aim was to
cover all 14 regions of the Czech Republic and also to cover sufficiently all of the supported areas (insulation, low-energy
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FIGURE 2  Greening ratio of the subsidized measures (Kardsek & Pavlica, 2016)
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TABLE 1 General CO, emission factors according to Decree no. 425/2004 Coll

General CO, emission factors (t CO,/MWh calorific value)

Coal Light fuel oils Natural gas Electricity® Biomass
0.36 0.26 0.2 1.17 0

? t COo/MWh electricity

houses, biomass boilers, heat pumps, and solar-thermal systems). Also, the inspectors gave particular preference to combina-
tions of the measures, that is, projects in which two to three types of measures were combined. The reason for this was mainly
to have better knowledge of these types of projects, which were to be preferred in the future rounds of the program.

3.3 | Inspections

It was decided to carry out direct interviews with the applicants. Two-member teams visited each site-project. Compared with,
for example, phone or e-mail interviews, such approach allowed to tailor the questions and to lead the interviews depending
on the actual situation at the site and on the quality of documents provided by the applicants. Such method also allowed to
understand the approach of the applicant better and increased the trustworthiness of the results. In the end, it has also
decreased the administrative burden of the inspections.

On-site, the process of inspection went as follows:

Controlling of the project documents;

e Determination of the real energy consumption before and after implementation of the measures, based on energy invoices
(and other relevant available data);

Compliance check of the implemented measures to the project documentation, photo documentation;

Protocol on the inspection.

3.4 | Evaluation

After each round of inspections (in total three), a report on the inspections was elaborated containing quantitative and qualita-
tive analyses.

Based on available data (energy invoices), the inspectors further examined the real ex ante and ex post energy consump-
tion and compared it with the calculated energy and CO, emission reduction from the project documentation.

The CO, emission reduction was calculated as the difference between the CO, emissions before and after the implementa-
tion of the energy efficiency and RES measures within the Green Savings Programme. The calculation used the general CO,
emission factors as to Decree No. 425/2004 Coll. (Ministry of Industry and Trade of the Czech Republic, 2004). The emission
factors are summed up in Table 1.

Hereafter, an example of the calculation of CO, emission reduction for individual subsidized measures in the Green Sav-
ings Programme is provided. More details on the calculation methods can be found in Honzik et al. (2014).

The data were collected from the information included in the applications and stemming from respective energy audits.
Equation (1) shows the calculation of CO, emission reduction for insulation measures.

Savings {ZCOZ} = (Cpp S — CapSar ) %3.6%K, /1000 (1)
year

where cyy is specific annual heat demand in the building before implementation of the measures (kWh/mZ.a), sy is total floor

area of the building before implementation of the measures (m>), c,¢ is specific annual heat demand in the building after imple-

mentation of the measures (kWh/m?.a), s, is total floor area of the building after implementation of the measures (m?), K, is

corrected CO, emission factor according to the type of initial heat source (tCO»/GJ o).

Similarly, the ex post evaluation was based on the structure of energy carriers consumed in the building and on invoices
scanned during the on-site inspections. During the evaluation process, the respective consumption was compared with the ex
ante consumption. According to the energy carrier related CO, emission factor was selected (see Table 1) and the CO, emis-
sion reduction were calculated.® There are some specifics in the program influencing deviations between energy savings and
CO,; emission reduction for ex ante and ex post evaluation.

The difference between the deviations of the energy savings and CO, emission reduction depends on the difference
between the emission factors applied. The emission factors used for ex ante evaluation were different from the emission fac-
tors used for ex post evaluation because ex ante evaluation did not fully cover efficiency of the heating system and this was
corrected via emission factors. The ex ante emission factor includes average efficiency of the heat source and average mix of
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FIGURE 3  Structure of the inspected objects according to the type of buildings

energy carriers, for example, for district heating mix of coal and biomass. The national Decree no. 425/2004 Coll. provides
the emission factors for ex post evaluation according to the main energy carriers. The results for single measures are influ-
enced by the emission factor used. However, statistically the impact is very low. The quantitative analysis of the measures
covered comparison of the CO, emission reduction.

In addition, the inspectors carried out qualitative, semi-structured interviews with the applicants to examine further rele-
vant factors that may have influenced the final energy consumption in the inspected objects (such as the use of the building,
thermal comfort, occupancy of the building, additional heat sources, and other). A discussion with the building owners
about the process, initial expectations, duration of construction works, and overall satisfaction was an essential part of the
interview. The discussion took about 20 min and usually brought explanations to the differences in ex ante and ex post
evaluation.

4 | RESULTS

In total, 206 measures were inspected in 124 objects (buildings) toward the end of the Programme. In 10 inspections
(5 objects), the meeting with the applicant did not happen due to unexpected circumstances on the side of the applicant, there-
fore, in such cases, the verification of the results and implementation of the measures could not be made. However, all
206 inspections (inspected measures and objects) are covered in the overall statistics on types of measures and types of build-
ings, as the measures were carried out.

Roughly three-quarters of the inspected buildings (out of 124 inspected objects) were single-family houses; the rest
were multifamily (apartment) buildings. Of the single-family houses, one third were newly built houses—all in a low-
energy standard, as this was the condition of the Programme. Of the apartment buildings, half were panel houses
(Figure 3).

Over a third of the inspected measures (out of the total of 204 inspected measures) entailed partial or complete thermal
insulation of the buildings (Figure 4). While complete thermal insulation, including the whole building envelope, was carried
out majorly by multifamily houses, partial thermal insulation was preferred by applicants in single-family houses (75% of par-
tial insulations in the sample were single-family houses). In total, 15 single-family houses in the low-energy standard were
inspected (7% of all the inspected measures). Another 17% of the measures covered the installation of new low-emission bio-
mass boilers (either as a replacement of an old, inefficient boiler or as a new installation) and in 13% of the cases, heat pumps
were installed. Twenty nine percent of the measures entailed installation of solar—thermal systems (more than a third only for
hot water preparation, 64% both for hot water preparation and additional heating).

The inspections do not entirely copy the structure of measures in the whole Programme. For instance, in the inspections,
low-energy houses were higher represented than in the whole population (all projects supported by the Programme). Con-
versely, the share of insulation was lower within the inspections, than in the whole Programme (cf. Figure 1). The reason for
this lies in the approach to the selection of the sample for inspections.

Importantly, in 39 cases the verification of the real attained energy savings could not be performed. The main reasons
(apart from the above-mentioned five cases, during which the inspection did not happen) were mainly twofold: the unavail-
ability of invoices (and irrelevant data provided by the applicants) and low level of detail of the invoices.
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Firstly, in about half of the cases, the reason why verification could not be made was that the applicants did not manage to
provide the energy invoices from before and from after implementation of the measures. Furthermore, sometimes the data pro-
vided were irrelevant for the calculation of the energy consumption: for example, the applicant provided the invoice for the
purchase of natural gas, but no data for actual consumption.

Relatedly, in multifamily buildings, the applicants provided invoices only for selected apartments, not the whole house or
all apartments. It was not possible to extrapolate from such data to the whole consumption of the building. Therefore, the cal-
culation could not be made, either.

Secondly, in half of the cases, the invoices for energy (specifically, electricity) consumption were available. However, it
was impossible to extract the specific data on consumption of heat pumps (or solar-thermal systems, and other) from the rest
of the home appliances. In some inspections, an expert estimate of the consumption of the high and low tariffs was made.
However, this was not possible in all the cases, and moreover, the level of precision of such calculation may be rather low. In
addition, the ex post calculation was not carried out for the newly built (low-energy) houses (15 cases). The invoices were not
available as the houses were either not put to use at the time of the inspection yet, or have been in use only for a part of the
year. Therefore, only partial invoices would be available and did not allow for the comparison of energy consumption. Fur-
thermore, even if the data was available, the real energy consumption in the building can only be compared to the value of a
reference building, due to the nonexistence of “before measures” data.

The comparison between the ex ante verified and ex post evaluation could, therefore, be made in 74 objects in total. In
57 of those cases, the ex post CO, emission reduction was lower than the ex ante values, whereas in 17 cases, the ex post CO,
emission reduction was higher than the ex ante evaluation. Figure 5 shows the histogram of the calculated differences between
ex ante (expected) and ex post (real) data. On average, the difference between the two values was 25%, meaning that on
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FIGURE 5 Percentage difference between the expected and real CO, emission reduction of the inspected projects
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average, the ex post data were 25% lower than the ex ante outcomes as calculated in the project documentation of the applica-
tions. The median was 32%.

The CO, emission reduction at multifamily buildings seems more stable than in single-family buildings. In the sample,
there is a noticeably higher share of multifamily buildings, for which the ex post CO, emission reduction was higher than the
ex ante reduction—38% for multifamily buildings compared to 17% for single-family buildings (Figure 6). The reasons for
this are mainly the more compact proportions and stable consumption in multifamily buildings, the higher discrepancy
between the total floor area and actual heated floor area in single-family buildings compared to multifamily buildings. Further-
more, the indoor temperatures in individual apartments in the multifamily buildings will in total converge toward an average
temperature, approaching the normalized values. All these factors lead to the fact that the normalized calculations used in ex
ante evaluations may better reflect the real use of the multifamily buildings.

The average deviation between the real and expected CO, emission reduction of the combination of measures is twice
higher than the deviation of the single measures (15.5% for single measures compared to 30.3% for the projects with combina-
tions of measures). There are several reasons for that. Firstly, the combined measures have higher average savings
(e.g., combination of building envelope and heat source). Secondly, there is much higher impact of the user in combinations
of measures, especially in operation of the heat source, set up of the indoor temperature and number of rooms heated. Thirdly,
the calculation method of CO, emission reduction does not fully cover reduction of the savings for combined applications.
For instance, installation of the solar-thermal collector usually influences the heating system. However, calculation of this neg-
ative synergy for thousands of applications is complicated.

The highest CO, emission reduction has been attained through the installation of biomass boilers (with feeders or accumu-
lator tanks). Heat pumps were found to be suitable in places where natural gas or biomass is unavailable. Solar-thermal sys-
tems have a lower impact in single-family houses as they mainly influence hot water preparation. They seemed more effective
at multifamily buildings.

On the other hand, biomass boilers replacing the coal boilers are not economically effective, that is, do not have return on
investment, even if the efficiency of the new heat source is higher. The reason is that the cost for coal is significantly lower
than the cost for the biomass pellets. It seems that the owners decide on the replacement mainly because of increasing comfort
and positive environmental impact.

5 | DISCUSSION

5.1 | Factors influencing the ex post evaluation

The inspections revealed that the reasons, why differences in ex ante and ex post results occurred, can be categorized into two
main areas: methodical factors and behavioral factors. The two groups are discussed in detail in the following sections.

5.1.1 | Methodical factors

Firstly, the method of calculation of energy performance of buildings for the ex ante energy and CO, emission reduction in
the Czech Republic is given by the Decree no. 78/2013 Coll. on Energy Performance of Buildings (Ministry of Industry and
Trade of the Czech Republic, 2013). It is based on the standardized use of buildings, disregarding (due to methodical con-
straints) the differences in the usage by individual end-users. The inspections, therefore, revealed that the standardized values
of energy consumption tended to differ from the real consumption (before the implementation of the measures), resulting in
discrepancies between the ex ante and ex post evaluations. Relatedly, temperature differences in different years are not taken
into account in the ex post calculations, which also may have caused divergences between the ex ante and ex post calculations.
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In case of larger projects, such as multifamily dwellings, such differences could be mitigated if real consumption was taken as
the background for savings calculations, for instance, an average consumption in the last 3 years, adapted to the long-term cli-
matic average. In case of the Czech Republic, such procedure would be in line with the Decree on energy audits (Ministry of
Industry and Trade of the Czech Republic, 2004).

Furthermore, in some cases, the interviews with the applicants during inspections revealed that wood firing in a fireplace
was used to increase thermal comfort in the buildings before implementation of the energy efficiency measures. However,
such consumption could not be included in the ex ante calculation for the project application. This in turn may have skewed
the results of the ex post inspections.

Similarly, the inspections revealed that in some cases, the heat source was incorrectly categorized in the application, which
meant that a different (higher) emission factor was used in the project calculation, artificially increasing the expected CO,
emission reduction of the project. In one case, the applicant built an extension to the house, while insulating the house, and
almost doubled the floor area of the building. Real consumption of the house therefore almost doubled after implementation
of the measures.

5.1.2 | Behavioral factors

The inspections showed that large part of the differences in ex ante and ex post values in the projects could be attributed to
behavioral aspects of the home-owners.

Firstly, the applicants asserted they changed partly the way they use their homes after implementation of the measures with
different impacts on energy consumption. For instance, thanks to insulation, one applicant claimed they started heating up the
cellar of the house, which was not previously heated. Another applicant said they only rarely used the newly insulated parts of
the house. Both factors are resulting in lower energy and CO, emission reduction than expected in the project documentation.

Conversely, one applicant stated she just ended her parental leave at the same time that the energy efficiency measures
were implemented, which resulted in higher real energy savings than expected in project documentation. Before implementa-
tion of the measures, the house was heated the whole day, whereas, after implementation of the measures (coinciding with the
end of parental leave), the house is now heated only in the morning and in the late afternoon and evening.

In one case, the occupancy of the building changed in the course of the implementation of the measures, increasing from
one to four, therefore increasing the real ex post energy consumption and lowering the resulting energy and CO, emission
reduction compared to the calculated reduction in project documentation. Conversely, in one multi-apartments building, the
actual occupancy was lower than in the projections. That also makes the ex ante and ex post data incomparable.

In several cases, the applicants reported they used wood firing in a fireplace to help heat up their space. In some cases, the
heating in the fireplace was reduced after implementation of the energy efficiency measures (specifically, insulation, change
of the main heat source). However, such heat consumption is hard to be precisely evaluated and incorporated in the calcula-
tions. Therefore, it skews the real energy and CO, emission reduction.

From the data, it cannot be directly said what the relationship between the factors above and the resulting difference in ex
ante and ex post savings is. Often, it is a combination of the factors. In other words, the size of the difference, including the
extreme values (as presented in Figure 4) seems to be rather case specific. More inspections would be needed to allow for dee-
per analysis of the various factors and specificities pertaining to different measures.

5.2 | Qualitative aspects of the implemented measures

Apart from a quantitative evaluation of energy and CO, emission reduction, the inspections also allowed for qualitative assess-
ment of the measures and their implementation, as well as subsidy administration.

One of the primary goals of the inspections was to assess the overall quality of the implementation of the measures. The
inspections found that there were no visible deficiencies in the realization at none of the inspected projects. One of the reasons
for this might be that the subsidized measures could only be carried out by suppliers certified in the Green Savings Pro-
gramme. Relatedly, with a few exceptions, the applicants expressed overall satisfaction with the implementation of the
measures—both with the certified suppliers and with the fact they could realize the energy efficiency and RES measures.

The applicants that have decided to build their houses in low-energy standards almost unanimously reported that they were
happy with the construction companies and the realization of the house. In 2 cases out of 14, the applicants stated they were
unhappy with the construction company (and construction supervisor), and, either did most of the work themselves or hired a
foreign construction company. It was caused mainly by the higher complexity of the projects. It means that the more complex
the project is, the lower the number of construction companies that can finalize the project in a sufficient quality. It brings
new changes to the nearly zero energy buildings and deep energy renovations. There are already construction companies
focused on high standard housing in place. However, their share of the market is still low (Toleikyte et al., 2016).
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The main benefits of the measures mentioned by the applicants were lower costs for electricity and heating and increased
thermal comfort after implementation of the measures. The applicants reported significantly lower energy bills and in some
cases even the fact that in their apartments, they did not even need to heat most of the rooms in winter. The applicants further
enjoyed the increased usage comfort, especially when exchanging the old coal boilers for new, automated biomass boilers,
which do not need to be filled for several days.

Several applicants complained that after insulation of the buildings, they detected mold in the buildings. It is caused by
improper use of the newly insulated houses, especially lack of regular ventilation of the space. The suppliers may not have
correctly instructed the users in this sense.

The applicants were asked, whether they would implement the energy efficiency measures even without the subsidy. From
the 13 replies, six respondents would do the measures even without subsidy (insulation, low-energy house, solar thermal sys-
tems and biomass boiler). In five cases, the applicants said that without subsidy, they would carry out only part of the mea-
sures (leaving out mainly solar-thermal systems) or implemented it differently (thinner insulation of a building, natural gas
instead of heat pump). Two respondents would not implement the measures at all without a subsidy (both for solar-thermal
systems). Even though the sample of respondents is rather small in this case, it shows that the program rightly supports either
the “new” technologies or more complex solutions, such as solar-thermal systems, combinations of measures, and higher qual-
ity of the measures (thicker insulation).

In several cases, the applicants mentioned the principal-agent problem® hindering implementation of energy efficiency
measures in their buildings. One multi-apartment building owner asserted he would not benefit directly from the energy effi-
ciency measures. However, he added that he would still implement the measures, as he expects they will increase the market
value of the building and the apartments.

The slightly different view is the one in the multi-apartment buildings, where the users own each apartment and altogether
the multi-apartment building is managed by the homeowner's associations and condominiums. In such case, the body autho-
rized to implement the measures—the elected committee of the building complained it was somewhat difficult to persuade all
the owners who need to give their consent to carry out the project. It seemed that most owners were unable to foresee the ben-
efits of the measures, including both lower energy bills, increased comfort, and higher market price of their property. One
applicant was so disappointed with the whole process; he claimed that they would consider rather carefully if they were to
undergo the whole process again. On the other hand, another building owner asserted, that once implemented, the project
served as an inspiration for surrounding houses that followed the example and realized similar measures, too.

6 | CONCLUSION

The Energy Efficiency Directive (European Parliament and Council, 2012) is a strong instrument to attain the EU long-term
targets on energy savings and GHG emission reduction. The assumption that lower energy consumption will lead to the
decrease of energy poverty, decrease of energy sources dependency and increase of energy security is a crucial argument. The
highest energy saving potential lies in the renovation of existing buildings. One of the most powerful parts of the Directive is
the Article 7, which aims at achieving new savings of 1.5% each year by 2020.

The Green Savings Programme represents one of the most important instruments of the alternative scheme applied in the
Czech Republic within Article 7 of the Directive. It also remains one of the biggest energy efficiency programs for households
in Europe, as over 150,000 households were involved. Implementation of the Green Savings Programme has shown that this
program has been a new impetus for the development of further energy efficiency projects in the field of residential buildings.
The Programme led to an immediate CO, emission reduction and kick-started a long-term trend of sustainable construction.

In total, 206 measures were inspected in 124 projects, including combinations of measures. The comparison of ex ante and
ex post CO, emission reduction could be performed at 70 projects (56% success rate). In case the ex post calculation could
not be made, the reasons were mostly the unavailability of invoices, low level of detail or the fact that the buildings were not
inhabited yet or for a sufficient amount of time (in case of new buildings).

The inspections showed that there is a significant difference between the ex ante CO, emission reduction and ex post
results (25% on average). The reasons are partly methodical (e.g., calculation methods and norms used for calculation of spe-
cific heat demand, inability to cover other heat sources such as fireplaces), but most can be attributed to the behavioral factors
in the respective buildings. Higher thermal comfort than in the ex ante calculations leads to lower real savings. Similarly,
occupancy or patterns of use of the buildings have a high impact on resulting savings. If the buildings are not fully used for
long-term, the measures have highly lower positive impact.

The paper demonstrates that the ex post evaluation should be a standard part of the energy efficiency program. Even if the
supported projects are small (family houses or building technologies), a sample of applications (units of percent of the whole
population) should be selected where the ex post evaluation would be carried out. Importantly, such research should be
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independent of the inspections implemented for legal requirements (avoiding deceptions). Only in such case, there can be a
useful cooperation between the building owners and the research team.

The results of the paper open the relationship between calculated and measured savings. As only calculated savings are
available before the project implementation, it is necessary to keep it. However, the measured savings are those used in the
national energy balance and targets set up according to Article 7 of Energy Efficiency Directive (European Parliament and
Council, 2012). It means that rules or calculations taking into account behavior of the building user could be set up.

A significant amount of financing has been available under the GIS in the Czech Republic. However, the results of our
research have confirmed that careful evaluation of the supported projects is needed to optimize the programs and to see the
actual effects of the program. In reality, the follow-up program, the New Green Savings Programme running since 2013
involves significantly lower number of households (around 14,000 as of 2018). The program setting does not envisage any
changes regarding ex post evaluation.
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ENDNOTES

"Large-scale projects tend to include ex post evaluation as one of the most important evaluation indicators (Honzik, Kardsek, &
Chmel, 2014).

>The greening ratio indicator (GI) is a nonunit quantity that expresses the effectiveness of funds used from sales of AAU in
reducing CO, emissions. It may be expressed as a ratio of 1 toward the ratio of sold and reduced CO, emissions. The value of
GI may be obtained through the ratio of the investment support in Euros and a multiplication of the price per sold AAU unit
and the amount of reduced emissions expressed in tons of CO,_¢q.

*We did not perform any climatic transformations as their influence compared to the behavioral aspects is small. Moreover,
the paper compares projects from various climatic zones and different years of project implementation and consumption data
collection.

“The principal-agent problem means a barrier of split incentives (Jochem & Gruber, 1990). The owners of the building have
the incentive to invest in the efficiency measure. However, they do not control the use of the efficient equipment and the effi-
ciency gains. The owner also does not receive the benefits of the measure—the tenant pays lower energy bills. Conversely,
the user has little incentive to invest, as there is high uncertainty as to length of the contract (Valentova, 2010).
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