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Energy Policy and Climate Change: A Multidisciplinary
Approach to a Global Problem

Vincenzo Dovi and Antonella Battaglini

Reprinted from Energies. Cite as: Dovi, V.; Battaglini, A. Energy Policy and Climate Change:
A Multidisciplinary Approach to a Global Problem. Energies 2015, 8(12), 13473-13480.

1. Introduction

In the period between the end of the Second World War and the oil crises of 1973 and 1979,
the most critical issues in the energy debate were the impending depletion of non-renewable
resources and the level of pollution that the environment is able to sustain.

At the time, large investments in nuclear energy technologies were the answer to the
growing energy needs, whereas local pollution was reduced by dilution in a wider
environment. By the end of the seventies, it was clear that these policies and approaches were
largely inadequate.

The Three Mile Island accident—the first of a series of catastrophic events—reduced the
diffusion of traditional nuclear reactors around the world. Moreover, also as a consequence,
the development of breeder reactors was abandoned in most countries.

Similarly, the attempt to reduce air and water pollution by using higher chimneys or by
diluting emissions into larger river basins and lakes, while partially mitigating local problems,
was giving rise to severe global issues, including the depletion of the ozone layer, the onset of
acid rains and the eutrophication of coastal waters, among others.

Sustainability became the new paradigm that both the academic world and public opinion
were ready to embrace. By that time, scientists all over the world were starting to raise
concerns about climate change and its impacts at the global level. Research demonstrated the
correlation between carbon dioxide emissions and increasing global mean temperatures. Over
time, the need to reduce fossil fuel emissions to prevent serious climate change grew together
with scientific evidence. Since then, innovation in energy generation, distribution and
consumption has become inextricably tied up with climate change research.

Technology was called upon to improve energy efficiency by providing better building
construction practices and improved industrial design procedures, to foster energy
conservation by developing alternative, less energy-intensive products and to speed up the
transition to a carbon-free energy environment by building up renewable energy sources.

Similarly, science has been committed to developing ever more refined models designed
to predict the consequences of increasing carbon dioxide levels and other greenhouse gases in
the atmosphere.
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However, it soon became clear that science and technology alone could not provide the
solutions for averting or partially alleviating the negative consequences of global warming
and the conflicting objectives of economic growth, affordable prices and sustainability.

Indeed, an interdisciplinary approach including the natural and social sciences as well as
economics and investment theory proved crucial to the development and implementation of
mitigation and adaptation strategies.

What we are experiencing today is a real revolution that is transforming the global energy
sector; it impacts all aspects on how we generate, distribute and consume energy. This
revolution is not just a technological process; it is first and foremost, a societal and political
process in which technology is one determining factor.

Thus, the role of different stakeholders, as well as societal needs and wants, are to be duly
taken into account for the transition to be timely and effective. International agreements, as
well as small and large-scale infrastructure projects to support the transition phase, all need to
be based on a clear vision of the future and require laborious dealings and negotiation skills.

Finally, a strong juridical framework must be put in place at both the national and
supranational levels to provide direction and reduce the risks for investors in implementing
innovative solutions.

A multi-disciplinary approach is at the core of any serious action for sustainable
development: any decision-making on energy issues should consistently pursue the parallel
objectives of preventing serious climate change and protecting the natural environment. A
partial or incoherent strategy could lead to ineffective and unsatisfactory results.

The goal of this Special Issue is to bring together a wide range of disciplines and
technical fields under the same roof of a thematic area, which can be broadly defined as
Energy Policy. Indeed, Energy Policy is called upon to solve some of the most pressing
problems that our society is confronted with, i.e., the prevention of dramatic climate change,
the disruption of food supply chains, the onset of worldwide water stress and the collapse of
political institutions.

As Guest Editors of this Special Issue, we were able to ascertain that this interdisciplinary
position on fundamental issues of Energy Policy is now widespread among scientists and
scholars, who are well aware that a wider and more embracing paradigm should be
established for the Energy Policy Research.

The positive echo from the scientific community, reflected by the number and the quality
of the contributions submitted, proves the significance of this general approach and the
necessity of examining energy issues from a more general perspective, which should
increasingly become part of the general public discourse beyond the strict framework of
academic debates. Society at large needs to be actively involved in developing, suggesting
and supporting possible and sustainable pathways, which are relevant at both the national and
international levels. This will give decision makers the confidence and sense of urgency to
develop and implement necessary policies. This is the main message being conveyed by this
Special Issue.

Indeed, the articles submitted, as well as the ones finally selected to be published, cover a
broad range of thematic areas: science and technology, economics, corporate finance, law,



XVII

public policy, social analysis, national and international issues. As a matter of fact, several
manuscripts straddle different subjects. We regard them as a sign of vitality in academic
research and as a further confirmation of the necessary interdisciplinary character of
innovative Energy Policy Research.

In the next section, we provide a brief review of the papers published, roughly classifying
them according to the previously outlined thematic areas.

2. A Short Review of the Contributions in This Issue

A number of articles can be grouped under the broad heading of Science and Technology.

As far as energy efficiency is concerned, two articles address optimal building
construction practices and adequate industrial design procedures respectively.

Kim et al. [1] show how the optimal design of shading installations can substantially
affect the heating and cooling load for horizontal devices and venetian blinds in office
buildings. The significant potential reduction of up to 13% of energy consumption that might
be reached in Korea reflects the importance of this type of analysis in the construction sector.

In the article by Chew et al. [2], process integration is applied to the important case of
non-negligible pressure drops between plant units. Indeed, process integration, based on pinch
analysis, has become one of the most powerful techniques for efficient process design.
Greeted as a veritable breakthrough in the eighties, pinch analysis has been successively
extended to include the energy optimization of whole industrial sites and the energy
interactions between industrial processes and the surrounding territory.

The role of technology in the development of renewable energy sources is analyzed in
four articles dedicated to wind energy, energy from biomass and small hydropower.

While wind energy technology is approaching a level of maturity allowing it to be
considered a well-established and economically viable source of energy, its very diffusion
gives rise to new problems that the scientific community is called upon to solve.

Thus, the influence of the wind farm wake on the power production of neighboring wind
farms is analyzed by Hasager ef al. [3] using advanced methods based on satellite synthetic
aperture radar observations. Furthermore, as shown by Van Ackere et al. [4], the inclusion of
small and medium turbines in distributed energy systems, though reducing the overall impact
of the spatial footprint, requires more detailed knowledge of the spatial distribution of the
average wind speed.

As for the use of biomass in large centralized systems, Puigjaner et al. [5] show how an
innovative adjustable design platform, conceptually derived from Process Systems
Engineering, can be used for the optimal establishment of biomass-based supply chains,
which constitute an essential requirement for the introduction of co-combustion/co-
gasification projects in the current electricity production scenario.

Punys et al. [6] explore the potential negative impact of small hydropower systems on
environmental aquatic systems due to sudden changes in the flow rate, especially during start-
up and shutdown phases or as a consequence of changes in the electrical load. They provide
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an effective design method which includes the type of turbines employed and evaluate the
largest ramping rate that does not strand or isolate fish populations.

Basic science and advanced engineering methods are employed by Bernardes et al. [7] to
estimate the areas of profitable exploitation of gas hydrate fields in sub-seabed sediments. In
addition to tapping methane hydrates, the technique might provide a suitable storage for a
large amount of carbon dioxide sequestered in power plants and other industrial processes.

Contributions dedicated to corporate policies and investment decisions on energy issues
include five articles.

In particular, Atlason et al. [8] show, on the basis of data related to Iceland’s geothermal
sector, how the establishment of a critical mass of local experts in the maintenance of
innovative infrastructure can give rise to stable clusters based on knowledge and be beneficial
to the further development of the sectors involved.

In the article by Thollander and Palm [9], the introduction of operational measures into
the energy management system of production processes is recommended as an effective
means of overcoming the barriers which reduce the propensity to the adoption of cost-effective
measures. In particular, the authors recommend embedding additional models into the
frequently used input-output analysis for improving the overall efficiency of energy
management systems in the industry. Allowing for periodic adjustments would further
enhance their reliability.

Similarly, Nasirov et al. [10] examine the barriers to the deployment of renewable energy
technologies in Chile, despite the favorable political and economic climate. Using surveys and
interviews, they identify these barriers as being caused by grid limitations, excessive red tape,
scarce credit and uncertain regulations for the lease of physical commodities. The authors
provide recommendations for overcoming these difficulties in the Chilean system.

Kiyar and Wittneben [11] analyze the portfolio management strategies of the four large
electricity providers in Germany and come to the conclusion that the fossil fuel divestment
campaign launched in 2012 (and presently including over two hundred institutions) is not at
the root of their corporate decisions on reducing fossil fuel assets. Rather, they seem to be the
result of a compromise brought about by dropping prices, the current composition of
stockholder equity, political regulations, and the economic and social importance of lignite
extraction in Germany.

Ellenbeck ef al. [12] question the widespread reliance on the sole market design for
secure electricity supplies through the full development of capacity markets at national or
regional level. Using an interdisciplinary approach based on economic analysis and
sociological insight, they theorize that the market as a social institution is capable of shaping
the investment behavior of its participants. The creation of a European Energy Union is
proposed as a possible tool for positively influencing the four behavioral determinants
identified by the authors.

A number of contributions can be classified as evaluations of policy responses to public
problems or as proposals for the modification of existing regulations on energy issues. In
other words, they fall under the broad definition of Public Policy.



XIX

Two articles consider the effectiveness of CO, mitigation measures adopted or
recommended in China. Deng ef al. [13] assess the consequences of the CO; reduction plan
contained in the 12th five-year plan (2011-2015) in each of the 30 Chinese provinces by
analyzing temporal and spatial variations of emissions. Taking into account the considerable
differences encountered in the geographic distribution (mainly between coastal and internal
regions), they suggest different targets for the geographical areas with a view of a more
stringent future reduction of CO, emissions at the national level. Li ef al. [14] use a general
equilibrium model to forecast the consequences of the introduction of two mitigating
measures by the year 2050. In particular, a carbon tax is shown to generate a strong reduction
of emissions in the short term, but a decline of economic growth and innovation in the energy
sector. On the other hand, the expansion of the emission trading scheme would lead not only
to a significant emissions reduction but also to an increased deployment of renewable energy
sources. A combination of the two measures is shown to be the optimal strategy.

Two more articles analyze energy issues in China and, using the resulting outcomes,
recommend the adoption of suitable public policies. Sheng ef al. [15] investigate energy
efficiency in China using estimated shadow prices of energy and comparing them with market
prices for the evaluation of the level of energy utilization. They show that although
considerably higher since 1998, shadow prices are below the market value in eighteen
provinces, which implies an inefficient use of energy. A reallocation of inputs is
recommended to increase overall energy efficiency. Wang et al. [16] analyze the policies
promoting the national industry which produces densified biomass solid fuel from agricultural
and forestry residues in China. They recommend the use of a framework based on the supply
chain steps to eliminate fluctuations in the availability of biomass feedstocks and
consequently enhance the development of this industrial sector.

Benavides ef al. [17] examine the implications of the present 5 US$/tCO,e carbon tax in
Chile and the possible consequences of its increase up to 50 US$/tCOze, using simulation
models. They predict both an emission reduction and a price increase, which depend
parametrically on factors beyond the control of policy-makers, including fossil fuel prices and
non-conventional renewable energy investment costs. Alternative measures are considered
and the resulting emission reductions evaluated.

In their article, Gutierrez-Escolar et al. [18] show that the regulations adopted by the
Spanish government for the limitation of the impact of street lighting on the energy
consumption of Spanish municipalities have missed the nationally set targets. By analyzing
the performances of the various components which make up street lighting, the authors
identify some aspects which should be considered for an efficient use of energy.

Reliable forecasts for the future development of national energy markets play a vital role
in the correct formulation of energy policies by governments and other decision makers’ bodies.

Reid and Wynn [19] investigate the solar power market in the United Kingdom and
estimate that large-scale solar farms, as well as commercial and residential rooftop
installations, will be able to compete in the market without subsidies in the next decade thanks
to expected cost reductions due to technological innovation. The additional grid integration
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costs required by solar power variability could then be weighed against the advantages of
using a secure, environmentally friendly and carbon-free energy source.

The article by Sun et al. [20] has a strong methodological content and includes a new
algorithm for the forecasting of fossil fuel consumption in the generation of electricity at the
national level. Comparing the predictions of their model with the actual data of the Chinese
market, they show the high reliability of their approach.

The analysis of global phenomena and global governance institutions constitutes the basis
of any consistent energy policy capable of tackling the problems to be solved at an
international level.

Scott and Sugg [21] examine, using national and global data, the strong interactions
between water scarcity caused by energy generation in several large and diversified economies
and, conversely, limitations to energy development due to water shortage (especially in arid
areas and small island states). They estimate that a virtuous water-energy-climate cycle is
possible and that it should be fostered through institutional arrangements. To this purpose,
they suggest a number of coupled energy-water policies.

Jéanicke’s [22] attempt to ascertain mechanisms for the global diffusion of climate-friendly
technologies leads to the identification of three interactive, partly overlapping processes based
on virtuous policy-market cycles, the emulation of best practices from domestic markets and
pioneer countries and the integration of vertical and horizontal dynamics in multi-level
systems of governance. Even if the focus is on the European system of multi-level climate
governance, general recommendations are addressed to policy makers.

A strong juridical framework is a prerequisite for any efficient and consistent energy
policy. On the other hand, creating the necessary consensus for the establishment of
international institutions with the appropriate authority to produce binding rulings becomes
more and more arduous with increasing extension of the territorial jurisdiction.

Two articles consider the role of European legislation and the conditions for its enforcement.

Considering a number of European directives and regulations, Ferrara [23] shows that the
progress of smart cities in Europe is critically dependent on the further development of energy
efficiency and renewable energy sources. However, he finds that for the current pledges for an
efficient development of smart cities to be transformed into binding rules at national level, a
clear legal framework should be established.

Klimscheffskij et al. [24] analyze the reliability of the guarantees of origin of sold
electricity by considering the residual mix resulting from the combination of implicit disclosure
systems and explicit tracking procedures. They identify a number of double-counting errors
related to implicit electricity disclosure and suggest the use of a new residual mix calculation
methodology developed in RE-DISS project.

Energy-related decisions have a considerable impact on a number of societal issues,
including a direct influence on peoples’ lifestyles, as well as negative externalities. Indeed,
energy can contribute to the solution of many severe social problems, but it can also aggravate
some of them, reinforcing the necessity of involving all stakeholders in the decision-making
procedure on energy strategies.

This Special Issue contains three articles on energy-related societal issues.
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Stenner and Nwokora [25] question the general validity of Inglehart’s post-materialism
theory even in affluent countries. Using a large cross-sectoral data set, they argue that
particular interests, rather than broad value systems, determine global trends in environmental
attitudes. Accordingly, the environment’s future champions are expected to be the citizens of
the developing nations most at risk of real material harm from climate change and
environmental degradation.

Similarly, Frederiks et al. [26] regard the variables frequently employed to explain
household energy usage as inconclusive. Instead, they suggest that a multitude of factors
should be considered to avoid inconsistent interpretations, which might lead to questionable
conclusions. Understanding the nature and the mechanisms of these factors might provide
useful guidance to policymakers.

Komendantova et al. [27] examine the concerns of local stakeholders affected by the
construction of electricity transmission infrastructure. Since several thousands of kilometers
of new lines have to be constructed and upgraded at the European level to accommodate
growing volumes of intermittent renewable electricity, the dialogue between transmission
system operators and non-governmental organizations, as exemplified by the BestGrid
approach, is crucial. The stakeholders' concerns disclosed in four pilot projects constitute the
main subject of the article. The authors present an analysis of the reasons underlying them and
evaluate the BestGrid process on the basis of the attitudes of the stakeholders involved in the
four projects.

3. Conclusions

It has been argued by the authors of “Limits to Growth” [28] in the 30-Year Update of
their book that “humanity is in overshoot”, i.e., it has exceeded the limits, beyond which any
further evolution can lead to collapse, unless “the damage from overshoot [is] reduced through
wise global policy, changes in technology and institutions, political goals, and personal
aspirations”. Sustainability in energy generation and consumption is one of these limits.

Over the following ten years, more and more evidence has been accumulated suggesting
this program is more pressing than ever. The task of energy policy research is to identify
means and tools of this “wise global policy”. As reflected by the content of this Special Issue,
ingenuity and commitment among members of the scientific community have proven to be
equal to the task: the political institutions are now called upon to urgently put the resulting
knowledge into practice.
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A Study on the Variation of Heating and Cooling Load
According to the Use of Horizontal Shading and Venetian
Blinds in Office Buildings in Korea

Seok-Hyun Kim, Kyung-Ju Shin, Bo-Eun Choi, Jae-Hun Jo, Soo Cho and Young-Hum Cho

Abstract: The construction industry has made considerable energy-saving efforts in buildings, and
studies of energy-savings are ongoing. Shading is used to control the solar radiation transferred
through windows. Many studies have examined the position and type of shading in different
countries, but few have investigated the effects of shading installation in Korea. In this study, the
case of the shading installation according to the standard of Korea, and variations of the heating
and cooling load in the unit area on the performance of the windows were examined. This study
compared the variations of the heating and cooling load in the case of horizontal shading and the
changing position of venetian blinds. This study confirmed that horizontal shading longer than the
standard length in Korea saved a maximum of 13% energy consumption. This study confirmed the
point of change of energy consumption by the Solar Heat Gain Coefficient (SHGC) variations. The
exterior venetian blinds and those between glazing were unaffected by the SHGC. On the other
hand, in the case of a south fagade, the interior venetian blinds resulted in 24% higher energy
consumption than the installation of horizontal shading in case of Window to Wall Ratio (WWR):
80%, U-value: 2.1 and SHGC: 0.4.

Reprinted from Energies. Cite as: Kim, S.-H.; Shin, K.-J.; Choi, B.-E.; Jo, J.-H.; Cho, S.; Cho, Y.-H.
A Study on the Variation of Heating and Cooling Load According to the Use of Horizontal Shading
and Venetian Blinds in Office Buildings in Korea. Energies 2015, 8, 1487-1504.

1. Introduction

The Window to Wall Ratio (WWR) of buildings has increased through the modern advances in
architectural design. As the window area increases, the performance of windows becomes more
important. Most efforts to improve this performance have been based on thermal insulation and
air-tightness, when actually the cooling load is affected by the solar radiation transmitted through
windows in buildings.

The thermal insulation performance and air-tightness performance help reduce the energy
consumption in buildings. In addition, energy labeling, which is regulated in Korea, was proposed
to grade the performance of thermal insulation (U-value, W/m?-K) and air-tightness (flow rate,
m’/h-m?). As a result, the performance of windows has been improved by the manufacturers. On
the other hand, solar heat gain increases the cooling load in summer and decreases the heating load
in winter. This must be controlled appropriately. The Solar Heat Gain Coefficient (SHGC) and
shading were used to consider solar control. Studies of the SHGC and shading are ongoing, and
shading has been studied according to the material and method of installation to determine the most
efficient shading effect. Despite this, few studies have examined energy consumption through a
comprehensive examination of the window orientation and climate.




A range of studies have examined energy consumption in terms of windows. The complex
application of window elements was confirmed [1], and the correlation between energy
consumption and the impact of energy consumption was analyzed by simulation. On the other
hand, they only confirmed energy consumption according to the variation of the window
performance. Therefore, the present study confirmed the variation of the heating and cooling load
by a similar review and a simulation of base modeling. In addition, the effects of heating and
cooling energy consumption and lighting were confirmed by simulation of office buildings [2].
This study confirmed the variation of energy consumption according to the window performance.
A study of the energy performance confirmed the correlation with glazing and windows [3]. The
elements of this study were the U-value and G-value. Another study considered the elements of the
windows for energy consumption and optical comfort [4]. The present study confirmed the
importance of the WWR. A study of the change in energy consumption by the influence of WWR
was published [5]. On the other hand, these studies did not consider the correlation between the
elements of window performance and shading. Studies of a double-skin fagade considered various
shading factors. The intermediate space of the glass-skin is the installation position of shading, as
the shading device is installed in this space. This study confirmed the effects of the shading device
on the interior environment [6,7]. In addition, a study of the double skin fagade design parameters
confirmed that the design process changes according to the variations of the blind position and
reflectance [8]. Studies of the external horizontal shading confirmed the variation of solar radiation
incidence caused by six types of shading in tropical climates [9]. One study of the envelope design
confirmed the effect of the various sunshields in Taiwan [10]. For sustainable design guidelines, a
design parameter affecting the energy performance of shading was proposed, and its contribution of
shading and reflective surfaces on the cooling load was confirmed [11]. Nevertheless, more studies
of the variation of energy consumption according to the shading properties are needed.

The Korean government has provided guidelines and regulations for window installation.
Shading is also defined by regulations in Korea. The guidelines and regulations for reducing the
energy consumption in buildings are not perfect, and any study related to windows must adhere to
the guidelines and regulations of the Korean government. The Building Energy Conservation in
Korea defined shading as blocking solar radiation, and identified exterior shading, interior shading
and between the glass shading as parameters [12]. In addition, the Energy Performance Indicator
(EPI) checks the exterior shading and admits just the auto controlled interior shading. Green building
certification is the proposed standard for decreasing the level of greenhouse gas emissions [13].
This standard proposes the minimum length of horizontal shading to decrease glare and provide
environmental improvements. The minimum length of horizontal shading was determined using
Equation (1):

H
P= tan 4 (1

where P is the length of horizontal shading, H is the horizontal length to shading from the bottom
of the window and 4 is the meridian altitude in summer (90-latitude + 23.5). Figure 1 presents the
length of horizontal shading.



= Interior

Exterior

Figure 1. Length of horizontal shading.

“The Window Design Guidelines for Energy-saving of Buildings” were published the Ministry
of Land, Transport and Maritime Affairs [14]. The purpose of these guidelines is to allow a variety
of designs to consider the energy performance in building design. These guidelines confirmed the
impact of the window design of office buildings on the energy consumption of buildings and
proposed the orientation, WWR and types of windows in each region. In addition, these guidelines
can be used to calculate the energy savings. The guidelines proposed the exterior shading for
energy saving but it was just one case of a length of 600 mm. Table 1 lists the regulation and
guidelines for windows in Korea.

Table 1. Regulation and guidelines for windows in Korea.

Title Section Contents
Desi
. esIen WWR/Orientation
Building Energy performance
C tion Desi Wind
onservation Jesign 1naow Heat transmission coefficient (U-Value)/Air-tightness
Standards performance
Shading Position: Exterior/Between Glazing/Interior
Desi
esign WWR
. performance
Green Building Wind
indow
Certification Heat transmission coefficient (U-Value)/Air-tightness
performance
Shading Proposed minimum length (P) of shading
Design . .
The Window Design g WWR/Orientation
Dy performance
Guideline for Wind
indow . . o
Energy-saving of Heat transmission coefficient (U-Value)/Air-tightness/SHGC
Buildings performance

Shading Optional Exterior shading (600 mm)




The aim of this study was to confirm the energy saving effect of shading installation. Because
the remodeling or new buildings in Korea needs to install shading using the renewed Korean
regulations, this study confirmed the energy saving effects and proposed basic research guidelines
for shading design. In addition, this study referenced the regulations and guidelines in Korea. This
study also confirmed the horizontal shading installation effect. The variation of heating and cooling
load was confirmed by changing the length of horizontal shading. The results were compared
according to the variation of SHGC. In addition, this study confirmed the correlation between the
horizontal shading and the various venetian blind types through the variations of the heating and
cooling load. This study confirmed the energy saving ratio of the various venetian blinds than the
horizontal shading.

2. Standard Building Modeling and Simulation Condition

Standard buildings are needed to confirm the variation of energy consumption of a building
according to the variation of shading. The standard building was not defined in Korea but this study
referenced the standard building in previous research results. The standard building in this study
references “The Window Design Guideline for Energy-saving of Buildings” and uses “unit area”
as defined in the guideline. This method revealed the energy demand and the best way according to
the variation of the window elements at each orientation. The unit space in the standard buildings
was selected; the size of this unit space was 6 m X 4.5 m x 2.7 m. This size is the result of research
that considered the average commercial building by an analysis of various buildings. The gap
between the columns of the building was 6 m, the depth to the considered environment of light was
4.5 m, and the height of the room was 2.7 m [2]. Figure 2 presents a model of the standard building.

2,700 mm

Figure 2. Schematic diagram of standard building modeling.

This study used the simulation tool, COMFEN 4.1, by the Lawrence Berkeley National
Laboratory (LBNL, Berkeley, CA, USA) and simulated standard modeling. This tool is a fagade
design tool based on the Energy Plus engine and provides a systematic evaluation of various
elevations. The Energy Plus engine is normally used to confirm the heating and cooling load in
buildings. Many studies confirmed the accuracy of the algorithm for the daylighting analysis
method [15,16]. COMFEN 4.1 can model the fenestration fagade according to the number of
windows, size, location, glazing, frame, and outside shading. The fagade can select the daylight
controls and has the option of orientating the buildings. The annual energy consumption (heating,



cooling, fan, and lighting) and peak energy were analyzed by comparing the charts [17]. Table 2
lists the simulation conditions and Figure 3 presents the schedule.

Table 2. Simulation conditions.

Section Contents
Heating, Ventilation, Air Conditioning Packaged Single Zone
Temperature Set point Cooling: 24 °C, Heating: 21 °C
Lighting/Equipment Load 16 W/m?/10 W/m?
People 3 people
U-Value of fagade wall 0.4 W/m*K
Simulation period Annual
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Figure 3. Simulation schedule.

3. Analysis of the Heating and Cooling Load with Horizontal Shading
3.1. Variation of Heating and Cooling Load with the Installation of Horizontal Shading

This study examined the heating and cooling load of buildings according to the horizontal
exterior shading installation. The annual heating and cooling load of a building with non-shading
and horizontal exterior shading were compared. The performance of the window was the level of
regulation. The SHGC, WWR and shading length were not proposed standards in the regulation,
therefore, this study referenced previous studies [2]. Table 3 lists the simulation parameters. Figure
4 shows the window area and position according to each WWR. This study used the weather data
for Seoul in Korea. Seoul is located in the Northern Hemisphere, altitude 37.3° and longitude 127°.
The weather data was provided from the Korean Solar Energy Society [18]. In addition, the data

from previous research was used. The length of horizontal shading was calculated using Equation (1),
which used latitude 37.3° for Seoul.



Table 3. Simulation parameter.

Section Contents
Orientation East/West/South/North
WWR 20%/40%/60%/80%
- Type 1 Type 2 Type 3 Type 4
Window Type  U-Value (W/m*K) 1.8 1.8 2.1 2.1
SHGC 0.4 0.6 0.4 0.6
. WWR 20% 40% 60% 80%
Shading
P = Length (m) 0.35 0.5 0.55 0.6

Figure 4. Simulation modeling by WWR.

This study confirmed the simulation result of the south fagade according to the horizontal shading
installation. In the case of WWR 20%, the energy consumption of non-shading was 79-87 kWh/m?-y
and the energy consumption by horizontal shading installation was 78-80 kWh/m?y. In the case of
40%, the energy consumption of non-shading was 93—111 kWh/m?y and the energy consumption
by horizontal shading installation was 86-96 kWh/m*y. In the case of 60%, the energy
consumption of non-shading was 106-137 kWh/m?y and the energy consumption by horizontal
shading installation was 94—112 kWh/m?y. Finally, in the case of 80%, the energy consumption of
non-shading was 122-165 kWh/m?*y and the energy consumption by horizontal shading
installation was 104—129 kWh/m?-y. From the results, this study confirmed an energy saving of 9%
by the installation of horizontal shading in the case of WWR = 40%. The energy saving was 22%
by the installation of horizontal shading in the case of WWR = 80%. Figure 5 shows the variation
of the heating and cooling load by shading installation on the south fagade.

This study confirmed the saving ratio for all orientation fagades using type 4 glazing, and
installation of horizontal shading. The length of horizontal shading was regulation level (0.6 m). In
the case of the south facade, the energy consumption savings increased steadily with increasing
WWR. The maximum saving was 22% at WWR = 80%. In case of the west and east fagades, this
study confirmed the maximum 10% energy saving at WWR = 80%. On the other hand, in the case
of the north fagade, there were no energy consumption savings at WWR < 40%. In addition, in the



case of WWR = 60% and 80%, the energy consumption saving was only 1%. This means that to
reduce energy consumption, the installation of horizontal shading on the south fagade is recommended.
Figure 6 shows the energy consumption saving ratio according to the WWR and orientation.
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Figure 6. Energy consumption saving ratio by WWR and orientation.
3.2. Variation of the Heating and Cooling Load by the Length of Horizontal Shading

The regulations of Korea propose a minimum length (P) of horizontal shading. The length of
horizontal shading in the exterior was calculated using Equation (1). The length was affected by the
window height () and the latitude of Seoul, but the regulation does not explain the reference of
the length of shading. This study confirmed the variation of the heating and cooling load by changing
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the length of horizontal shading, as listed in Table 4. The length of horizontal shading was changed
to 50% from 200%, WWR = 60%, the performance of window was U-value = 2.1 (W/m*-K) and
SHGC = 0.6. Figure 7 shows the energy consumption ratio variation of the heating and cooling
load by the orientation and length.

Table 4. Simulation parameter and case.

Section Contents
Orientation East/West/South/North
5m
60%
WWR
(W:5 m, H:1.94 m)
Room Depth : 45 m
Window U-Value (W/m?-K) 2.1
Performance SHGC 0.6
P (m) Hijtan4 = 1.94/tan(90 — 37.3 + 23.5) = 0.48 = 0.5
hadi Ratio (¢ 1 1 2
Shading CASE atio (%) 50 00 50 00
Length (m) 0.25 0.5 0.75 1
115
EAST

* 110 WEST

2 SOUTH

5 NORTH

x 105

=

0

|

E 100 -

g

8

= 95 -

o

g

NV

85 T T T T

50% 100% 150% 200%

Horizontal Shading Length Ratio
{100% = 0.5m)

Figure 7. Ratio variation of the heating and cooling load with shading length.

The results of WWR = 60% and various lengths of shading confirmed the heating and cooling
load dependence on the orientation and length of shading. The energy consumption ratio is all the
orientation fagades based on the installation of horizontal shading of 0.5 m. In the case of the east
facade, the energy consumption was 150 kWh/m?-y after the installation of horizontal shading.
That length of shading was 0.5 m, which is the level of the regulation. The energy consumption
was 139 kWh/m?-y when the length was 200% (1 m). The energy consumption savings in that case
is 7%. In the case of the west fagade, the energy consumption was 142 kWh/m*-y with a length of
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100% (0.5 m). The energy consumption was 154 kWh/m*'y at a length of 200% (1 m). That case
saved 8% energy consumption. In the case of the south facade, the energy consumption was
112 kWh/m?-y at a length of 100% (0.5 m). The energy consumption was 97 kWh/m?-y for a
length of 200% (1 m). That case saved 13% of energy consumption. In the case of the north facade,
the energy consumption was 111 kWh/m?-y at a length of 100% (0.5 m). The energy consumption
was 109 kWh/m?-y for a length of 200% (1 m). That case saved 2% of energy consumption. This
means that the length of shading needs to be longer than the proposed regulation length to improve
the energy savings. When the length of shading was less than 100% (0.5 m), the energy
consumption ratio increased in all cases. This study confirmed that the heating and cooling load
decreased with a length longer than the length of the regulation. The South fagade showed the most
effective energy savings for an extended shading length.

3.3. Analysis of the Heating and Cooling Load Variation with the SHGC and Shading

From the amount of heat gain from the window, the SHGC of the window affects the heating
and cooling load. This study confirmed the variation of the heating and cooling loads according to
various SHGC values and horizontal shading. In addition, this study found a correlation between
the SHGC and shading. For the analysis, the WWR was fixed at 60%, the U-value of the glazing was
2.1 W/m*K and the length of horizontal shading was 0.5 m. Those conditions are the same as those
listed in Table 3.

From the results of the simulation, in the case of the east facade, the use of the regulation
horizontal shading length and changing SHGC from 0.2 to 0.75 resulted in an increase in energy
consumption from 109 to 150 kWh/m?-y. In the case of the west facade, the energy consumption
was increased from a 107 to 149 kWh/m?-y after changing the SHGC from 0.2 to 0.75. A 37%
(east) 39% (west) increase in the heating and cooling load was observed by increasing SHGC.
Figure 8 shows the variation of heating and cooling load with SHGC. This means that horizontal
shading does not affect the energy consumption in the case of the east and west facades. In the case
of the south fagade, however, the energy consumption was not increased by changing the SHGC
from 0.2 to 0.75. From 0.2 to 0.4 SHGC, the energy consumption showed a tendency to increase
from 97 to 109 kWh/m?-y, which is approximately a 12% increase. On the other hand, from 0.4 to
0.75 SHGC, the energy consumption showed a tendency to decrease from 109 to 105 kWh/m?'y,
which is approximately a 3% decrease. This shows that a high SHGC and horizontal shading
resulted in less energy consumption than at a low SHGC. This study confirmed the correlation
between the horizontal shading and SHGC. In the case of the north facade, energy consumption
was increased from 103 to 125 kWh/m?'y by changing the SHGC from 0.2 to 0.4. On the other
hand, from 0.4 to 0.75 SHGC, the energy consumption changed only slightly, 124—-125 kWh/m?y.
At SHGC > 0.4, in the case of the north fagade, the horizontal shading had a slight effect on the

energy consumption.
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Figure 8. Variation of heating and cooling load with the SHGC.
4. Analysis of the Heating and Cooling Load According to the Type of Venetian Blind

The Building Energy Conservation in Korea has proposed the position of shading. The
guidelines for the venetian blind position vary. To confirm the variation of the heating and cooling
load with venetian blinds, this study compared the case of horizontal shading with the case of the
various venetian blind positions. The angle of the venetian blind was 45°. This study used the
venetian blind types of the interior position/between glazing position/exterior position. Table 5 lists
the simulation case and venetian blind type. Figure 9 shows the type of shading. In the case of
WWR 60% and 80%, and SHGC 0.4 and 0.6 of the window, this study confirmed the heating and
cooling load of a standard building. Table 6 lists the results of the simulation.

Table 5. Simulation parameter and details of various shading.

Section Contents
Orientation East/West/South/North
U-Value 2.1
i Perft
Window Performance SHGC 0.4/0.6
Horizontal WWR (%) 60 80
Shading Length (m) 0.55 0.6
. Angle Width of slat Spacing Thickness
Position
CASE . ©) (mm) (mm) (mm)
Venetian -
. Exterior 76.96 70.1
Blind .
Between glazing 45 4 7.62 1.02

Interior 254 20.07
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Figure 9. Type of shading and venetian blinds.

Table 6. Heating and cooling load variation with horizontal shading and venetian blinds.

Window Heating and Cooling load (kWh/m?)
WWR Shading Type Position Period
Performance East West South North
. . . May—Oct 57.5 58.2 40.7 59.5
Horizontal shading Exterior
Nov—Apr 74.3 76.2 60.0 48.8
May—Oct 55.7 55.5 50.1 57.9
U-Value: 2.1 Exterior
Nov-Apr 49.5 49.5 48.6 44.4
(W/m?-K)
Between May—Oct 51.2 51.7 45.4 54.7
SHGC: 0.4 Venetian blind .
glazing Nov-Apr 59.9 58.9 60.7 54.1
May—Oct 58.6 60.1 47.0 57.9
Interior
Nov—Apr 83.4 85.1 72.3 50.4
60%
May—Oct 57.9 59.6 41.6 55.9
Horizontal shading Exterior
Nov—Apr 91.8 94.6 69.9 54.8
May—Oct 54.4 54.2 47.7 56.8
U-value: 2.1 Exterior
Nov—Apr 52.2 52.6 51.4 45.7
(W/m?-K)
. . Between May—Oct 51.5 52.0 45.6 55.0
SHGC: 0.6 Venetian blind .
glazing Nov-Apr 59.6 58.7 60.4 53.9
) May—Oct 583 60.3 472 56.4
Interior

Nov—Apr 89.2 91.4 76.7 54.0
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Table 6. Cont.

Window Heating and Cooling load (kWh/m?)
WWR Shading Type Position Period
Performance East West South North
. . ) May—Oct 66.1 67.5 46.6 68.8
Horizontal shading Exterior
Nov—Apr 85.7 88.2 66.0 51.7
May—Oct 64.0 63.8 57.1 66.9
U-value: 2.1 Exterior
Nov—-Apr 51.7 52.2 50.7 44.4
(W/m?-K)
. . Between May—Oct 58.0 589 51.0 62.4
SHGC: 0.4 Venetian blind .
glazing Nov—Apr 65.1 64.4 66.4 58.3
May—Oct 68.6 71.1 56.3 67.1
Interior
Nov-Apr 98.2 100.4 82.9 54.3
80%
May—Oct 68.1 70.9 50.3 64.1
Horizontal shading Exterior
Nov—Apr 109.3 113.2 79.1 59.1
May—Oct 62.1 62.0 53.9 65.3
U-value: 2.1 Exterior
Nov—Apr 553 56.2 54.4 46.1
(W/m?-K)
. . Between May—Oct 58.4 59.2 51.4 62.8
SHGC: 0.6 Venetian blind .
glazing Nov-Apr 64.7 64.0 66.1 58.0
May—Oct 68.9 72.0 57.7 65.1
Interior
Nov—Apr 105.8 109.2 88.8 58.3

In case of WWR = 60% and SHGC = 0.4, the case of south fagade, the energy consumption was
decreased by 2% using the exterior venetian blind installation compared to horizontal shading
installation. The energy consumption was increased 5% and 18% by between glazing and interior
venetian blind installation, respectively, compared to horizontal shading installation. In the case of
the east fagade, the energy consumption was decreased 20% and 16% by exterior venetian blinds
and between glazing venetian blind installation, respectively, compared to horizontal shading
installation. The energy consumption was increased 8% by interior venetian blind installation
compared to horizontal shading installation. In addition, in the case of the west fagade, the energy
consumption was decreased 22% and 18% by exterior venetian blinds and between glazing
venetian blind installation, respectively, compared to horizontal shading installation. The energy
consumption was increased 8% by interior venetian blind installation compared to horizontal
shading installation. In the case of the north facade, the energy consumption was decreased 6% by
exterior venetian blind installation compared to horizontal shading installation. The energy
consumption was increased 1% by between glazing venetian blind installation compared to
horizontal shading installation. In the case of interior venetian blind installation, the energy
consumption was the same as case of horizontal shading installation.

At WWR = 60% and SHGC = 0.6, in the case of the south facade, the energy consumption was
decreased 11% and 5% by exterior venetian blind and between glazing venetian blind installation
compared to horizontal shading installation. The energy consumption was increased 11% by
interior venetian blind installation compared to horizontal shading installation. In the case of the
east facade, the energy consumption was decreased 29%, 26% and 1% by exterior venetian blind,
between glazing venetian blind and interior venetian blind installation, respectively, compared to
horizontal shading installation. In addition, in the case of the west fagade, the energy consumption
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was decreased 31%, 28% and 2% by exterior venetian blind, between glazing venetian blind and
interior venetian blind installation, respectively, compared to horizontal shading installation. In the
case of the north fagade, the energy consumption was decreased 7% and 2% by exterior venetian
blind and between glazing venetian blind installation, respectively, compared to horizontal shading
installation. In the case of interior venetian blind installation, the energy consumption was the same
as that of horizontal shading installation.

At WWR = 80% and SHGC = 0.4, in the case of the south facade, the energy consumption was
decreased 4% by exterior venetian blind installation compared to the case of horizontal shading
installation. The energy consumption was increased 4% and 24% by between glazing and interior
venetian blind installation, respectively, compared to horizontal shading installation. In the case of
the east fagade, the energy consumption was decreased 24% and 19% by exterior venetian blind
and between glazing venetian blind installation, respectively, compared to horizontal shading
installation. The energy consumption was increased 10% by interior venetian blind installation
compared to horizontal shading installation. In the case of the west fagade, the energy consumption
was decreased 26% and 21% by exterior venetian blind and between glazing venetian blind
installation, respectively, compared to horizontal shading installation. The energy consumption was
increased 10% by interior venetian blind installation compared to horizontal shading installation. In
the case of the north fagade, the energy consumption was decreased 8% by exterior venetian blind
installation compared to horizontal shading installation. In the case of between glazing venetian
blind installation, the energy consumption was the same as that of horizontal shading installation.
On the other hand, the energy consumption was increased 1% by interior venetian blind installation
compared to horizontal shading installation.

At WWR = 80% and SHGC = 0.6, in the case of the south facade, the energy consumption was
decreased 16% and 9% by exterior venetian blind and between glazing venetian blind installation,
respectively, compared to horizontal shading installation. The energy consumption was increased
13% by interior venetian blind installation compared to horizontal shading installation. In the case
of the east fagade, the energy consumption was decreased 34%, 31% and 2% by exterior venetian
blind, between glazing venetian blind and interior venetian blind installation, respectively,
compared to horizontal shading installation. In the case of the west fagade, the energy consumption
was decreased 36%, 33% and 2% by exterior venetian blind, between glazing venetian blind and
interior venetian blind installation, respectively, compared to horizontal shading installation. In the
case of the north fagade, the energy consumption was decreased 10% and 2% by exterior venetian
blind and between glazing venetian blind installation, respectively compared to horizontal shading
installation. In the case of interior venetian blind installation, the energy consumption was the same
as that of horizontal shading installation. Figures 10-13 shows the saving ratio of heating and
cooling energy consumption according to the type of shading. The result of the simulation showed
generally low energy consumption in the case of the south fagade. In the case of the north fagade,
the simulation showed little change. At WWR = 80% and SHGC = 0.6, the heating energy consumption
was increased 11%—170% by exterior venetian blinds compared to horizontal shading. At WWR = 60%
and SHGC = 0.4, the heating energy consumption was increased 8%—161% by exterior venetian
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blinds compared to horizontal shading. That reason for this is that venetian blinds tended to block
more solar radiation in the winter season than horizontal shading.
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Figure 10. Saving ratio of heating and cooling load according to the type of shading
(WWR 60%, U-value: 2.1, SHGC: 0.4).
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Figure 11. Saving ratio of heating and cooling load according to the type of shading
(WWR 60%, U-value: 2.1, SHGC: 0.6).
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Figure 12. Saving ratio of the heating and cooling load according to the type of shading
(WWR 80%, U-value: 2.1, SHGC: 0.4).
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Figure 13. Saving ratio of the heating and cooling load according to the type of shading
(WWR 80%, U-value: 2.1, SHGC: 0.6).
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In the case of the south fagade, the interior venetian blind resulted in higher heating and cooling
energy consumption because the heating load was increased by blocked solar radiation in winter.
At WWR = 80%, the exterior venetian blind saved 4%—-36% of the heating and cooling load than
the horizontal shading. This means that the exterior venetian blind was more efficient at saving
energy than horizontal shading in a large WWR. In the case of the east and west facades, the
exterior venetian blinds and between glazing venetian blinds improved energy consumption
compared to horizontal shading. The maximum saving ratio was 36% at WWR = 80%, exterior
venetian blind and west facade. In the case of the east and west fagades, the exterior venetian blind
and between glazing venetian blind is more efficient than horizontal shading. Shading the north
fagade had little or no effect on heating and cooling load regardless of the type of shading.

5. Conclusions

This study confirmed the annual heating and cooling load of a standard building by simulation
modeling. The results of this study are as follows:

(1) In the case of horizontal shading installation, the heating and cooling load was lower than the
case of no shading. The decrease in the heating and cooling load was most efficient in the south
facade. Horizontal shading installation reduced the heating and cooling load by a maximum of 22%
in the case of type 4 and WWR = 80%.

(2) Extended horizontal shading (1 m) compared to the regulation level (0.5 m) reduced the
heating and cooling load. In the case of extending the length of horizontal shading, the south facade
showed a maximum 13% decrease in heating and cooling load.

(3) This study confirmed the variation of heating and cooling load by the variation of the SHGC.
In case of the south and north fagades, the heating and cooling load was decreased at SHGC = 0.4.
This means that the high SHGC and horizontal shading is more efficient in energy savings than the
case of a low SHGC and horizontal shading.

(4) A comparison of horizontal shading with various venetian blind types showed that in the
case of the west facade, the energy consumption was decreased 36% by exterior venetian blind
installation compared to the case of horizontal shading installation.

The exterior venetian blinds and between glazing were unaffected by the SHGC. The exterior
venetian blind was more effective in reducing the heating and cooling load than horizontal shading.
In addition, the heating and cooling load of the interior venetian blind was higher than that of
horizontal shading. From the results of this study, our next study will develop indicators and
guidelines for the shading choice. These indicators or the guidelines for the shading design will be
proposed to a designer.
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Total Site Heat Integration Considering Pressure Drops

Kew Hong Chew, Jifi Jaromir Klemes, Sharifah Rafidah Wan Alwi, Zainuddin Abdul
Manan and Andrea Pietro Reverberi

Abstract: Pressure drop is an important consideration in Total Site Heat Integration (TSHI). This is
due to the typically large distances between the different plants and the flow across plant elevations
and equipment, including heat exchangers. Failure to consider pressure drop during utility targeting
and heat exchanger network (HEN) synthesis may, at best, lead to optimistic energy targets, and at
worst, an inoperable system if the pumps or compressors cannot overcome the actual pressure drop.
Most studies have addressed the pressure drop factor in terms of pumping cost, forbidden matches
or allowable pressure drop constraints in the optimisation of HEN. This study looks at the implication
of pressure drop in the context of a Total Site. The graphical Pinch-based TSHI methodology is
extended to consider the pressure drop factor during the minimum energy requirement (MER)
targeting stage. The improved methodology provides a more realistic estimation of the MER targets
and valuable insights for the implementation of the TSHI design. In the case study, when pressure
drop in the steam distribution networks is considered, the heating and cooling duties increase by
14.5% and 4.5%.

Reprinted from Energies. Cite as: Chew, K.H.; Klemes, J.J.; Wan Alwi, S.R.; Manan, Z.A.;
Reverberi, A.P. Total Site Heat Integration Considering Pressure Drops. Energies 2015, &,
1114-1137.

1. Introduction

Pressure drop is an important factor to consider during a Heat Integration (HI) system design [1].
It is especially so with Total Site Heat Integration (TSHI) when distances between the different plants
are large and the heat exchangers are often installed at different elevations within a plant. Pressure
drop is mainly due to frictional losses as the fluids flow through pipes and fittings as well as pressure
losses across the heat exchangers. When the fluids are liquid phase, there is additional pressure loss
due to elevation changes. Failure to include the pressure drop factor in the early stages of design can
lead to serious problems at the later stages. Exclusion of pressure drops when targeting minimum
energy requirement (MER) may lead to too optimistic energy targets resulting in undersizing of
central utilities systems. Neglecting pressure drops at the heat exchanger network (HEN) synthesis
stage may render a proposed design infeasible if the actual pressure drops are higher than that what
is allowable by the pumps or compressors. The need to replace the pumps or compressors may
outweigh the savings from Heat Integration.

Most studies on pressure drop issues are associated with the retrofitting or synthesis of HEN for
a single process. Mathematical Programming (MP)-based methodologies were mostly used to
address the impact of pressure drop in the optimisation of HEN. Polley et al. [2] introduced the
concept of pressure drop targeting in HEN retrofits where the pressure drop is correlated to the heat
exchange area and heat transfer coefficient. The allowable pressure drop is used as an objective to
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optimise the heat exchange area. Ciric and Floudas [3] addressed the pressure drop issue based on
the distances between heat exchangers and used a piping cost factor to minimise HEN modification
costs. Ahmad and Hui [4] considered the pressure drop issue, in terms of distance between processes,
by grouping the processes into “areas of integrity” and incorporated the impact in the methodology
in the form of forbidden matches. Sorsak and Kranvanja [5] extended the Mixed Integer Non-linear
Programming (MINLP) model of Yee and Grossman [6] to optimise the pressure drop and heat
transfer coefficient. The pressure drop across the heat exchangers, both tube and shell sides, were
estimated and considered in terms of pumping costs. Nie and Zhu [7] considered pressure drops in
HEN retrofits by first estimating the pressure drop limits and then tackled the pressure drop
constraints by optimising the area allocation, shell arrangement and use of heat transfer enhancement
option. Panjeshahi and Tahouni [8] proposed a procedure whereby the pressure drop is considered
together with the possibility of pump/compressor replacement when optimising area and utility costs.
Soltani and Shafiei [9] introduced a new procedure which uses a genetic algorithm along with linear
programming to retrofit HEN, including pressure drops. Stream pressure drop is correlated to area
and heat transfer coefficient and the allowable pressure drops are introduced as constraints in the
network optimisation.

Few studies have addressed pressure drops in the MER targeting stage. Zhu and Nie [10]
considered the pressure drop aspect simultaneously with area and utility costs during the targeting
and design stages. The pressure drop estimated for the heat exchanger is used to determine the
optimum minimum approach temperature (A7min) along with area and utility cost in the targeting
stage. Inclusion of pressure drop (for heat exchangers only) in the proposed MP model led to different
network structures and costs. Chew et al. [11] highlighted the significance of considering distribution
piping pressure drop on steam generation from a Site Source. In the case study, the amount of steam
recovered from the Site Source is significantly reduced when steam has to be generated at a higher
pressure level to overcome the pressure drop in the pipes. Without considering pressure drops, the
estimated utility targets maybe too optimistic and would result in undersizing of central steam
generation systems. Liew et al. [12] extended the numerical algorithms, Total Site Problem Table
Algorithm and Total Site Utility Distribution, to consider pressure drops and heat losses in steam
pipes. The utility targets are based on a steam level which is at higher pressure (i.e., to overcome the
pressure drop) and superheated (i.e., at a sufficient degree of superheat such that after heat loss the
steam will reach the user at saturated conditions).

The studies so far have addressed the pressure drop factor in the optimisation of HEN in terms of
pumping costs (based on distance or heat exchanger pressure drops), allowable pressure drop as
constraints or objectives, or forbidden matches. The consideration of pressure drops in MER
targeting has been at the heat exchanger (A7min) or due to distance (steam pipes). None had looked
at the pressure drop implications in a Total Site (TS) context which would encompass distance,
equipment and utility distribution systems. Moreover, the MP-based methods provide few design
insights required by designers [1]. In this paper, the graphical pinch-based TSHI methodology is
extended to consider the pressure drop factor during the MER targeting stage. The methodology
provides a more realistic estimation of MER targets and better understanding of the TSHI design for
implementation later.
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2. Pressure Drop Factor in TSHI
In the established TSHI methodology, the utility targeting are based on temperatures and heat
loads. The overall heat surplus (Source) and deficit (Sink) of the processes in a TS are represented
by the Total Site Profile (TSP). The potential utility generation from the source and heating
requirement of the Sink are shown by the Site Utility Composite Curves (SUCC) which are then used
to set the targets for site heating and cooling utilities requirements [13]. The steam utilities are
generated (from Site Source) and utilised (at Site Sink) at the same temperatures, see Figure 1a,b.

T(C)t
Hot Utility Composite Curve Hot Oil (HO)
(HUCC) /
(Steam generation) High pressure
N e i ittt steam (HPS)
@ 250 °C
Medium pressure
————— — — — — steam (MPS)
Site Source Site Sink @ 200°C
Profile (SS,P) Low pressure
» Profile (SS;P) steam (LPS)
rd / @ 150°C
— Cold Utility Composite Curve
Cooling Wat (CUCCO)
o = (Steam utilisation)
-200 -100 0 100 200
H (MW)
(a) TSP
A
0
T(C) HUCC/SS,P : .
shifted to overlap  Hot utility, Qy
CcucCcC 5 :
250 < _HPS
MPS
200  — — — — =
LPS
150
: Cold utility, Q.:
-200 -100 0 100 200 -
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(b) Utilities targeting

Figure 1. Cont.
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(d) Utilities targeting considering pressure drop
Figure 1. TSHI utilities targeting (adapted from Klemes et al. [13]).

In a TS, the utilities are distributed by an array of headers, sub-headers and pipes. Figure 2 gives
a flow schematic of a TS comprising four plants with hot oil (HO), high pressure steam (HPS),
medium pressure steam (MPS), low pressure steam (LPS) and cooling water (CW) utilities.
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Figure 2. Schematic of a typical utilities distribution system at a TS with HO,
HPS/MPS/LPS and cooling water.

2.1. Steams: HPS, MPS, LPS

The main headers take supply from the boilers and various steam generators which recover heat
from the Site Source. Steam is then distributed to the various plants via sub-headers and distribution
pipes. The main header operates at a sufficiently high pressure to supply steam to the furthest steam
users. Figure 3 gives the process flow diagram of a typical steam generation and distribution system.
Because of pressure drops in the headers, pipes and equipment, steam will be generated at a higher
pressure and used at a lower pressure. The pressures and pressure drops of the steam distribution
system are summarised in Figure 4. As saturated steam temperature is a function of its pressure, the
difference in pressures between generation and usage can be represented by the difference in
temperatures for generation and usage as shown in Figure lc,d. As shown, consideration of the
pressure drop factor will increase the heating (AQn) and cooling (AQc) utilities. In addition, the
discharge head of the boiler feed water (BFW) pumps will have to be specified accordingly and the
information used as input in the cost optimisation exercise.
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Figure 4. Pressures and pressure drops at a steam distribution system.
2.2. Cooling Water

Figure 5 is the flow diagram of a typical CW distribution system. The CW pumps deliver CW to
the various users, i.e., the process coolers, on the TS via the supply header, sub-headers and
distribution piping. Warm CW exiting the coolers is routed to the cooling towers via the return
header. For liquids like water, the temperature is not affected by its flow pressure. As long as there
is no phase change, the pressure drop does not affect the MER targeting. However, the CW pumps
have to be specified for a sufficient discharge head so as to overcome the pressure drop in the
distribution system to ensure adequate volumes of the utility are delivered to the users as required.
For liquid utilities such as CW, the elevation pressure drop due to liquid column static head (above
the pump) is important and has to be considered. The required pump discharge head can then be used
as an input parameter in the cost optimisation exercise.

2.3. Hot Oil

Like CW, pressure drops do not affect MER targeting. Pressure drops due to elevation have to be
included when estimating the discharge head for the HO circulation pumps and used as an input to
the cost optimisation exercise. As with the liquid utilities, the impact of pressure drop on the process
streams are seen in the penalty of additional pumping or compression costs so long as there is no
phase changes, i.e., liquid remains as liquid and gas stays as gas in the pipes. The impact of pressure
drop on TSHI is summarised in Table 1.
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Table 1. Impact of pressure drop on TS.

Fluid MER Targeting Cost Optimisation
Steam e.g., HPS, MPS, LPS  Increase AQy and AQ. Higher BFW pump capital and pumping costs
Liquid utilities No impact Higher utility circulation pump capital and

(e.g., CW, HO, etc.)
(@

pumping costs
Process—Iliquids No impact Higher pump capital and pumping costs

Process—gas No impact Higher compressor capital and compressing costs

@ Assume no phase change, liquid remains as liquid in the pipes;  assume no phase change, gas
stays as gas in the pipes.

3. Pressure Drop Estimates
3.1. Steam Distribution System

Figure 3 is a process flow diagram of a steam generation and distribution system. The main steam
header takes supply from the boilers and process/steam generators which recover heat from the Site
Source. At the process/steam generator, a pressure control valve regulates the pressure at the
heat exchanger ensuring that steam is generated at a sufficient pressure for delivery to the main
header via the sub-header. The pressure drops between the process/steam generator and the main
header, APgG-s:

APg_s = APcy + APp + APsy + APy €))
The pressure drops between the process/steam user and the main header, APs.u:
APs_y = APy + APsy + APp + APcy + APyg 2)

where APcv is the pressure drop across the control valve, APuE is the pressure drop across the heat
exchanger and APp, APsn, APn are the frictional pressure drops in the distribution pipe, sub-header
and header.

The steam is assumed to be saturated and dry throughout the distribution network. Any condensate
dropouts due to heat losses from the insulated pipe to the ambient and/or due to the Joule-Thompson
effects of pressure drops are removed by steam traps located at strategic locations [14]. Heat loss
from a steam distribution system occurs in several ways. In addition to the heat loss from the
insulated pipes to the ambient a majority of the heat loss is through leaks in steam pipes, condensate
return lines as well as steam traps. It is more appropriate to account for steam losses (which have to
be made up by extra steam generation) as a percentage of steam consumption than to use a degree of
superheating in the steam temperature as proposed by [12] to account for heat losses.

The frictional pressure drop in steam lines can be calculated using the Babcock equation [15]:

d+36_W?L

where W is the mass flow (kg/h), L is the pipe length (m), p is the single phase density (kg/m®) and
d is the pipe internal diameter (mm).
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Alternatively, a steam line sizing nomograph, see Appendix 1, can be used for quick estimate of
steam line pressure drops [14]. Commercial software such as Pipe module, which estimate pressure
drop and heat loss in pipes, in the Aspen-HYSY'S process simulator can also be used [16].

3.2. Cooling Water Distribution System

In Figure 5, pressure drop APcw at the CW distribution system, for a process/CW cooler, can be
described as:

APCW = APP + APE + APHE + APCV (4)

where APp is the frictional pressure drop, APk is the elevation pressure drop, APue and APcv are as
described before. Equation (4) can generally be used for other liquid phase utilities such as HO, etc.

3.3. Frictional Pressure Drop in Liquid and Gas Lines, APp

Fluid flow always results in energy losses due to friction. The frictional losses will be have to be
overcome by additional head required on the pump. The pressure drop due to friction can be
estimated by the well-known Darcy-Weisbach equation [17]:

AP = 05p f, LV?/d (5)

where p is the density (kg/m?), L is the length (m), Vis the velocity (m/s) and d is the internal diameter
of pipe (mm). fy is the Moody friction factor, which depends on the Reynolds number (Re) and ¢,
the absolute roughness of the pipe for turbulent flow, typical of fluids flow in plant. Appendix 2 gives
the values of ¢ and f for different pipe materials. These values are the iterative solution of the
Colebrook correlation [17]:
= 2logiy (o + ) 6
N 37d ' Re [, ©)

Equation (5) can be directly applied for liquid lines.

To estimate pressure drop in gas lines within plant or battery limits, the Darcy-Weisbach formula
can be written in a simple form, assuming that the pressure drop through the line is less than 10% of
the line pressure [17]. Pressure drop per 100 m of equivalent pipe length can be written as:

W? 62530 (10%)f
APyoo = e {T} (7
where W is the mass flow (kg/h), p is the single phase density (kg/m?), fis the friction factor and d is

the pipe internal diameter (mm).
3.4. Elevation Pressure Drop for Liquid Lines, APk

For liquid lines, the pressure drop due to static head of liquid column above the utility circulation
pump need to be included. The elevation pressure drop has to be calculated separately using the
following equation which is based on Bernoulli’s Theorem:

AP, = 0.00981 p, Zg (8)
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where p1 is the liquid density (kg/m?) and Z is the elevation of the heat exchanger above the utility
circulation pump centre line (m).

3.5. Pressure Drop across Heat Exchanger, APHE

During conceptual design, the type of heat exchanger or detailed geometry of the heat exchanger
are often not available. Typical values of pressure drop based on company’s guidelines or designer’s
experience can be used. Alternatively, the heat exchangers pressure drop can be estimated using
established equations with some explicit assumptions on the heat exchanger geometries, for e.g., shell
and tube heat exchangers: number of passes, tube diameter, tube length, tube pitch, tube
configurations, baffle cuts, etc. [18].

3.6. Pressure Drop across Control Valve, APcy

The pressure drop across a control valve can be estimated if the characteristics of the control
valve, Cy, is known. A larger pressure drop will increase pumping costs while a smaller pressure
drop will increase valve costs. During the conceptual stage, when the details of the valves are not
known, the usual rule of thumb is to use an allowable pressure drop of 10%—15% of total pressure
drop, or 70 kPa, whichever is greater [19].

4. Methodology

The proposed methodology is presented in Figure 6 and described as follows.

(a) Data extraction

ﬂ ’ (b) Pressure drop consideration

(i) Process data: C<P, Ts, Tt @

T's >g=— (i) Data: Heat exchanger location/elevation,
fluid properties and pipe data

©TSA (if) Calculate pressure drops
u (iii) Determine steam
——  generation/usage

(iv) Determine utility
(i) Process PTA, GCC pumps discharge pressures

X pressures
(ul Extract data for TSP plot

1 (i) Construct SUCC (CUCC/~ <«
Se___ HUCO) .-

L]

Extension to
TSHI methodology

(e) Cost optimisation

Figure 6. Algorithm to consider pressure drops in TSHI.

(a) Data extraction—extract stream and utilities data, i.e., heat capacities (CP) and temperatures.

(b) To consider the pressure drop factor in TSHI:
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(i)

(i)

(iii)

(iv)

Information on the location of the heat exchangers, fluid properties and pipe data are required
in order to estimate the pressure drops. Location and elevation of the heat exchangers can be
obtained from the site plot plan, individual plant layout and elevation drawings. Fluid
properties such as mass flow and density can be extracted from the heat and mass balances.
Pipe data required are the internal diameter and roughness factor. For each plant on site,
determine the header, sub-header and pipe lengths based on the process/utility heat
exchangers located furthest from the reference point and the process/utility heat exchanger at
the highest elevation.

The pressure drops can be estimated using the equations given in Section 3. Alternatively,
pressure drops can be based on the typical AP per unit length for pipes, control valves and
heat exchangers available from company guidelines or designer’s experiences.

Determine steam generation/usage pressure and corresponding steam saturation
temperatures. Referring to Figure 3 again, the steam usage pressure, Pu, is the steam pressure
at the steam/process heater, furthest from the utility reference point:

Py =APs_y + Py )

where, Pu is the header pressure.
The steam generation pressure, Pg, is the steam pressure at the process/steam generator
furthest from the utility reference point

Pg = Py + APg_g (10)
The steam saturation temperatures at Pu and Pg can be obtained from the steam tables.
Determine utility pumps discharge pressure.
Referring to Figure 5, the CW pump discharge pressure reads as:
Ppymp = Ppgs + APcw (11)

where subscript DES denotes destination, at the process/CW cooler furthest from the
CW pumps.

(c) Carry out TS analysis:

(@)

(i)

Prepare the TSP from individual process PTA and GCC [13]. The utility usage
and generation are directly interpolated on the TS-PTA at the respective utilities
temperatures [20]. An example of the TS-PTA is given in Table 3.

A graphical representation of the SUCC can be obtained from the TS-PTA, see Figure 8.

(d) Utilities targeting—Steam is generated and used at different temperatures due to the pressure

drops in the steam distribution network. The TS energy targets are determined using the

pinch-based graphical and algebraic method [20].

(e) Pressure drops determined for liquid utility systems can be used as an input to the cost

optimisation in terms of higher pumping cost and the constraints in allowable AP.
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5. Illustrative Examples

The TS consists of four plants A, B, C and D with hot oil (HO), HPS, MPS, LPS and cooling
water (CW) utility systems as depicted in Figure 2. A simplified plot plan and elevation drawing is

given in Figure 7.
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(b) Plant C elevation view
Figure 7. Simplified plot plan and elevation drawing for the TS.

For LPS, Pu-Lps is governed by stream C1/LPS heater at Plant D, located furthest from the main
LPS header, while Pa-Lps is governed by stream H1/LPS steam generator at the same Plant D. For
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MPS, Pu-wmps is governed by stream C1/MPS heater at Plant C located furthest from the main MPS
header while Pc-mps is governed by stream H1/MPS steam generator at the same Plant C. For HPS,
Pu-nps is governed by stream C1/HPS heater at Plant C, located furthest from the main HPS header.
There is no HPS steam generation on site.

A summary of the stream data, layout and elevation information for the estimation of pressure
drops is given in Table 2. Figure 8 shows the TSP and SUCC of the TS. The results of the pressure
drops estimation and the corresponding steam generation and usage temperatures for the steams and
CW distribution networks are summarised in Table 3. Table 4 gives the modified TS-PTA by which
the utilities usage and generation are interpolated from the Site Sink and Site Source PTA. The
revised SUCC, with consideration for pressure drops, are superimposed on Figure 8.

Table 2. Summary of input data for TS analysis.

. 7 7 Length, L/Elevation, E
Process  Stream MWPC) @ é) © é) Lu Lsan Lr E Heat exch. Furthest from
(m) (m) (@m) (m) Utility Reference Point

A HI 0.35 260 225
H2 1.15 260 195
H3 0.50 195 130
Cl 1.25 240 255
C2 0.65 175 260
C3 0.20 155 205
B Hl 0.36 260 175
H2 0.60 260 115
H3 0.75 175 95
Cl 1.10 175 255
C2 0.20 1o 175
C3 0.89 95 155
C HI 0.62 225 155 300 50 90 HI/MPS
H2 0.32 195 95
H3 1.00 130 85 320 60 100 40 H3/CW
Cl 0.60 110 240 300 50 85 CI/HPS, C1/MPS
C2 0.40 155 240
C3 0.70 110 175
D HI1 0.41 130 8 300 50 90 HI/LPS
H2 0.10 110 80
H3 0.15 95 70
Cl 0.20 90 140 300 50 80 CI/LPS
C2 0.50 60 110
C3 0.40 50 100
Utility (OTCS) (OT(;)
HO 300 260 AT minpp is 20 °C
HPS 250 - AT minpu i 15 °C
MPS 200 -
LPS 150 -
CW 25 45

() Piping lengths are only extracted for those heat exchangers furthest from the utilities reference point,
i.e., which govern the steam generation and usage levels and utility circulation pump sizing. Only steam
and CW are considered.
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Figure 8. Simplified plot plan and elevation drawing for the TS.

Due to pressure drops in the headers, sub-headers, piping and across control valves and heat
exchangers, steams have to be generated at a higher value than their usage. A comparison of utility
targeting with and without consideration of pressure drop is given in Table 5. The impact of pressure
drop is more notable for steam at low pressure, due to its higher volumetric flow. From Table 3,
the differences in steam usage and generation temperatures are 18.1 °C and 7.7 °C for LPS and MPS.
From Table 5, the overall heating utilities increases by 14.7 MW (14.5%) and the cooling utility
increases by 4.7 MW or (4.5%) when pressure drop is taken into consideration. The HPS requirement
increases by 3.4 MW, the MPS usage increases by 11.9 MW while LPS usage reduces by 14.4 MW.
Excluding pressure drop could lead to over estimation of the amount of steam that can be raised
at the Site Source for HPS and MPS leading to the undersizing of central HPS and MPS
generation capacities.
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The pressure drop in liquid utilities does not affect TSHI MER targeting, however it should be
considered and used as an input parameter when evaluating the TSHI options for economic
evaluation. Exclusion of pressure drops will lead to undersizing of pumps or compressors leading to
infeasible design solutions, and expensive re-design at the detailed design stage.

6. Conclusions

A systematic methodology that considers pressure drops in TSHI utility targeting has been
developed. The case study proved that ignoring pressure drops in TSHI design led to optimistic MER
targets and resulted in undersizing of external steam generation capacity. While pressure drops of
liquid utilities such as water do not affect MER targeting, the pressure drop information should be
incorporated in the economic evaluation of TSHI options. Pressure drops due to pipe friction,
elevation changes and pressure drops across control valve and heat exchangers all need to be
accounted for. Incorporation of pressure drops leads to closer to real life MER targeting and design.
The proposed methodology can benefit from the visualisation advantages of the graphical method
and from the precision of the numerical method and should be of the benefit to both industry and
academia [21].
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Appendix 1. Steam Line Sizing Chart—Pressure Drop (Spirax Sarco, 2014).
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* Select the steam pressure at the saturated steam line (7 barg), A;

*  From A, draw a horizontal line to the steam flowrate (286 kg/h) and mark B;

* From B, draw a vertical line to the top of nomograph, C;

* Draw a horizontal line from 0.24 bar/100 m (allowable DP) on the pressure loss scale (DE);
* Point which BC crosses DE will indicate the pipe size required.
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Appendix 2. Relative Roughness of Pipe Materials and Friction Factors for Complete Turbulence

(GPSA, 1998).
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Abbreviations

BFW Boiler feed water

cuccC Cold Utility Composite Curve

Ccv Control valve

CcwW Cooling water

FC Flow control

GCC Grand Composite Curve

HE Heat exchanger

HEN Heat exchanger network

HI Heat Integration

HO Hot oil

HPS High pressure steam

HUCC Hot Utility Composite Curve

LC Level control

LPS Low pressure steam

MINLP Mixed integer non-linear programming
MP Mathematical Programming

MPS Medium pressure steam

MER Minimum energy requirement

PC Pressure control

PTA Problem Table Analysis

SUCC Site utility Composite Curves

SSiP Site Sink Profile

SSoP Site Source Profile

TC Temperature control

TS Total Site

TS-PTA Total Site Problem Table Analysis
TSHI Total Site Heat Integration

TSP Total Site Profile

VHPS Very high pressure steam
Nomenclature

CP Heat capacity flowrate, MW/°C
d Pipe internal diameter, mm

€ Pipe roughness factor, m

Qe Cooling utilities heat flowrate, MW
Oh Heating utilities heat flowrate, MW
H Process heat flowrate, MW

AP Pressure drop, kPa

ATmin Minimum approach temperature, °C



AT min-pp
A Tmin—pu

Subscripts

cv
cw
DES

E

=Y v~z ma™m

Minimum approach temperature between process and process, °C
Minimum approach temperature between process and utility, °C
Moody friction factor

Length, m

Pressure, kPag

Reynolds number

Density, kg/m®

Temperature, °C

Shifted temperature for process PTA, °C

Double shifted temperature for TSP plot and TS-PTA, °C
Velocity, m/s

Mass flow, kg/h

Elevation, m

Control valve
Cooling water
Destination
Elevation
Friction
Generation
Header

Heat exchanger
Liquids
Piping

Return

Steam

Supply
Sub-header
Target
Utilisation
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Using Satellite SAR to Characterize the Wind Flow around
Offshore Wind Farms

Charlotte Bay Hasager, Pauline Vincent, Jake Badger, Merete Badger, Alessandro Di Bella,
Alfredo Pefia, Romain Husson and Patrick J. H. Volker

Abstract: Offshore wind farm cluster effects between neighboring wind farms increase rapidly with
the large-scale deployment of offshore wind turbines. The wind farm wakes observed from Synthetic
Aperture Radar (SAR) are sometimes visible and atmospheric and wake models are here shown to
convincingly reproduce the observed very long wind farm wakes. The present study mainly focuses
on wind farm wake climatology based on Envisat ASAR. The available SAR data archive covering
the large offshore wind farms at Horns Rev has been used for geo-located wind farm wake studies.
However, the results are difficult to interpret due to mainly three issues: the limited number of
samples per wind directional sector, the coastal wind speed gradient, and oceanic bathymetry effects
in the SAR retrievals. A new methodology is developed and presented. This method overcomes
effectively the first issue and in most cases, but not always, the second. In the new method all wind
field maps are rotated such that the wind is always coming from the same relative direction. By
applying the new method to the SAR wind maps, mesoscale and microscale model wake aggregated
wind-fields results are compared. The SAR-based findings strongly support the model results at
Horns Rev 1.

Reprinted from Energies. Cite as: Hasager, C.B.; Vincent, P.; Badger, J.; Badger, M.; Di Bella, A.;
Pefia, A.; Husson, R.; Volker, P.J.H. Using Satellite SAR to Characterize the Wind Flow around
Offshore Wind Farms. Energies 2015, 8, 5413-5439.

1. Introduction

In the Northern European Seas offshore wind farms are planned as clusters. The wind farm wake
from one wind farm thus has the potential to influence the power production at neighboring wind
farms. The expected wake loss due to wind farm cluster effects is investigated in the present study.
The wind farm wake cluster effects are strongly dependent upon the atmospheric conditions. These
vary spatially and temporally. One remote sensing method for observing ocean surface winds is
satellite Synthetic Aperture Radar (SAR). The advantage of SAR is that a large area is observed and
several wind farms are covered. The derived wind map from SAR provides a snapshot of the wind
field during a few seconds at the time of acquisition.

In the satellite SAR data archives covering the North Sea, thousands of wind turbines are visible
as white dots in calm conditions. For low wind speed the backscatter signal over the ocean is low
and the images appear dark while hard targets such as wind turbines and ships provide high
backscatter and the objects appear very bright. During windy conditions wind farm wakes are
sometimes visible as dark elongated areas downwind of a wind farm while the surrounding seas
appear brighter. This is a result of the differences in wind speed with reduced winds downwind of
large operating wind farms. The intensity of backscatter of microwave electromagnetic radiation
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from the ocean surface is a non-linear function of the wind speed over the ocean. The physical
relationship is due to the capillary and short gravity waves formed at the ocean surface by the wind.
For higher wind speeds the backscatter is higher.

Previous wind farm wake studies based on SAR from ERS-1/-2, Envisat, RADARSAT-1/-2,
TerraSAR-X and airborne SAR show great variability in wind farm wakes [1-4]. This reflects the
natural variability in atmospheric conditions at the micro- and mesoscale. Wind farm wakes are often
not clearly visible in the SAR archive data. This may be explained by wind turbines out of operation
or presence of oceanic features, e.g., bathymetry, currents, surfactants. However, the great variability
in the wind field is most likely a major cause.

In order to show that wind farm wakes are detectable from SAR, we present in this study one case
based on RADARSAT-2 ScanSAR Wide. This scene is a good example where ideal conditions for
wake analysis occur and the coverage is just right for capturing 10 large offshore wind farms located
in the southern North Sea. We compare the instantaneous SAR-based wind farm wakes to micro- and
mesoscale wake model results.

For the rest of our SAR wind archive, we wish to find out if wakes can be detected even if they
are not so clearly visible. We first use a simple method which has some disadvantages. Next we apply
the aggregated method to overcome some of these disadvantages.

This is the first time that a suitable number of SAR scenes covering several large operating winds
farms have become available [5]. The present study focuses on the wind farm wake climatology
using many overlapping SAR scenes. The wide-swath-mode (WSM) products from the Advanced
SAR (ASAR) on-board Envisat are selected. This data source is sampled routinely so there are many
more samples but with less spatial detail (original resolution 150 m) than those used in previous
studies (of the order 5 to 30 m spatial resolution) where the data are rare and infrequent and only
sampled upon request [1-4]. It is questionable whether wake effects can be detected from Envisat
ASAR WSM data as we cannot always visually see the wind farm wakes. However, we hypothesize
that the combination of many satellite samples will show an aggregated effect of the wind farm wakes
on the mean wind climate in the area. The SAR-based wind farm wake climatology results therefore
can be used to validate wake model results. The wind farm wake climatology can be modelled by
micro- and mesoscale models but perfect agreement cannot be expected between SAR and wake
model results. This is due to the different nature of data with SAR based on the sea surface while
wake models operate around wind turbine hub-height.

The main topic of the study is on the potential of using SAR for characterization of wind flow
around offshore wind farms. Our mission is to find out how to best utilize SAR for wake mapping.
Three modes of investigation are considered: (1) Wind flow observed at 10 offshore farms with wind
farm wakes concurrent in one SAR scene; (2) Wind flow observed at two wind farms concurrent and
wind farm wakes average value based on 7 to 30 SAR scenes; (3) Wind flow observed at one wind
farm at a time and the aggregated wind farm wake based on 100 to 800 SAR scenes. Basic
information on the three modes of investigation is listed in Table 1. The advantages and limitations
of each investigation mode in regard to wind farm wake model comparison are provided. Selected
wake model results are presented as demonstration for each of the modes. Presenting the three modes
in such an order clearly shows the evolution of wake studies using SAR.
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Table 1. SAR source, number of wind farms covered in the method, number of SAR
scenes used in each method for wake identification based on no averaging, geo-located
SAR wind field averaging and rotated SAR wind field averaging. The spatial resolution
of the wind fields are given. The Section in this paper where each mode is presented is
also indicated.

. Number of Number of . Analysis Resolution A
Satellite Data . Averaging Section
Wind Farms SAR Scenes Type (km)
RADARSAT-2 10 1 None Qualitative 1 3
Envisat ASAR 2 7-30 Geo-located  Quantitative 1 4
Envisat ASAR 1 100-800 Rotated Quantitative 1 5

The structure of the paper includes in Section 2 a description of the study site, satellite data and
the two wake models used. In Section 3 the results from the case study based on RADARSAT-2 and
the results from two wake models are presented and discussed. Section 4 presents the Envisat
SAR-based wind farm wake climatology based on simple averaging of the wind fields at Horns Rev
1 and 2 wind farms and comparison to results from one wake model. Section 5 gives introduction to
the new methodology developed in which the wind field maps are rotated such that the wind is always
coming from the same relative direction. The Envisat SAR-based results from the new methodology
as well as wake model results from two models are presented and Envisat SAR-based results from
four other wind farms are presented. In Section 6 is the discussion of results. Conclusions are given
in Section 7.

2. Study Site, Satellite SAR and Wake Modelling
2.1. Study Site

Wind flow around the wind farms in the southern part of the North Sea is investigated. The wind
farms studied are listed in Table 2 and the location of most of the wind farms is shown in Figure 1.
Those not shown in Figure 1 are the Alpha ventus wind farm located in the German North Sea and
Horns Rev 1 and 2 located in the Danish North Sea. The information in Table 2 includes the year of
start of operation and key data on the wind turbines and area covered.



48

. l . COLLECTE LOCALISANON SATELLITES

RS-2 20130430 17:41:53 UTC SAR intensity image

51°30'N

Figure 1. RADARSAT-2 intensity map of the southern North Sea observed 30 April
2013 at 17:41 UTC. The blue lines outline wind farms and the red arrows the wind
farm wake.
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2.2. Satellite SAR

SAR data from RADARSAT-2 and Envisat ASAR WSM are used. From RADARSAT-2 only
one scene is investigated. It is ScanSAR Wide in VV polarization. The wind field retrieval requires
input information about the wind direction. From the RADARSAT-2 image the wake direction has
been estimated as 40° and using this input for wind direction, wind speed has been retrieved using
CMOD-IFR2 [6]. It is the equivalent neutral wind (ENW) at the height 10 m. The calculated wind
speed is presented in Figure 2a. The original ScanSAR Wide product has spatial resolution 100 m.
The spatial resolution is reduced to approx. 1 km in connection with the processing of wind fields.
This is performed to eliminate effects of random noise and long-period waves.
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Figure 2. (a) Satellite 10-m SAR wind retrieval observed 30 April 2013 at 17:41 UTC
and (b) modified PARK wake results at 70 m for the wind farms in the UK and Belgium.
The wind direction used for the modeling is indicated with the black arrow.

The Envisat ASAR data were processed to wind fields as part of the project NORSEWInD [5].
The wind field retrieval gives the ENW at the height 10 m. For processing of large image archives,
it is desirable to use wind direction information from an atmospheric model. In this case the wind
directions were obtained from the European Centre for Medium-Range Weather Forecasts
(ECMWF) model and interpolated spatially to match the higher resolution of the satellite data.
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Further details about the SAR-wind processing chain, which was setup by Collecte Localisation
Satellites (CLS), are given in [5]. The original WSM product has spatial resolution 150 m. The spatial
resolution is to approx. 1 km in the wind field.

2.3. Wake Modelling with PARK and WRF

A modified version of the PARK wake model [7], also implemented in the Wind Atlas Analysis
and Application Program (WAsP) [8], is here used for wake calculations. The main difference
between this modified version and that in WASP is that the former does not take into account the
effects of the “ground reflecting back wakes” and so it only takes into account the shading rotors
both directly upstream and sideways. The PARK wake model is based on the wake deficit suggested
by [9], who derived a mass-conservation-like equation for the velocity immediately before a turbine
u2, which is affected by a wake:

[ ]

a

r

where ui1 is the upstream wind speed, a the induction factor which is a function of the thrust
coefficient (Cr), kw the wake decay coefficient, x the downstream distance and 7+ the turbine’s rotor
radius. The square of the total wake deficit is estimated as the sum of the square of all contributing
wake deficits. We implemented the model in a Matlab script. This allows us to compute wake deficits
at any given point. The wake model can be compared to satellite derived wind maps which contains
information over a large area. We use kw = 0.03 for the wake computations.

The Weather Research and Forecasting (WRF) mesoscale model [10] is also used for wake
modelling. The advantage of WRF is that the dynamic synoptic flow is considered. The
computational cost is much higher than that for the PARK model though.

Mesoscale models have been developed to simulate the atmosphere flow over areas on the order
of hundreds of kilometers. Due to their low horizontal resolution unresolved processes, such as
turbulence and turbine induced wakes have to be parametrized. In common wind farm
parametrisations [11-16] the local turbine interaction is not accounted for, instead the wind speed
reduction within the wind farm is obtained from the interaction between the turbine containing
grid-cells. The Explicit Wake Parametrisation (EWP) is used for the parametrization of wind
farms [16]. In this approach a grid-cell averaged deceleration is applied, which accounts for the
unresolved wake expansion with the turbine containing grid-cell. Turbulence Kinetic Energy (TKE)
is provided by the Planetary Boundary Layer (PBL) scheme from a changed vertical shear in
horizontal velocity in the wake. The EWP scheme is independent of the PBL scheme, although, a
second order scheme is recommended.

We use WRF V3.4 with the selected mesoscale model physics parametrizations: PBL [17] (MYNN
2.5), convection [18] (Domain I and II), micro-physics [19], long-wave radiation [20], shortwave
radiation [21], land-surface [22] and Nudging of U and V in the outer domain (outside PBL). The number
of grid cells in the innermost domain were 427 times 304 in the x and y direction, with a 2 km
grid-spacing. We used [16] for the wind farm parametrization.
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The model outer domain is driven by ERA-Interim reanalysis data [23] and two nests are inside.
The horizontal resolution for the three domains is 18 km, 6 km and 2 km, respectively. The inner
nest is run twice, without and with the wind farm parametrization. The number of vertical layers is set
to 60. The second mass level is at around 12 m above sea level and it is used for the comparison to
the satellite images.

3. Case Study Based on RADARSAT-2

The case study is based on the RADARSAT-2 scene from 30th April 2013 at 17:41 UTC (selected
from around 30 images with visible wakes). Figure 1 shows the backscatter intensity map. The wind
is from the northeast and the map shows elongated long dark areas downwind of most of the wind
farms. These are the wind farm wakes. The approximate extent of the individual wind farm wakes is
outlined in the image. The longest is at Belwind around 55 km long while at Thornton Bank it is 45 km,
London Array 15 km and Thanet 14 km. At Kentish Flat the wind farm wake is only 10 km long but
it is probably passing over the coast and inland in the UK. This cannot be mapped from SAR. It
should be noticed that all wakes are very straight and with similar direction. In the intensity map the
wind turbines can be seen as small regularly spaced white dots while numerous ships can be noted
in irregular spatial pattern. Some large ships show higher backscatter than the turbines.

The retrieved wind speed map is shown in Figure 2a. The wind speed in the northern part of the
map is slightly lower than in the southern part. Yet the synoptic flow appears to be fairly homogenous
across the entire area. Coastal speed up is seen particular near the UK and Belgium coastlines. The

wind speed varies around 8.5-9.5 m-s™!

in areas not affected by wind farms while the wind farm
wake regions show lower wind speed around 7-8 m-s™' dependent upon location. The wake at
London Array is very wide and it appears to influence Kentish Flat at this time. The wake at London
Array has a large wake deficit with much lower wind speeds in the wake than in the upwind free
stream region. Wake meandering is not pronounced.

The case illustrates a rather unique situation. Firstly because we observe wakes in the satellite
image for all wind farms distributed in a large area of the North Sea (all farms in the area show clear
speed deficits). Secondly the wind speed and wind the direction do not seem to largely change over
such an extended area. Therefore we are able to simulate with the PARK wake model all wind farms
at the same time (assuming the same background inflow conditions for all of them). The background
wind speed is about 9 m-s ! and direction 40°. We use these two values at 70 m as inflow conditions
for the wake modeling.

Figure 2a shows the SAR wind retrieval at 10 m, where most of the variability seems to come
from the wake deficits downstream the wind farms, and the wake model results at 70 m in Figure 2b.
In this case, we do not extrapolate the satellite background conditions up to 70 m or extrapolate
downwards the model results to 10 m as we assume the same wind speed at around hub height when
performing the wake simulations. The comparison is only qualitative.

Interestingly, the speed deficits seem to be rather well reproduced by the wake model, extending
in most cases nearly as long as the wakes observed in the SAR image.

The WRF wake model with the EWP wind farm scheme is also used for simulation. We include
only London Array, Greater Gabbard, Thanet, Belwind1 and Thornton Bank which are the largest
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wind farms. The domain is rotated around 10° at the wind farm location. The simulation is from the
24 April to 1 May 2013. The velocity deficit at 10 m at 30 April 2013 at 18:00 UTC is shown in
Figure 3. We have chosen to plot the velocity deficit since due to the gradients in the background
velocity the wake is not visible in the velocity field from the wind farm simulation.
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Figure 3. WRF wake model results on velocity deficit in m's™' at 10 m AMSL at
30 April 2013 at 18:00 UTC at the wind farms London Array, Greater Gabbard, Thanet,
Belwind 1 and Thornton Bank.

The WRF modelled wakes at the UK wind farms are oriented slightly more towards the eastern
direction than the satellite wakes. The orientations differ by around 10°. For the Belgian wind farms
we find that the wakes are well aligned in the SAR and WREF results. Regarding the wake extension
behind the wind farms we find for the London Array short wakes both in SAR and WRF while the
wakes at the Thanet and Greater Gabbard wind farms are considerably longer both in SAR and WRF.
However WRF shows even longer wakes than SAR for Greater Gabbard and Thanet. The extension
of wakes at the Belgian wind farms compare well in SAR and WRF.

From WREF it is found that the synoptic conditions two hours before 18:00 UTC show intensified
pressure gradients, leading to increased wind speeds near the English coast from 4 m-s™! to higher
winds in the order of 10 m-s™!. The Greater Gabbard and Thanet wind farms experienced high wind
speeds for two hours at 18:00 UTC. The wind speeds started to increase at the London Array only
shortly before 18:00 UTC. It might be that the increasing model wind speeds are for some hours out
of phase, which would explain the longer wakes behind Greater Gabbard and Thanet wind farms in
WRF compared to SAR.

In summary, the wind farm wakes from several wind farms are visually compared between SAR
and WRF simulations of the velocity deficit obtained without wind farm and with wind farms using
the EWP scheme. The wind farm wake directions and extension of wake are found to compare well
despite that mesoscale features, such as that resulting from unsteady flow conditions, are noted in the
wind farm wakes in the WRF simulation. We cannot expect the WRF simulations to match the
observed velocity and wind direction in SAR satellite data perfectly. The PARK model results do
not include unsteady flow but even so the PARK model results have overall good agreement to SAR.
This can in part be attributed to the rather unique atmospheric conditions at the time of this SAR



54

acquisition. The results for single events only can be used qualitatively. For a quantitative comparison
statistics over longer periods are needed.

4. Wind Farm Wake Climatology Geo-Located Wind Maps

The case in Section 3 was selected based on clear visual observation of wind farm wakes at several
wind farms within one satellite SAR image. However, we would like to study the behavior of the
wind farm wake in a climatological fashion and investigate whether this can be performed using our
Envisat ASAR WSM data set. We select to study the Horns Rev 1 and 2 wind farms for which we
have 356 SAR scenes in total for the period of dual wind farm operation from September 2009 to the
termination of the Envisat mission in March 2012.

As the wake behavior is highly dependent on the inflow wind conditions, in particular the wind
direction, we perform the study for 12 directional sectors based on the ECMWF model wind direction
used to retrieve the SAR winds. The SAR scenes are first binned according to the wind directions
extracted for a single point near the two wind farms. The data set is then filtered such that only scenes
with wind speeds in the range 4-14 m-s™'at the same point are included (total of 241). This is the
range where wind farm wakes are expected to be most detectable. At lower wind speeds, the turbines
are not operating and at higher wind speeds, wind penetration through the wind farms is expected.
For each directional bin, we extract the inflow conditions from a point upstream of the wind farms
for every SAR scene in the bin. The reference points are located on two circles circumscribing the
wind farms Horns Rev 1 and Horns Rev 2 with radii of 7.5 km and 10 km, respectively, as shown in
Figure 4. To get representative inflow conditions, the satellite winds are extracted within a radius of
10 km for Horns Rev 2 and a radius of 7.5 km for Horns Rev 1 wind farm.
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Figure 4. Horns Rev 1 and 2 wind farms in red and black markers, respectively.
The locations of the points where the inflow conditions are extracted per sector
(cyan markers) is also illustrated.
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We perform simulations using the modified PARK model at all positions on the satellite grid and
for all the inflow conditions per sector. The point around the wind farms where we extract the inflow
conditions is selected based on the sector analyzed, e.g., we use the point north of Horns Rev 2 when
performing simulations for Sector 1. In the following subsections we perform qualitative
comparisons of the 10 m wind speed SAR retrievals with the results of the wake model per sector at
the same height. Both results (wind speed maps) show the average wind speed per sector. We choose
to show results for Sector 2 and 3 in Figure 5 because the coastal wind speed gradient and wind farm
wakes can be seen in these results even though relatively few data are available. Table 3 shows the
number of samples per sector. The inflow wind speed for Sector 2 and Sector 3 is 8.52 and 8.25 m-s ™'
in average with a standard deviation of 3.50 and 2.55 m's™!, respectively (these are the values at 70
m height). This means that simulations are performed for a rather wide range of wind speeds. These
two examples have several overlapping images and several features can be noted such as the coastal
wind speed gradient and wind farm wake.
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Figure 5. Average wind speed based on satellite SAR (left) and modified PARK wake
model results (right) at 10 m height for the Horns Rev wind farm area for winds from
Sector 2 (a) and Sector 3 (b). The color bar indicates wind speed in m-s™.
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Table 3. Number of Envisat ASAR samples available per wind directional bin at Horns Rev.

Sector 1 2 3 4 5 6 7 8 9 10 11 12 Total
Samples 13 7 12 16 24 21 22 28 22 30 20 26 241

For Sector 2 there are seven available SAR images for the analysis and the average wind speed is
7.2 m-s L. It is surprising we do not observe wakes from the Horns Rev 1 wind farm (Figure 5a).
This might be simply because of the high horizontal wind speed gradient approaching the coast,
which is located east of Horns Rev 1. There is a clear wake spreading towards the southwest direction
of the Horns Rev 2 wind farm. The PARK model results show clear wakes spreading southwest of
both wind farms.

For Sector 3 twelve SAR images are available for the analysis (west of Horns Rev 2 the number
is reduced to 10) with an average wind speed of 7.0 m-s™!. This case shows agreement in terms of
the location of the areas where wakes are observed in both the SAR and the PARK wake model at
both wind farms (Figure 5b).

The number of samples per sector varies from 7 to 30 within the 12 sectors. The overall agreement
between SAR and the wake model is variable. For some sectors (1 and 7) the bathymetry effect at
Horns Rev appears to be particularly strong as previously noted by [1]. This results in the lack of
wake effects in the mean wind speed maps from SAR due to the interaction of bathymetry and
currents, which sometimes leaves a detectable “imprint” at the sea surface. This effect is most visible
when winds blow directly from the north or south at Horns Rev (not shown here).

Another reason for the difficulties to systematically observe wakes of offshore wind farms
from satellite-derived wind products are inhomogeneous flow. Although the ocean surface is rather
homogenous, e.g., when compared to the land surface, the effects of the horizontal wind variability
diminish those of the wakes. In the particular case of the Horns Rev area, there is a systematic wind
speed gradient near the coast also obstructing the observation of wakes, particularly for easterly and
westerly winds. These effects are not taken into account in the PARK modeling. The coastal gradient
in wind speed is noticeable in the SAR images in Figure 5.

Finally it can be noted that the distribution of wind maps into direction sectors is performed
with some uncertainty. The model wind directions used to drive the SAR wind speed retrieval are
not always accurate. The accuracy of the wind direction input could be improved through
implementation of higher-resolution regional model simulations, e.g., from WREF. Another option is
to detect the wind direction directly from wake signatures whenever they are visible in the images.
The distribution of satellite scenes into the 12 sectors is based on information extracted at a single
point. Local turning of the wind is possible but not accounted for in the analysis. Each directional
bin is 30° wide thus the peak wake directions are expected to vary within this and it will diffuse the
observed aggregated wake features. Due to the nature of the SAR images (specifically its number)
and due to other phenomena causing spatial variability in the wind speed (like coastal gradients and
mesoscale phenomena), it seems not suitable to perform the SAR wake analysis per sectors this wide.



57

5. Wind Farm Wake Climatology Based on Rotation of Wind Maps

In this section a new approach to analyze SAR-derived wind farm wakes in a climatological way
is presented. The method aligns (rotates) all SAR wind field samples such that the wind farm wakes
are overlapping before the wake deficit is calculated. This increases the number of samples
considerably compared to the method presented in Section 3. Furthermore the 30° wind direction
bins used previously give diffuse results whereas in the new method wind directions alignment at 1°
resolution is used. The new method is based on extracting wind speeds along points inscribed by
circles centered on the wind farm under analysis. While the method was developed for analysis of
wakes in SAR scenes, here it is also applied to the WRF simulations as a way to validate the
mesoscale simulated wakes.

5.1. Description of the Method

For each SAR scene (or WRF simulated wind field) the wind speeds as a function of compass
direction 0 are extracted along 3 concentric circles centered on the wind farm. The radii depend on
the wind farm in question, and are given in Table 3.

Figure 6 gives an example of the circles centered on the Horns Rev 2 wind farm. The wind
fieldsare based on SAR data (1 km). It can be difficult to determine a wake by eye. For each SAR
scene the wind speeds along these 3 circles are extracted and stored as Ui (8;), where Ui is the wind
speed for circle i where i = 1, 2, 3 and 6 is the compass direction relative to the center of the wind
farm. 6; steps through values from 0 to 359° with a 1 degree increment. The number of scenes used
for the analysis depends on the wind farm under examination. The number is given in Table 4. The
WRF model is run for all SAR scenes from Horns Rev 1 and 2, and results are extracted in a similar
way from the WRF simulation results as for the SAR wind fields. The SAR results are valid at 10 m
AMSL while WRF model results are available at 14 m AMSL.

First the sum of wind speeds is calculated:
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where k is the scene number, and Nscene is the total number of scenes. Figure 7a shows SV plotted
against 0, for the Horns Rev 1 wind farm. We see from this plot how the mean wind speed depends
on 6. This can be explained in terms of the gradient of the mean wind in the vicinity of the coastline.
We call this the coastal gradient. Similar results of SV based on WRF are shown in Figure 7b. The
coastal gradient in wind speed at Horns Rev 1 shows lowest values around 80°-110° (east), where
the inscribed circles are closest to the coastline, and highest around 250° (west), where the inscribed
circles are furthest from the coastline both in SAR and WRF. SAR shows a direction closer to 80°
while WRF shows a direction closer to 110°. It is expected that there is an east-west gradient at Horns
Rev as reported in [24]. For the eastern sector SAR shows higher wind speed values at the
inner radius (6 km) and progressively lower values at outer radii (10 and 13 km) (nearer to the
coastline). For the western sector SAR shows slightly higher wind speed at outer radii (further from
the coastline).
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Figure 6. Example of the circles centered on Horn Rev 2 wind farm. The radii are 8, 11 and 3 km.

Table 4. The radii of the three concentric circles for the different wind farms and the
number of Envisat ASAR scenes used for the analysis.

Wind Farm ri(km) r(km) r3(km) Ngcenes
Alpha ventus 5 10 15 245
Belwind1 6 11 15 97
Gunfleet Sands 1 +2 4 5 6 153
Horns Rev 1 6 10 13 835
Horns Rev 2 8 12 15 303
Thanet 7 9 11 128

WREF shows a similar pattern as SAR for the western sector but shows a reverse order in the wind
speed at the eastern sector at different radii. This most likely is due to the simulated wake effects of
Horns Rev 2 influencing the results at the 13 km radius around 260°-350°. This is supported by
examining the results from using WRF without simulating the wind farms, shown in Figure 8. In this
plot a very much cleaner signature of the coastal gradient is seen. The next step is to rotate the
direction frame of reference for each SAR scene by using each scene’s reported wind direction, Ok,
to give a new direction reference, ¢. In the new direction reference frame for each scene ¢ = 0° is
aligned in the upwind direction and thus one may expect that the wake direction is in the region of
¢ = 180°. Now we can determine the wind speeds on the inscribed circles as a function of ¢; instead
of 0; by using:
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®; = 6; = O 3)
The sum of wind speeds for all scenes is now calculated with respect to the new direction
frame, i.e.:
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Figure 7. Horns Rev 1 wind speed summations without rotation (mean wind speed
gradient) (S) based on SAR (a) and WRF (b).
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Figure 8. Horns Rev 1 wind speed summations without rotation (S) based on WRF
without wind farms, so showing only the coastal wind speed gradient.

Figure 9a shows S¥ plotted against ¢, for the Horns Rev 1 wind farm. The corresponding results
of S® based on WRF simulations are shown in Figure 9b. Please note that the differences between
the top and bottom panels are due to the individual rotation of each scene prior to averaging and not
the result of a single rotation by one angle. The similarity in form between SAR and WRF for the
rotated maps (Srot) is very good with low wind speeds showing at all radii at around ¢ = 180°. The
inner radius shows more wake effect than outer radii. The SAR derived results are less smooth than
those from WRF because the SAR scenes capture variability at smaller scales, due to the
heterogeneity of the wind field, than is modelled by WRF.

To further reveal the wind farm wake from the heterogeneous wind field around the wind farm a
method to calculate a wake wind speed deficit is employed. It is based on calculating a local
perturbation of the wind speed on each SAR scene based on the side lobe wind speeds. The side lobe
wind speeds are used at the directions ¢ + A@; and ¢ — A@:. For the smallest radius Ag: = 90°, this
means that the side lobe wind speed is from the left and right of the wind farm, at a distance of r1
from the farm center. For the other radii, the side lobes have the same distance, 71, from the line
aligned with the wind direction and passing through the center of the wind farm, thus:

. ("
A@; = arcsin (—) (5)

T
The wake wind speed deficit is defined by:
1
up = Ui(e;) - E(Ui(‘pj +00) + Uy(@; — bey)) (6)

and the wake wind speed deficit summation is:
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Figure 9. Horns Rev 1 wind speed summations with rotation (Srot) based on SAR (a) and
WREF (b).

Figure 10 shows SP plotted versus ¢ for the Horn Rev 1 wind farm for SAR and WRF. In Figure 10
the wake wind speed deficit results based on SAR wind fields and WRF simulations both show the
deepest wake at the inner radius and gradual recovery at the outer radii. Both SAR and WRF results
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show a speed up along the sides of the wake. This shows most clearly at the inner radius but is also
noted at the outer radii. The SAR results on wake deficit compares well to the WRF results at Horns
Rev 1, however the magnitude of the SAR derived wake is weaker compared to the WRF wakes. It
should be noted that the WRF simulations here are one embodiment of WRF simulations and that
broader variability in WRF-generated wakes would be generated by other choices of PBL schemes,
vertical resolution and approach for representing the wind farm effect.
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Figure 10. Horns Rev 1 wake wind speed deficit (SP) based on SAR (a) and WRF (b).
The shaded areas in SAR indicate the standard error.



63

5.2. PARK Model Results

The PARK model is used to simulate 855 cases (a few more cases than used above but the results
are expected to be comparable) at Horns Rev 1. The SAR wind time series at 10 m is used as input,
the winds are extrapolated to 70 m and the wake is modeled at that height and finally the winds are
extrapolated downwards to 10 m again. The extrapolation is done using the logarithmic wind profile
assuming a constant roughness length of 0.0002 m. The results are presented at 10 m. Three wake
decay coefficients are used. The three wake decay coefficients are: 0.03, 0.04 and 0.05. The wake decay
coefficient 0.04 is often used offshore while the lower and higher values are used in case of more
stable or unstable cases. The results are rotated and averaged and the results are shown in Figure 11.
The coastal gradient is not accounted for in the PARK model results. In case the coastal gradient
should be added in the PARK model this could either be from SAR or from WREF, but it has not been
attempted in the current study. The results are comparable to the wake wind speed deficit (SP) results.
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Figure 11. Cont.
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Figure 11. Wake results from the modified PARK model at Horns Rev 1 using wake
decay coefficients (a) 0.03; (b) 0.04 and (¢) 0.05.

Figure 11 shows the systematic variation in wake with deeper wakes at the inner radius and
progressively weaker wakes further from the wind farm. The wake decay coefficient of 0.03 gives
much deeper wakes than for the higher wake decay coefficients, in particular for the inner radius.
The shape of the wake compares well to Figure 10 from SAR and WRF.

5.3. Horns Rev 2 Results

Horns Rev 2 is located further offshore than Horns Rev 1 thus similar directional but lower wind
speed gradients are expected. The mean wind speed gradient results based on SAR and WRF for
Horns Rev 2 are presented in Figure 12a,b.The coastal wind speed gradient observations in SAR at
Horns Rev 2 (Figure 12a) show a very peaked and significant minimum around 110° corresponding
to the direction of Horns Rev 1. The feature (drop of around 0.2 m-s™!) is observed at all radii (8, 11
and 13 km) and is most pronounced at the outer radius. This narrow fine-scale feature is only fully
observed in SAR. SAR resolves features at smaller spatial scales than the WRF simulations presented
here. This minimum value might be related to the wind farm wake from Horns Rev 1. Interestingly
WREF shows a broad minimum with a shift in direction between radii from 100° at the 8 km radius
to 110° at the 10 km radius and 120° at the 13 km radius (Figure 12b). Thus the WRF simulation
may in fact here capture a blend of coastal gradient and wind farm wake from Horns Rev 1. At the
western sector SAR shows a peaked maximum around 250° and similar wind speeds at all three radii
while WRF shows flatter maximum and slightly higher winds at outer radii.

Figure 12¢,d shows the rotated maps (Stot) for Horns Rev 2. For SAR a minimum around 180° at
8 km radius is observed while at 10 km and 13 km the minima are around 250° and 110°, respectively.
Only at 8 km do the WRF simulations agree with the SAR observations. The three radii at Horns Rev
2 are each located 2 km further from the wind farm center than the results for Horns Rev 1. This was
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necessary because the Horns Rev 2 wind farm is larger than the Horns Rev 1 wind farm. This however
means that the wind alignment between inflow conditions and the deepest wind farm wake potentially
deviate relatively more at Horns Rev 2 than Horns Rev 1.
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Figure 12. Results for Horns Rev 2. (a) wind speed summations without rotation
(mean wind speed gradient) (S) based on SAR; (b) WRF; (¢) wind speed summations
with rotation (Srot) based on SAR; (d) WRF.

Figure 13 shows the wake wind speed deficit (SP) results from SAR and WRF. The results at
the inner radius compare well even though the SAR results show a broader wake than WRF. Speed
up in the side lobe winds are noticed both in SAR and WREF at the inner radii and no residual wind
speed gradient is noted. At the middle and outer radii WRF shows gradual decrease in the wake
winds speed deficit and speed up at the sides while the SAR results are difficult to interpret. In SAR
the minimum wake wind speed deficit is not observed around 180° but around 100° and 250°. The
analysis appears not to work so well in this case, in part due to the significant minimum around 110°
in Figure 12a. This feature may possibly be the wake feature of Horn Rev 1, which acts to
contaminate the analysis, as this feature can be as strong as the Horn Rev 2 wake itself.
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Figure 13. Similar to Figure 10 but for Horns Rev 2.
5.4. SAR-Based Results for Six Wind Farms

Based on the available Envisat ASAR wind field archive we find it interesting to compare the
observed aggregated wind farm wakes at four other wind farms in the southern North Sea using the
new methodology of rotation of the wind maps. The results of the wake wind speed deficit (SP) are
shown in Figure 14 together with the results from Horns Rev 1 and Horns Rev 2 already discussed.

It is the results for the average of the three radii (see Table 4) for each wind farm that is shown.
Figure 14 shows results for six wind farms. It is noted that Gunfleet Sands 1 + 2 show the deepest
wake wind speed deficit. The side lobe speed-up effects are clear. A residual wind speed gradient is
not noted. For the wind speed summation (S) (not shown) there is a weaker signature of a
climatological wind speed gradient across the wind farm compared to other wind farms, this may be

because the radii used are smaller.
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Figure 14. SAR-based wind farm wake observed at six wind farms, Alpha ventus,
Belwind 1, Gunfleet Sands 1 + 2, Horns Rev 1, Horns Rev 2 and Thanet, showing the
wake wind speed deficit (SP).

At the Thanet wind farm, the wake wind speed deficit results show very clear wake at around 180°
and side lobe speed-up effects. A residual of the coastal wind speed gradient is noted. There is a
feature at 50° with lower winds that would need further investigation.

At the Belwind 1 wind farm the wake wind speed deficit is clear but not as pronounced as for the
Gunfleet Sands 1 + 2, Thanet and Horns Rev 1 results. Weak side lobe effects are observed at
Belwind 1. A residual of coastal wind speed gradient is not noted in the wake wind speed deficit
despite that strong coastal gradient mean wind speed gradient is found in the coastal gradient plot (S)
(not shown).

Finally, at the Alpha ventus wind farm, the smallest wind farm in terms of installed capacity and
area, there is observed wake wind speed deficit at around 180°. The wind farm wake is not as
pronounced as for the larger wind farms investigated. This is expected due to the size of the wind
farm. The coastal gradient is not observed in the result but is noted in the coastal wind speed gradient
(S) (not shown).

6. Discussion

The very long wind farm wakes observed in the RADARSAT-2 scene have in qualitative terms
successfully been modeled both by the PARK and WRF model at several wind farms in the southern
North Sea. The comparison is qualitative due the different nature of data. The SAR-based results are
near-instantaneous observations of the sea surface while wake model results are time-averaged
results withbest representation of the conditions at around hub-height. Thus we focus on the apparent
wind farm wake direction and the length of the wakesin this comparison instead of the wake deficit
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at any given location. The SAR image has the advantage of clear visible wake features. Thus the
retrieved wind field can be used to evaluate the wake model results in qualitative terms.

We are interested in developing more robust SAR-based wind farm wake data representation for
the evaluation of wake models. Therefore the climatology of wind farm wake is necessary. The
Envisat ASAR data of wind fields enable us to study the wind farm wake at Horns Rev 1 and 2 with
the data set divided into 12 wind directional bins. The results are compared to the PARK model.
Occasionally good agreement is found but due to strong coastal wind speed gradients, bathymetry
effects and too few samples firm conclusions cannot be drawn.

The new method, in which the wind field maps are rotated, overcomes two of the main issues
when trying to isolate the wind farm effect of the wake on the wind fields: the low number of samples
and the coastal gradient. The first advantage is that the inflow wind is aligned (rotated) with 1° bins
instead of 30° bins. This gives more certainty that the deepest wind farm wake are overlapping in the
aggregated results. With the inflow wind speed used to normalize the winds in the wake, the wake
are clearly seen but at the same time a residual of the coastal gradient is often noted, e.g., at Horns
Rev 1. The clearest wind farm wake results are typically obtained using the side lobe winds for
normalization, the wake wind speed deficit method (SP). This is not too surprising as the coastal wind
speed gradients at most wind farms are significant and the circles used around the large offshore
wind farms need to be at some distance. Therefore any inhomogeneity in the flow, most importantly
the coastal gradient, but in fact also meandering and other atmospheric features gain importance.
Also in [2] the nearby parallel transects winds along the wind farm wake were optimal for
normalization, rather than the inflow winds upwind of the wind farm.

The number of samples at Horns Rev 2 is 303 while at Horns Rev 1 it is 835. So the lower number
of samples at Horns Rev 2 could be one reason for the lesser clarity in data at this site when compared
to Horns Rev 1. Also the influence of the Horns Rev 1 wind farm wake may hinder full interpretation
at Horns Rev 2 in particular at radii far from the Horns Rev 2 wind farm. Finally it should be
mentioned that the Horns Rev 1 wind farm has a geometric shape (turbine lay-out) more convenient
for the proposed new methodology of analysis than that of the Horns Rev 2 wind farm. We assume
that all wind turbines are in operation at all times a characteristic which may not be fulfilled.

The SAR-based aggregated wind farm wake data compare well both to the WRF simulations and
the PARK model results. It is the first time that assessment of the wind farm wake climatology has
been attempted based on SAR (to our knowledge) and the results are promising. The main importance
of the establishment of SAR-based wake wind speed aggregated results is for the validation of wind
farm wake models in the far-field wake region where other observations are extremely limited. In
the future more wind farms will operate offshore thus cluster-scale wind farm wake therefore become
an even more important focus area. It is suggested to continue this type of research using new SAR
data from the Sentinel-1 mission.

7. Conclusions

The case study based on a RADARSAR-2 scene is a unique situation with fairly homogeneous
flow across the southern North Sea. The observed wind farm wakes are visible in the SAR scene and
thus appealing for demonstration. Both WRF and PARK reproduce the observed very long wind farm
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wakes convincingly regarding their direction and extent. SAR archive renders possible
climatology studies.

The available Envisat ASAR data archive at Horns Rev is the most comprehensive. It has therefore
been used for geo-located wind farm wake climatology studies. However the results are only
occasionally clear for interpretation due to the limited number of samples per 30° sectors, the coastal
wind speed gradient and oceanic bathymetry effects in SAR at Horns Rev.

The key results are based on a new methodology of rotating wind maps. By applying the new
methodology to SAR-based wind fields, mesoscale model WRF and microscale model PARK results
comparable aggregated wind farm wake results are obtained. The SAR-based findings strongly
support the model results at Horns Rev 1. The new methodology increases the number of samples,
aligns the wind direction of inflow much more accurately (1° bins) and in most cases but not always
overcome the coastal wind gradient. The most convincing results are obtained for the wind wake
deficit results in which the side lobe winds are used for normalization.
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Wind Resource Mapping Using Landscape Roughness and
Spatial Interpolation Methods

Samuel Van Ackere, Greet Van Eetvelde, David Schillebeeckx, Enrica Papa,
Karel Van Wyngene and Lieven Vandevelde

Abstract: Energy saving, reduction of greenhouse gasses and increased use of renewables are key
policies to achieve the European 2020 targets. In particular, distributed renewable energy sources,
integrated with spatial planning, require novel methods to optimise supply and demand. In contrast
with large scale wind turbines, small and medium wind turbines (SMWTs) have a less extensive
impact on the use of space and the power system, nevertheless, a significant spatial footprint is still
present and the need for good spatial planning is a necessity. To optimise the location of SMWTs,
detailed knowledge of the spatial distribution of the average wind speed is essential, hence, in this
article, wind measurements and roughness maps were used to create a reliable annual mean wind
speed map of Flanders at 10 m above the Earth’s surface. Via roughness transformation, the surface
wind speed measurements were converted into meso- and macroscale wind data. The data were
further processed by using seven different spatial interpolation methods in order to develop regional
wind resource maps. Based on statistical analysis, it was found that the transformation into mesoscale
wind, in combination with Simple Kriging, was the most adequate method to create reliable maps for
decision-making on optimal production sites for SMWTs in Flanders (Belgium).

Reprinted from Energies. Cite as: Van Ackere, S.; Van Eetvelde, G.; Schillebeeckx, D.; Papa, E.;
van Wyngene, K.; Vandevelde, L. Wind Resource Mapping Using Landscape Roughness and Spatial
Interpolation Methods. Energies 2015, 8, 8682-8703.

1. Introduction

Next to energy savings and reduction of emissions, an increased share of renewables in the
European energy mix is a key priority of the Energy Union [1]. With a target of 20% by 2020 and
27% by 2030, Europe has set ambitious goals for renewable energy, requiring a broad mix of clean
technologies, both large and small scale, to take a share.

Over time, technical research and innovation projects on distributed renewable energy sources
(DRES)—such as small and medium wind turbines (SMWTs)—have been a primary focal area of
interest. However, wind energy generation is difficult to manage because of the irregular nature of
wind flows. Further, the current transition in energy demand and supply also encompasses many
aspects, such as the resource availability evaluation, the compliance with environmental and legal
constraints, and many more technical aspects. In this complex context, understanding the spatial
distribution of the long-term average wind speed is essential for decision-making, particularly in
regards to the siting of wind turbines. Hence, the current transition in distributed energy demand and
supply prompts a new area of research: spatial energy planning. Further, by combining technical and
spatial wind research and integrating it with regulatory, economic and social constraints, a new
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interdisciplinary research and innovation area is unfolded with a high valorisation potential for
energy prosumers on a local scale.

Understanding the spatial distribution of the long-term mean wind speed is essential for
decision-making, particularly in regards to the siting of wind turbines. However, there is often a lack
of measurements to enable accurate wind speed mapping. Despite the long evolution of wind
mapping and method development for assessing wind as a resource, along with increasing
computational capabilities, a single general method for creating predicative wind maps does not exist.
Indeed, a reliable approach depends on a number of factors that are context-related: the size of the
analysed area, the required resolution of the results, the climatic and topographical characteristics of
the analysed area, the density of the available meteorological measurements, etc. [2].

In regions like Flanders (Belgium), an area of 13,522 km? with ca. 6.4 million inhabitants and a
high potential in terms of wind power generation, efficient energy planning based on renewables is
a complex task. In fact, the region is characterised by a composite topography, a compound of land
covers and dispersed buildings. The open space is no longer a monofunctional agricultural production
area but, rather, a complex structure of fragments with varying densities and functions [3]. Marked
by a dense matrix of meteorological stations, this region is challenging for identifying optimal
SMWT locations.

Next to meteorological data, basic wind speed measurements are equally available at various
heights, covering the entire Flemish region. As shown in Figure 1, a primary wind study for Belgium
was performed in 1984 by Hirsch. Although an interesting effort, it provides insullcient insight in
local wind availabilities to enable detailed siting for SMWTs. In 2014, a roughness map was generated
for the Flemish region by converting land cover categories into sequences of roughness length [4].
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Figure 1. Annual mean wind speed map of Belgium [5].
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This article starts from the results of the latter study and develops a detailed low-height wind
speed map, providing a useful tool for the identification of optimal locations for SMWTs in Flanders.
The research aim is not to develop new methodologies, although some are described in Section 3,
but to analyse data by applying already existing methods and producing an updated wind map, which
is valuable for deployment of micro-wind energy.

Another advantage of the proposed methodology is that it uses open source data and software.
Compared to the method we propose here, more sophisticated models (i.e., Wasp or windPRO) and
data assimilation techniques have been developed in literature, but they are not affordable for use by
small municipalities.

In Section 2, the wind speed measurements for Flanders and the roughness map are presented,
providing the geo-database used in this study. Section 3 describes two types of exposure corrections
and introduces the seven interpolation methods assessed in this study. The results are discussed and
mapped in Section 4, and presents the conclusions of the selected methodologies for wind resource
mapping. In order to demonstrate how the Annual Energy Production (AEP) can be calculated for a
specific small or medium wind turbine, an AEP map is created in Section 5 for a 10 kW 3-blade,
upwind, horizontal axis wind turbine. A Rayleigh distribution, which is identical to a Weibull
distribution with shape factor 2, is used as the reference wind speed frequency distribution.

2. Data collection
2.1. Wind speed Measurements

This work is based on the wind data recorded in a number of Flemish meteorological stations
spread over the region. The study used recent observed data since both the wind climate and the
environment have changed in the past decades. The collected data, location of meteorological
stations, relative recording dates and local wind speed measurements used in this study are
summarised in Table 1. The geographic location of the meteorological stations is visualised in Figure 2.

Daily wind speed observations obtained from the National Climatic Data Center (NCDC) of the
US National Oceanic and Atmospheric Administration (NOAA) [6] were collected for all available
stations in Belgium, with the addition of some frontier mast data from the Netherlands and France.
All stations are equipped with an anemometer at the height of 10 m, hence, the observed wind speed
is the so-called “surface wind speed”, which is further averaged over a calendar year so as to rule out
seasonal bias. Data validation is performed by using the more accurate and precise dataset created
by the Royal Meteorological Institute (RMI), which refers to a smaller group of 18 stations selected
from the original number.

The data from NCDC include the average wind speed at 10 m for France, the Netherlands and
Belgium. The data are validated through comparison with the corresponding dataset from RMI (for
Flanders). Apart from being rounded to one decimal place, both sets are identical, therefore the
extensive open-source database of NCDC is selected for producing regional wind maps in this study.
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Figure 2. Location of the measurement stations used.

Since recent studies suggest that climate change is affecting the prevailing wind profiles,
40-year-old observations are considered inadequate for future wind modelling [7]. Likewise, the
landscape in Flanders has significantly changed over the past decades due to the development of
built-up areas [8]. Therefore, meteorological stations with recent wind data (2010-2014) were
selected and the annual mean wind speed was calculated based on five years of measurements, with
the exception of Sint-Katelijne-Waver (only 2013-2014 available). Even with a reduced number of
recent observations as recorded in Table 1, it is observed that there is a decreasing trend of the annual
mean wind speed over the last five years.

2.1.1. Roughness Map Flanders

To account for the different surfaces in Flanders, a roughness map, developed in 2014 [4], was
used. The map uses the roughness length of a land mark as indicator, defined by [9]. In this case, a
resolution of 250 by 250 meters is presented (see Figure 3).
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Table 1. Summary of the measurement stations (height 10 m). The recent data is
(2010-2014) indicated in bold letter type [6].

Mean Wind Mean Wind
. Roughness Latitude Longitude .
Station Begin Date  End Date Speed Speed (2010-2014)
[m] [ [°] (mis] mis]
Beauvechain 0.03 50.758 4.768 1/01/1973 42.004 3.88 3.70
Beitem 0.469 50.900 3.116 1/02/2008 42.035 3.69 3.67
Brasschaat 0.14 51.333 4.500 1/02/1973  31/01/2006 3.26
Brussels NATL 0.037 50.902 4.485 1/01/1973  31/12/2014 3.99 3.62
Brussels South 0.2 50.459 4.453 1/01/1973  31/12/2014 3.96 4.00
Buzenol 0.6 49.616 5.583 26/10/2009 25/10/2014 2.76 2.74
Casteau/Heli 0.8 50.500 3.980 1/01/2011  31/12/2014 2.18
Chievres 0.1 50.575 3.831 1/01/1973  31/12/2014 3.73 3.75
Deurne 0.896 51.189 4.460 1/01/1973  31/12/2014 3.55 3.58
Diepenbeek 0.08 50.916 5.450 1/01/2010  31/12/2014 2.92 2.92
Dourbes 0.6 50.100 4.600 1/01/2010  31/12/2014 2.52 2.52
Elsenborn 0.6 50.466 6.183 1/01/1987 31/12/2014 3.11 3.12
Ernage 0.1 50.583 4.683 1/01/2008 31/12/2014 4.06 4.04
Florennes 0.15 50.243 4.645 1/01/1973  31/12/2014 3.75 3.69
Genk/Zwartberg 0.676 51.012 5.522 7/01/1973  6/01/2004 3.60
Gent/Industrie 0.021 51.187 3.799 1/01/1985 31/12/2014 331 3.32
Humain 0.4 50.200 5.250 1/03/2010  28/02/2015 3.69 3.66
Kleine Brogel 0.054 51.168 5.470 1/01/1973  31/12/2014 3.01 3.01
Koksijde 0.06 51.090 2.652 1/01/1973  31/12/2014 4.68 4.57
Liege 0.15 50.637 5.443 1/01/1973  31/12/2014 4.07 4.11
Melle 0.2 50.983 3.816 1/01/2010  31/12/2014 3.42 3.42
Mont-Rigi 0.2 50.516 6.066 16/01/2008 15/01/2015 3.83 3.74
Oostende 0.64 51.198 2.862 1/01/1973  31/12/2014 5.22 4.75
Oostende (Pier) 0.98 51.235 2914 1/01/1973  31/12/2005 6.91
Retie 0.118 51.216 5.033 26/10/2009 25/10/2014 2.64 2.63
Saint Hubert Mil 0.2 50.035 5.404 1/01/1973  31/12/2014 3.88 3.29
Schffen 0.03 51.000 5.066 2/01/1973  1/01/2015 3.93 3.21
Semmerzake 0.231 50.933 3.666 1/01/1973  31/12/2014 3.70 3.26
Sinsin 0.3 50.266 5250  20/09/1984 19/09/1995 3.49
Katelijslll:fwaver 0.278 51.070 4.535 1/10/2012  30/09/2014 3.02 3.05
Sint Truiden 0.03 50.791 5.201 1/01/1973  31/12/1991 3.62
Spa/La
Sauveniere 0.1 50.483 5.916 1/01/1974  31/12/2014 3.87 3.74
Uccle 0.621 50.800 4.350 1/01/1973  31/12/2014 3.48 3.44
Zeebrugge 0.001 51.350 3.200  26/10/2009 25/10/2014 6.05 6.02
Dunkerque 0.01 51.050 2.333 2/01/1973  1/01/2015 6.20 5.26
Lesquin 0.1 50.561 3.089 1/01/1973  31/12/2014 4.37 4.09
Eindhoven 0.1 51.450 5.374 1/01/1973  31/12/2014 3.94 3.64
Ell AWS 0.15 51.200 5.766 1/01/2002  31/12/2014 3.53 3.46
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Table 1. Cont.

Mean Wind Mean Wind
Roughness Latitude Longitude

Station o o Begin Date  End Date Speed Speed (2010-2014)
[m] [°] [°]

[m/s] [m/s]

Gilze Rijen 0.05 51.567 4.931 1/01/1973  31/12/2014 3.81 3.53
Maastricht 0.05 50.911 5.770 1/01/1973  31/12/2014 4.25 4.06
Vlissingen 0.25 51.450 3.600 1/01/1973  31/12/2014 6.07 6.10
Westdorpe 0.25 51.233 3.866 1/01/1995  31/12/2014 4.02 4.00
Woensdrecht 0.3 51.449 4.342 1/01/1996  31/12/2014 3.45 3.48

N
e . /,

——— %

Figure 3. Roughness map of Flanders [4].

Whilst the roughness length (zo) is not a physical length, it can be considered as a length-scale
representing the roughness of the surface: for example, forests have a much larger roughness length
than open sea areas. At a low height above the ground, or the surface layer, the roughness of a terrain
affects the turbulence intensity as well as the vertical wind pattern and, by consequence, the wind
speed. The roughness map was constructed by the Flemish Institute for Technological Research
(VITO) based on the CoORdination of INformation on the Environment (CORINE) Land Cover 2000
data set [9]. In this project, the National Geographic Institute (NGI) constructed the national land
cover map using high resolution (Landsat Thematic Mapper) satellite images [10]. The detailed map
enables correction of the observations for local sheltering and topography.

3. Methodology

In this section, the statistical interpretation process of the wind time series is explained. In detail,
the section describes how seven different interpolation methods are tested and assessed in order to
select the most performant way to generate a wind resource map of Flanders.
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3.1. The PBL Two Layer Model

Over the last two decades, several studies have been carried out with the aim of creating an
adequate statistical model for describing the wind speed frequency distribution. One of the more
recent studies developed for the Netherlands [11] used the Planetary Boundary Layer (PBL)
two-layer model. This two-layer transformation model from Wieringa [12] was further developed by
Verkaik [13—17] and more recently by Wever and Groen [18]. The methodology is generally
accepted and recommended [19-22], however, the report admits to not having explored the potential
benefits of using Kriging (see Section 3.2.2), as detailed in Section 3.3 of [11].

In the research carried out by Wieringa in the 70s and 80s [12,23], wind speed variations on a
resolution of 250 by 250 meters are caused mainly by differences in atmospheric stability and surface
roughness. At a certain so-called blending height [12] these variations become negligible compared
to the average speed, yielding a spatially homogeneous dataset suitable for interpolation. A roughness
correction is applied to the observations by using the measured surface wind speed to calculate the
regional wind speed that is representative for a larger area by using the roughness length of the
meteorological station. After completion of the spatial interpolation, the regional winds are used to
calculate the wind speed at 10 m by using the inverse roughness correction and by using the
roughness map of Flanders [24]. Finally, according to this methodology, two different regional wind
speeds are used for interpolation. This “roughness blending height” is set to be z» = 60 m [23]. The
macrowind speed is measured at the top of the PBL.

3.1.1. Mesowind

At the blending height z» defined above, land covers and local obstacles have a minimal influence
on the wind speed. This height is set to be z» = 60 m. The observed surface wind speed, Us, can be

used to calculate the mesowind speed, Umeso, by assuming a logarithmic wind profile [24]:
1“(2%’5)
(]ﬂ’lCSO_US ln(zz—(:s) (1)

with zos as the roughness length at the meteorological station site and zs as the anemometer height,

equal to 10 m for all stations in this study. For all stations in Flanders, Wallonia, France and the
Netherlands, the roughness length zos was estimated from a terrain description and by using data
based on satellite images of the sites [25].

It is shown that the mesoscale wind climate is spatially more homogeneous than the surface
wind [11], hence, it is better suited for interpolation. The interpolated Umeso values in Flanders are
then reconverted to the surface wind speed at 10 m, Uiom, by using [24]:

InG2)

Utom = Umeso @ (2)

with zo as the roughness length at each 250 m pixel from the roughness map.
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3.1.2. Macrowind

The use of macrowind for interpolation purposes is described by Wieringa and is further used to
create a gridded wind speed map of the Netherlands [11]. In this method, two layers are defined. In
the lower layer, the surface layer, Monin-Obukhov theory is used [26,27]. In this theory, the
logarithmic wind speed profile is used to express the increase in wind speed U in the lower
layer [28]:

u z
U=—In(—
- (zm) 3)
by using the local roughness length at the site zy; and the Von Karman constant k = 0.4 [29,30].
u* is the friction velocity and is constant with height over homogeneous terrain, which makes it possible
to calculate u* at the meteorological stations.
Geostrophic drag relations apply in the second higher layer, the planetary boundary layer (PBL).
In the PBL, the wind speed increases further and in addition the wind direction veers (turns
clockwise) such that a second wind speed component perpendicular to the surface wind speed (Vmacro)
is formed [31]:
k(U —-U z
( *macm) _ [m ( _f ) N A] @
u u
‘macro = B u? (5 )

with the Coriolis parameter £= 1.129 x 107* at 51°N [32]. The stability parameters 4 and B are
equal to 1.9 and 4.5 respectively, as is generally accepted in literature [17] when assuming neutral
stability [33]. The vertical extrapolation methods rely on the neutral stability assumption; although
neutral conditions characterised by log-profiles are common in general, stable and unstable
conditions with non-log vertical profiles occur often as well [34].

The wind at this PBL is called the macrowind, Smacro, and varies on a larger scale than the
mesowind [12]. The macrowind Smacro consists of two components: Umacro 1S parallel to the surface
wind and Vmacro is perpendicular to Umacro. Matching the two layers at the mesolevel according to

u

Equations (3) and (4) leads to [17]:
Fau) A ©

The PBL ranges from a few hundred meters to a few kilometres above the surface of the

Earth [35], the height of the top of the PBL is given by [17]:

u
h=m (7)

Both components Umacro and Vmacro and the root of the squared sum (macrowind speed, Smacro) are

u*
Unmacro = ? [ll’l (

interpolated by using Simple Kriging separately onto the 250 m resolution grid of the regional surface
roughness map. Such obtained Smacro Values are cross-checked with the values calculated from the
interpolated Umacro and Vmacro, yielding differences that are negligibly small.
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After spatial interpolation of the Smacro values at different location points, Smacro is used to calculate
the surface wind speed at these locations, by using the inverse process. First the friction velocity u*
needs to be calculated, by using Equations (5) and (6), in order to calculate the surface wind speed
Uiom with Equation (3) using z, instead of z,; (see Figure 4b).

3.2. Spatial Interpolation Methods

In order to obtain an accurate picture of the Flemish wind potential, in addition to the roughness
map and meteorological observations, the wind speed was estimated at un-recorded sites via spatial
interpolation of the measured data.

Various interpolation techniques are available, of which seven are commonly used for generating
lacking data in meteorological variables (rainfall, solar radiation, sunshine, temperature, efc.). In [36]
an overview of climatological studies using different interpolation methods is presented. For wind
speed, spatial interpolation is commonly used [11,37-42].

In this study, seven interpolation methods are tested: Inverse Distance Weighting (IDW), Global
Polynomial Interpolation (GPI), Local Polynomial Interpolation (LPI), Radial Basis Functions
(RBF), Ordinary Kriging (OK), Universal Kriging (UK) and Simple Kriging (SK).

Prior to the interpolation process, the wind data at the different meteorological stations are used
to calculate the wind speed at the blending height in order to reduce the wind speed variations and to
obtain a spatially homogeneous dataset suitable for interpolation. The two different blending
height methods, mesoscale wind (see Section 3.1.1) and macroscale wind (see Section 3.1.2),
are used and compared to accomplish this exposure correction. The maps are evaluated by using
Leave-One-Out-Cross-Validation (LOOCV) where one data point is discarded from the sample and
the remaining observations are used to estimate the missing value [43]. A comparison between the
observed and predicted wind speeds then leads to statistical values on which the quality of the
methods can be validated. All methods are applied to create wind speed maps that are further
analysed in Section 3.3. Based on this analysis, the most appropriate spatial interpolation technique
for wind resource mapping was selected.

Upon correction of the observed wind speed for the influence of the land cover and local obstacles,
a spatial interpolation is required to construct a gridded wind speed map. In this section, the basic
principles of the interpolation techniques used in the study are explained. All interpolations are
performed by using the Geostatistical Analyst from the geographic information system ArcGIS 10.1.

In general, interpolation methods are either denoted as deterministic or as geostatistical.
Deterministic interpolation techniques use the configuration of sample points to create a surface
defined by a mathematical function, while geostatistical techniques make use of the statistical
properties of sample data to create a surface.

3.2.1. Deterministic methods
Inverse Distance Weighted (IDW)

Inverse Distance Weighted (IDW) is one of the most simple interpolation methods. It is based on
the assumption that the influence of each sample point is reduced with distance. Every predicted
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value is calculated by a linear combination of the surrounding measured values within a search
neighbourhood, multiplied by a weight that is proportional to the inverse of the distance. Therefore,
the closest values will have a larger influence on the estimated values than sample points that are
located farther away. IDW is a so-called exact method, meaning that the surface passes through all
measured sample points. The estimated value at location so, Zso can be determined from [44,45]:

N -p
. N . Z; d

Zo = Sgv 47 ®)
with Z; as the sample values, N as the total number of sample values, d; as the distance between the
sample point and the estimated point and p as the inverse distance weighting power (IDP). The IDP
factor determines the rate at which the influence of the sample point decreases with distance [40,46].
In this study, IDP values ranging from 1 to 5 are tested and the minimum and maximum number of
points are set to 10 and 15 respectively.

Global Polynomial Interpolation (GPI)

Global Polynomial Interpolation (GPI) fits a polynomial function on all sample points by using a
least-squares regression fit in order to create a surface. The degree of the polynomial can be adjusted
so the surface can describe a physical process. A first-order global polynomial fits a flat plane through
the sample points, while going to higher order polynomials will allow for bends, such that
valleys and peaks can be represented by the surface [46]. In this study, a first-order global polynomial
is used.

Local Polynomial Interpolation (LPI)

Local Polynomial Interpolation (LPI) creates a surface by combining many different polynomials,
all fit for smaller (overlapping) neighbourhoods, in contrast to GPI, which fits a polynomial function
over the entire data set. Therefore, LPI is able to better account for more short-range variations.
Again the order of the polynomial function can be chosen and similar. As for GPI, the coefficients
of the polynomials are found using the least-squares method [46,47]. For GPI, first-order
polynomials are selected for this interpolation method.

Radial Basic Functions (RBF)

Radial Basic Functions (RBF) or spline interpolation tries to minimise the curvature of a basis
function in order to create a smooth surface that goes through all the measured points. Therefore, like
IDW, RBF is an exact interpolator. However, in contrast to IDW, RBF is able to predict values above
or below the measured maximum or minimum value, respectively. RBF can be seen as fitting a rubber
membrane through the sample points while still keeping the surface as smooth as possible. RBF is
appropriate for slowly varying surface values but is less suitable when the sample data are subject to
measurement errors [46,48]. Here the choice was made to use the “completely regularised spline” as
basis function.
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3.2.2. Geostatistical Methods

Geostatistical techniques are predominantly found within the Kriging family. Similar to IDW,
Kriging uses linear interpolation of the neighbouring measured points to estimate the unsampled
points. However, with Kriging, both the distance and the degree of variation between the measured
data points are taken into account. For the latter, a variogram is required, which indicates the rate at
which the values change with distance. This is obtained by calculating the semi-variance from the
sample data. The expression to predict the unmeasured data is similar to IDW but the weights, i, are
calculated differently:

N

Zo= ) NZ ©)
i=1
The weight A depends on the distance to the estimated value, a trend model fitted through the
measured data and an auto-correlation as a function of distance. For Kriging methods, the variable
of interest, Z, can be broken down into a deterministic trend, i, and an error term, €:

Z(s) = u(s) +e(s) (10)

with s denoting the location. The way p(s) is modelled depends on the Kriging method that is used.
The error term is estimated by using the variogram and by assuming spatial autocorrelation.

Kriging is most appropriate when there is a spatially correlated distance or directional bias in the
data [40,46,48]. Three types of Kriging methods are used in this study—Ordinary Kriging, Universal
Kriging and Simple Kriging:

Ordinary Kriging (OK) is the most widespread Kriging method. In OK, the trend in Equation (10)
is assumed to be an unknown constant p(s) = p over a local subset [46,49].

Universal Kriging (UK) models the trend p(s) as a deterministic function. The function is
subtracted from the measured data to obtain random errors, &(s). The autocorrelation is then
calculated from these errors. Later, the deterministic function is added back to the model that was
fitted on the random errors to get the predicted data [36,46]. In this study, a first-order trend
model is used.

Simple Kriging (SK) uses the trend as a known constant and therefore the errors are also known
exactly. Hence, the expected mean of the residuals equals 0 and all variation is statistical [46,50].

3.3. Validation

In order to evaluate and compare the different interpolation methods, LOOCYV is used [43].
As detailed above (see Section 3.2), one observation is temporarily removed from the measured data
set, upon which the wind speed at that site is estimated with the remaining measurements. This
procedure is done one at a time for all observations in Flanders. Next, the estimated wind speeds are
compared with the observed wind speed initially discarded from the data set. The following test
statistics are used in this study:

1. Mean Error (ME) indicates the degree of bias. A negative value signifies an underestimation
while a positive ME means that the predictions are an overestimation of the real values:
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1 .
ME = S XiZ1(2(s) —2(s)) (11)
2. Mean Absolute Percentage Error (MAPE) is a simple measure of accuracy:
N
100 12(s;) — z(s))|
MAPE = —Z e
VAT s ) 12)
i=

3. Root mean square error (RMSE) represents the standard deviation and is sensitive to outliers:

N
1
RMSE = NZ(Iz“(si) —z(s)1%) (13)

4. R? indicates how well the predicted data match the observations:

| TCGs) — 7))
@G0 — 2G))

with N representing the number of observations in Flanders, z(s:) as the observed values, Z(s:) as the

R? = (14)

predicted values and Z(s:) as the mean observed value.
4. Results and Discussion
4.1. Exposure Correction

The measured surface wind speeds are used to calculate either mesowinds, Umeso, 0r macrowinds,
Smacro, in order to correct for the influence of the terrain or local obstacles. These regional wind speeds
are both interpolated by using SK before calculating the surface wind speeds at 10 m by using the
roughness map. All available data summarised in Table 1 are used to create both maps. In Figure 4,
the two surface wind maps resulting from the two methods are shown. Table 2 gives the statistics of
the prediction errors.

From Table 2 it is clear that the methods produce very different results. The statistical values in
Table 2 are all largely in favour of the Umeso method. For the Smacro method, the values indicate a
larger error in the prediction map in comparison with the Umeso method. The poor results obtained
here by using Smacro are in direct contrast to good results presented in [11], where the same method
was applied. Two possible reasons for this difference are given. The first is that for this method the
roughness has a very large influence. In this study the roughness length at the stations is obtained by
using satellite images of the sites and updated pictures of the surrounding areas, identifying the
relative land use. In a second step, the land uses derived were assigned their relative roughness
through the use of roughness tables available in literature [25]. However, in [11] the roughness
lengths at the masts are determined by analysing the wind gust ratio. This method is more accurate
and less dependent on the exact mast location. Another reason is that the relationship between the
mesoscale wind and the macrowind is based on the PBL similarity theory, which assumes a
homogeneous PBL with neutral stability. However, in coastal areas horizontal temperature gradients
are present and the method is unlikely to be applicable [12]. This may explain the failure of this



84

method since the wind climate in Flanders is heavily determined by the presence of the sea. On the
other hand, the Umeso exposure correction model gives much better results. It is expected that the
results will even ameliorate when only recent observations recorded in Table 1 are used. Therefore,
it was decided to use the recent data, together with the Umeso method, for the evaluation of the
interpolation methods.
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Figure 4. Yearly mean surface wind speed generated using the mesowind method and
the macrowind method (a) Mesoscale wind interpolation. (b) Macroscale wind

interpolation.

Table 2. Statistical details of the measurement errors for the Umeso and Smacro €xposure

correction methods.

Method ME [m/s] MAPE [%)] RMSE [m/s] R?
Uneso ~0.069 13.82 0.596 0.68
Simacro 0.035 19.42 0.945 0.56

4.2. Spatial Interpolation Methods Comparison

The comparison of different interpolation methods is here presented, showing differences in the
yearly mean surface wind speed, with a direct consequence on turbine sitting. The annual mean wind
speed maps generated with the different interpolation methods are all shown in Figure 5. The
evaluation of the results is again done by comparing the LOOCYV validation statistics and is summarised
in Table 3.
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Figure 5. Yearly mean surface wind speed generated using different spatial interpolation
methods. (a) Inverse Distance Weighted IDP = 1. (b) Inverse Distance Weighted
IDP = 2. (¢) Inverse Distance Weighted IDP = 3. (d) Inverse Distance Weighted
IDP = 4. (e) Global Polynomial Interpolation. (f) Local Polynomial Interpolation.
(g) Radial Basic Function. (h) Ordinary Kriging. (i) Universal Kriging. (j) Simple Kriging.

When comparing the statistics from SK where only recent data are used (Table 3) with the SK
results where all data are used (Table 2), it is clear that the use of recent, overlapping data is
most effective.

The results from IDW are largely dependent on the IDP value. The IDP = 3 is the power factor
with the best overall performance. The GPI produces the most inaccurate results, with the highest
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RMSE and MAPE values and a large over-prediction. The LPI method also has a large negative ME
value but the other statistical values are somewhat better. This is due to the fact that the mesoscale is
smaller than the area of Flanders and hence GPI is not applicable here.

It can be seen that the Kriging methods and the RBF method yield very good results: they all have
an RMSE value of about 0.48 m/s. OK and UK give similar results, with UK being slightly better
than OK. This is caused by the fact that in Flanders a linear trend of the wind speed can be assumed,
with higher values near the sea and decreasing values farther inland; this is a trend that can be
incorporated in the UK method. Still, the RBF and SK methods rendered an even smaller MAPE
value of 0.5%.

Table 3. LOOCYV statistical values for the different spatial interpolation methods.

Method ME [m/s] MAPE [%]  RMSE [m/s] R?
IDW 1 ~0.143 14.58 0.577 0.56
IDW 2 -0.127 13.06 0.520 0.64
IDW 3 -0.121 12.10 0.509 0.67
IDW 4 -0.125 11.93 0.521 0.68
IDW 5 -0.132 12.29 0.540 0.68

GPI ~0.258 17.43 0.688 0.43
LPI -0.257 13.15 0.504 0.77
RBF -0.125 10.88 0.479 0.74
SK ~0.030 10.82 0.484 0.67
OK -0.133 11.37 0.487 0.72
UK —0.144 11.38 0.477 0.72

It is difficult to prefer one of the latter two methods over the other without additional verification
measurements since the RBF method has a better R>-value but with SK, the ME value is closer to 0.
Nevertheless, the under-prediction of the wind speed when using the RBF method is undesirable
since it leads to an underestimation of the power production by a potential wind turbine. When
comparing the maps (g) and (j) from Figure 5, the largest difference between the two interpolation
methods is situated around Antwerp, where RBF predicts higher wind speeds than SK. This is due
to the high wind speed recorded in Deurne (Antwerp city district) which has a higher influence on
the RBF interpolation as it is an exact method. Hence, the predicted surface is forced through the
measured points and thus the SK method is considered more robust and more suited to deal with
wind speed measurement uncertainties.

As the station of Brasschaat (Table 1) in the Antwerp region only has recorded data up to 2006, it
is not used for the construction of the wind speed maps but can be applied for evaluation of both
maps. For Brasschaat, the RBF and SK methods predicted a mean wind speed of 3.40 m/s and 3.21 m/s,
respectively. Knowing that the average measured wind speed from 1973 to 2006 in Brasschaat is
3.26 m/s, the prediction error equals to 4.20% for RBF and 1.36% for SK. Hence, it is demonstrated
that SK has the best performance for this observation point, with RBF acting as a valuable alternative
method since a small margin of error is equally observed.
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The above reasoning leads to the conclusion that the SK spatial interpolation method is slightly
more realistic than RBF for the interpolation of the annual mean wind speed in Flanders. With the
method described above, it is possible to create wind resource maps on different heights (see Figure 6).
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Figure 6. Annual mean wind speed, (a) 15 m, (b) 20 m, (¢) 30 m, (d) 40 m.
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5. Energy Resource Mapping

Mean wind speed is not a representative value for energy production assessment by itself.
Accordingly, in this section we use a Rayleigh distribution as an indicator to estimate energy yield,
which is a Weibull distribution with a shape factor of 2 [51-54].

The International Standard IEC 61400-12-1 [55] describes methods for determining the power
performance of electricity producing horizontal axis wind turbines. The annual energy production
(AEP) curve, described in this standard, allows the estimation of the annual production at different
reference wind speed frequency distributions, assuming 100 % availability. A Rayleigh distribution,
which is identical to a Weibull distribution with a shape factor of 2, is used as the reference wind
speed frequency distribution. Starting from the wind speed map of Flanders, energy resource maps
could be developed for different wind turbines, based on their AEP curve (see Figure 7). In order to
demonstrate how the AEP can be calculated, in this article an AEP map is created for a 10 kW
3-blade, upwind, horizontal axis wind turbine.
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Annual Average Wind Speed [m/s]

Figure 7. Estimated Annual Energy Production for a 10 kW 3-blade, upwind, horizontal
axis wind turbine (reference air density: 1.225 kg/m?).

The horizontal axis wind turbine in this example has a swept area of 40.7 m?. The above-described
small wind turbine (SWT) is certified by the Small Wind Certification Council to be in conformance
with the American Wind Energy Association (AWEA) Small Wind Turbine Performance and Safety
Standard (AWEA Standard 9.1-2009) [56].

The equation of the best-fit curve needs to be calculated. With this, it becomes possible to calculate
the estimation of the AEP in Flanders for this wind turbine (See Figure 8). This is the equation for
the best fit curve:

AEP =—1 x 107 x°—0.0011x° + 0.0696x* — 1.3928x" + 12.477x* — 42.413x + 51.124 (15)

with x representing the annual average wind speed (m/s), and taking into account the cut-in wind
speed of 2.2 m/s.
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In Figure 9 the estimated simple payback period is visualised for the above-described SWT. Hence
it is possible to predict an area with reasonable payback times for the wind turbine. In Figure 9 only
red to orange areas yield payback times that are commercially acceptable; the blue area is ruled out
for the concerned SWT at a height of 15 m.

Estimated Annual Energy Production
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Figure 8. Estimated annual energy production (kWh) for a 10 kW 3-blade, upwind,
horizontal axis wind turbine at 15 m height.
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Figure 9. Estimated simple payback period (years).
6. Conclusions

The present study has produced a reliable wind speed map of Flanders based on measurement data
and roughness maps, and likewise has provided insight on spatial interpolation methods. The study
demonstrated how local wind conditions, and thus the local wind energy generation potential, can be
calculated by modelling available wind measurements.

The method used is based on a traditional wind mapping methodology but adds an integrated
spatial interpolation and transformation model to create reliable location-specific wind resource maps.
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By applying the model to Flanders, it was observed that transformation of the surface wind to the
mesoscale level yielded better results for wind resource mapping than the macroscale level. Likewise,
the comparison of seven different spatial interpolation methods led to the observation that
geostatistical and RBF methods outperformed IDW and Polynomial interpolation methods.

In contrast to the findings of [11,37,38,47], the robust Simple Kriging interpolation method was
found to produce the best results for developing regional wind resource maps since it has the lowest
MAPE, a very low RMSE of 0.48 m/s and a negligible bias (see Table 3).

As an overall conclusion, based on statistical analysis, it was found that the transformation of
surface wind measurements into mesoscale wind data in combination with Simple Kriging
interpolation is the most adequate method to create reliable wind resource maps that enable the
selection of optimal production sites for SMWTSs in Flanders.

A limitation of the study is that an average wind speed map alone is not sufficient for wind energy
applications. Accordingly, further steps for research might include additional information, such as
seasonal maps and statistics on diurnal variability, to improve the energy map applications.

Another open issue is the transferability of our results, and to what extent this application for
Flanders can be used as a reference for other implementations. Further steps for research should
analyse whether phenomena described in the study are general characteristics under the
practical applications.

Acknowledgments

This study is part of the Windkracht 13 project that seeks to open the market for SMWTs in
Flanders [57]. Windkracht 13 is a demonstration and dissemination project in the frame of the New
Industrial Policy of the Flemish government. The project studies current barriers by performing a
focused LESTS (Legal, Economic, Spatial, Technical, Social) analysis [58]. Based on this pentagonal
mapping, recommendations are made for lowering the thresholds to install SMWT in Flanders.

Author Contributions

Samuel Van Ackere conceived and designed the research; Samuel Van Ackere and David
Schillebeeckx performed the experiments, and analysed the data; Samuel Van Ackere wrote the paper;
Enrica Papa, Greet Van Eetvelde, Lieven Vandevelde and Karel Van Wyngene helped during the
editing, rewriting and review process.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Giacomarra, M.; Bono, F. European Union commitment towards RES market penetration:
From the first legislative acts to the publication of the recent guidelines on State aid 2014/2020.
Renew. Sustain. Energy Rev. 2015, 47, 218-232.



10.

12.

13.

14.

15.

16.

17.

18.

91

Hanslian, D.; Hosek, J. Combining the VAS 3D interpolation method and Wind Atlas
methodology to produce a high-resolution wind resource map for the Czech Republic.
Renew. Energy 2015, 77, 291-299.

Tempels, B.; Pisman, A. Open Ruimte in Verstedelijkt Vlaanderen: Een Vergelijkende Studie
Naar Vier Onderschatte Ruimtegebruiken. Ruimte Maatsch. 2013, 5, 33-58.

VMM. Luchtkwaliteit in het Viaamse Gewest—Jaarverslag Immissiemeetnetten;
Vlaamse Milieumaatschappij: Erembodegem, Belgium, 2014. (In Dutch)

Ministerie van de Vlaamse Gemeenschap, afdeling Natuurlijke Rijkdommen en Energie.
Windenergie Winstgevend; Ministerie van de Vlaamse Gemeenschap, afdeling Natuurlijke
Rijkdommen en Energie: Brussel, Belgium, 1998; p. 16. Available online:
http://stro.vub.ac.be/wind/windenergie winstgevend.pdf (accessed on 12 August 2015). (In Dutch)
National Oceanic & Atmospheric Administration (NOAA). U.S. Daily Observational Data.
NOAA: Washington, DC, USA. Available online: http://gis.ncdc.noaa.gov/map/viewer/#app=cdo
(accessed on 12 August 2015).

Pryor, S.; Barthelmie, R. Climate change impacts on wind energy: A review. Renew. Sustain.
Energy Rev. 2010, 14, 430-437.

Antrop, M. Landscape change and the urbanization process in Europe. Landsc. Urban Plan.
2004, 67, 9-26.

Silva, J.; Ribeiro, C.; Guedes, R. Roughness length classification of Corine Land Cover classes.
In Proceedings of the European Wind Energy Conference, Milan, Italy, 7-10 May 2007;
pp. 1-10.

NGI. De eenheid beeldverwerking van het NGI. Available online: http://www.ngi.be/Common/
articles/CA_Td/artikel td.htm (accessed on 12 August 2015). (In Dutch)

. Stepek, A.; Wijnant, I.L. Interpolating Wind Speed Normals from the Sparse Dutch Network to

a High Resolution Grid Using Local Roughness from Land Use Maps; Koninklijk Nederlands
Meteorologisch Instituut: De Bilt, The Netherlands, 2011.

Wieringa, J. Roughness-dependent geographical interpolation of surface wind speed averages.
Quart. J. R. Meteorol. Soc. 1986, 112, 867—889.

Verkaik, J. Evaluation of two gustiness models for exposure correction calculations. J. Appl.
Meteorol. 2000, 39, 1613-1626.

Verkaik, J. A Method for the Geographical Interpolation of Wind Speed over Heterogeneous
Terrain; Koninklijk Nederlands Meteorologisch Instituut: De Bilt, The Netherlands, 2001.
Verkaik, J.; Smits, A. Interpretation and estimation of the local wind climate. In Proceedings of
the 3rd European & African Conference on Wind Engineering, Eindhoven, The Netherlands,
2-6 July 2001; pp. 2—6.

Verkaik, J.W. On Wind and Roughness over Land; Wageningen Universiteit: Wageningen,
The Netherlands, 2006.

Verkaik, J.W. Windmodellering in het KNMI-hydra project—Opties en Knelpunten;
Koninklijk Nederlands Meteorologisch Instituut: De Bilt, The Netherlands, 2000.

Wever, N.; Groen, G. Improving Potential Wind for Extreme Wind Statistics; Koninklijk
Nederlands Meteorologisch Instituut: De Bilt, The Netherlands, 2009.



92

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Lopes, A.S.; Palma, J.M.L.M.; Piomelli, U. On the Determination of Effective Aerodynamic
Roughness of Surfaces with Vegetation Patches. Bound.-Layer Meteorol. 2015, 156, 113—130.
Lorente-Plazas, R.; Montavez, J.P.; Jimenez, P.A.; Jerez, S., GoOmez-Navarro, J.J.;
Garcia-Valero, J.A.; Jimenez-Guerrero, P. Characterization of surface winds over the Iberian
Peninsula. Int. J. Climatol. 2014, 35, 1007-1026.

Baas, P.; Bosveld, F.C.; Burgers, G. The impact of atmospheric stability on the near-surface
wind over sea in storm conditions. Wind Energy 2015, doi:10.1002/we.1825.

Kreibich, H.; Bubeck, P.; Kunz, M.; Mahlke, H.; Parolai, S.; Khazai, B.; Daniell, J.; Lakes, T.;
Schroéter, K. A review of multiple natural hazards and risks in Germany. Nat. Hazards 2014, 74,
2279-2304.

Wieringa, J. An objective exposure correction method for average wind speeds measured at a
sheltered location. Quart. J. R. Meteorol. Soc. 1976, 102, 241-253.

Manwell, J.F.; McGowan, J.G.; Rogers, A.L. Wind Energy Explained: Theory, Design and
Application; John Wiley & Sons: Hoboken, NJ, USA, 2010.

Wieringa, J. Representative roughness parameters for homogeneous terrain. Bound.-Layer
Meteorol. 1993, 63, 323-363.

Obukhov, A. Turbulence in an atmosphere with a non-uniform temperature. Bound.-Layer
Meteorol. 1971, 2, 7-29.

Businger, J.; Yaglom, A. Introduction to Obukhov’s paper on ‘turbulence in an atmosphere with
a non-uniform temperature’. Bound.-Layer Meteorol. 1971, 2, 3-6.

Tennekes, H. The logarithmic wind profile. J. Atmos. Sci. 1973, 30, 234-238.

Hogstrom, U. Von Karman’s constant in atmospheric boundary layer flow: Reevaluated.
J. Atmos. Sci. 1985, 42, 263-270.

Frenzen, P.; Vogel, C.A. A further note “on the magnitude and apparent range of variation of
the von karman constant”. Bound.-Layer Meteorol. 1995, 75, 315-317.

Garratt, J.R.; Hess, G.D.; Physick, W.L.; Bougeault, P. The atmospheric boundary
layer—Advances in knowledge and application. Bound.-Layer Meteorol. 1996, 78, 9-37.
Tieleman, H.W. Strong wind observations in the atmospheric surface layer. J. Wind Eng.
Ind. Aerodyn. 2008, 96, 41-717.

Arya, S. Suggested revisions to certain boundary layer parameterization schemes used in
atmospheric circulation models. Mon. Weather Rev. 1977, 105, 215-2217.

Newman, J.F.; Klein, P.M. The impacts of atmospheric stability on the accuracy of wind speed
extrapolation methods. Resources 2014, 3, 81-105.

Duda, JD. A Modelling Study of PBL Heights, 2010. Available online:
http://www.meteor.iastate.edu/~jdduda/portfolio/605 paper.pdf (accessed on 12 August 2015).
Apaydin, H.; Sonmez, F.K.; Yildirim, Y.E. Spatial interpolation techniques for climate data in
the GAP region in Turkey. Clim. Res. 2004, 28, 31-40.

Cellura, M.; Cirrincione, G.; Marvuglia, A.; Miraoui, A. Wind speed spatial estimation for
energy planning in Sicily: Introduction and statistical analysis. Renew. Energy 2008, 33,
1237-1250.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

93

Chinta, S. A Comparison of Spatial Interpolation Methods in Wind Speed Estimation across
Anantapur District, Andhra Pradesh. J. Earth Sci. Res. 2014, 2, 48-54.

Luo, W.; Taylor, M.; Parker, S. A comparison of spatial interpolation methods to estimate
continuous wind speed surfaces using irregularly distributed data from England and Wales.
Int. J. Climatol. 2008, 28, 947-959.

Rehman, S.U.; Uddin Qazi, M.; Siddiqui, I.; Shah, N.H.S. Comparing Geostatistical and
Non-geostatistical Techniques for the Estimation of Wind Potential in Un-sampled Area of
Sindh, Pakistan. Eur. Acad. Res. 2013, 1, 1770-1792.

Wei, Y. Spatial Variation and Interpolation of Wind Speed Statistics and Its Implication in
Design Wind Load. Postdoctoral Thesis, The University of Western Ontario, London, ON,
Canada, 2013.

Dobesch, H.; Dumolard, P.; Dyras, 1. Spatial Interpolation for Climate Data.: The Use of GIS in
Climatology and Meteorology; John Wiley & Sons: Hoboken, NJ, USA, 2013.

Michaelsen, J. Cross-validation in statistical climate forecast models. J. Clim. Appl. Meteorol.
1987, 26, 1589-1600.

Keckler, D. The Surfer Manual; Golden Software, Inc.: Golden, CO, USA, 1995.

Song, J.; DePinto, J.V. A GIS-based Data Quer y System. In Proceedings of the International
Association for Great Lakes Research (IAGLR) Conference, Windsor, ON, Canada, 10-14
January 1995.

Johnston, K.; ver Hoef, J.M.; Krivoruchko, K.; Lucas, N. Using ArcGIS Geostatistical Analyst,
ESRI: Redlands, CA, USA, 2001; p. 300.

Ali, S.M.; Mahdi, A.S.; Shaban, A.H. Wind Speed Estimation for Iraq using several Spatial
Interpolation Methods. Br. J. Sci. 2012, 7, 48-55.

Lang, C.-Y.; de Mesnard, L. Types of Interpolation Methods. Available online:
http://www.gisresources.com/types-interpolation-methods 3/ (accessed on 3 July 2015).

Shi, G. Chapter 8—Kriging Data Mining and Knowledge Discovery for Geoscientists,
Elsevier: Amsterdam, The Netherlands, 2014; pp. 238-274.

Eberly, S.; Swall, J.; Holland, D.; Cox, B.; Baldridge, E. Developing Spatially Interpolated
Surfaces and Estimating Uncertainty; United States Environmental Protection Agency:
Washington, DC, USA, 2004.

Alodat, M.T.; Anagreh, Y.N. Durations distribution of Rayleigh process with application to
wind turbines. J. Wind Eng. Ind. Aerodyn. 2011, 99, 651-657.

Olaofe, Z.0.; Folly, K.A. Statistical Analysis of Wind Resources at Darling for Energy
Production. Int. J. Renew. Energy Res. 2012, 2, 250-261.

Olaofe, Z.0.; Folly, K.A. Wind energy analysis based on turbine and developed site power
curves: A case-study of Darling city. Renew. Energy 2013, 53, 306-318.

Ahmmad, M.R. Statistical Analysis of the Wind Resources at the Importance for Energy
Production in Bangladesh. Int. J. U- & E-Service Sci. Technol. 2014, 7, 127-136.

IEC. International Standard IEC 61400-12-1. Available online: ftp:/ftp.ee.polyu.edu.hk/
wclo/Ext/OAP/IEC61400part12 1 WindMeasurement.pdf (accessed on 12 August 2015).



94

56.

57.

58.

AWEA Small Wind Turbine Performance and Safety Standard; American Wind Energy
Association: Washington, DC, USA, 2009.

Van  Ackere, S.; van Wyngene, K. Windkracht 13. Available online:
http://www.windkracht13.be/ (accessed on 3 July 2015).

Van Eetvelde, G.; van Zwam, B.; Maes, T.; Vollaard, P.; De Vries, 1.; Tavernier, P.;
D’Hooge, E.; Geenens, D.; Verdonck, L.; Leynse, L. Praktijkboek duurzaam
bedrijventerreinmanagement, POM West-Vlaanderen: Sint-Andries, Belgium, 2008; p. 117.
(In Dutch)



95

Towards a Carbon-Neutral Energy Sector:
Opportunities and Challenges of Coordinated Bioenergy
Supply Chains-A PSE Approach

Luis Puigjaner, Mar Pérez-Fortes and José M. Lainez-Aguirre

Abstract: The electricity generation sector needs to reduce its environmental impact
and dependence on fossil fuel, mainly from coal. Biomass is one of the most promising future
options to produce electricity, given its potential contribution to climate change mitigation. Even
though biomass is an old source of energy, it is not yet a well-established commodity. The use of
biomass in large centralised systems requires the establishment of delivery channels to provide the
desired feedstock with the necessary attributes, at the right time and place. In terms of time to
deployment and cost of the solution, co-combustion/co-gasification of biomass and coal are
presented as transition and short-medium term alternatives towards a carbon-neutral energy sector.
Hence, there is a need to assess an effective introduction of co-combustion/co-gasification projects
in the current electricity production share. The purpose of this work is to review recent steps in
Process Systems Engineering towards bringing into reality individualised and ad-hoc solutions, by
building a common but adjustable design platform to tailored approaches of biomass-based supply
chains. Current solutions and the latest developments are presented and future needs under study
are also identified.

Reprinted from Energies. Cite as: Puigjaner, L.; Pérez-Fortes, M.; Lainez-Aguirre, J.M. Towards a
Carbon-Neutral Energy Sector: Opportunities and Challenges of Coordinated Bioenergy Supply
Chains-A PSE Approach. Energies 2015, 8, 5613-5660.

1. Introduction

A greener and more sustainable society needs renewable energy under all its forms, higher
efficiency systems and a change of habits. Oil, chemicals and related industries, are nowadays
evolving considerably due to market demands, unprecedented globalisation and the arising
limitations from environmental concerns and security. Moreover, sustainable considerations
combined with tools such as stakeholder analysis, key performance indicators (KPIs) and life cycle
assessment (LCA) approach may cover the supply chain from cradle-to-the grave, being powerful
approaches in a pre-design step [1].

The energy sector is moving towards a new energy paradigm, which favours more efficient
conversion processes (due to more scarce and expensive fossil fuels), renewable sources and
micro-generation (i.e., smart grids), through tailor-made approaches, adapted to the needs and
resources of each area. Decentralisation ideally involves more population participation and supply
security. There will not be a unique technology or renewable source massive implementation, but a
combination of various conversion technologies to meet the energy demand [2]. The alternatives to
centralised and conventional sources of energy should be sustainable in the time, which implies a
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responsible resource exploitation, by balancing source availability with electricity demand, and
therefore with the capacity of the plant.

Biomass can play an important role in both centralised (large scale) and decentralised or
distributed (small scale) energy systems. Each scale evolves into different challenges in the use of
biomass. As immediate solutions, where technology is already well developed, biomass at large
scale can be co-used properly with fossil fuels. Biomass systems at small scale are appropriate for
residential uses and rural electrification in emerging countries [3].

Bioenergy or energy from biomass is a promising contributor in the upcoming energy mix. In order
to become a key actor, technological, economic, environmental and social aspects need to be
advantageous if compared to conventional fuels. As one of the main points to improve, biomass
needs to be densified to increase its calorific value, while easing its transportation and stabilising
moisture and dry matter contents. That is the reason why biomass pre-treatment becomes crucial
for the development of sustainable supply chains.

The use of coal can be reduced if appropriately mixed with biomass. Around the world,
requirements for energy and electricity are largely met by fossil fuels, and coal is widely selected
as it is a secure, low-cost and high energy density source; coal resources are abundant and broadly
distributed geographically [4]. Coal is also relatively easy to mine, ship, and store. It is expected to
contribute significantly in the future energy needs in many nations, especially in fast-developing
countries such as China and India [5]. These qualities make coal-fuelled power plants important
electricity price stabilisers and reliable power producers, especially in electricity systems with
price-volatility or intermittently available resources.

In this context, it is worth noticing that coal demand had an average growth rate of 3.3% per
year, between 2010 and 2013, and is expected to reach nine billion tonnes per year by 2019.
According to the International Energy Agency (IEA) Executive Director, Maria van der Hoeven,
although the contribution that coal makes to energy security and access to energy is undeniable,
coal use in its current form is unsustainable, which makes the deployment of carbon capture and
sequestration a priority [6].

On the other hand, according to the Energy International Agency (EIA), the global energy
demand is set to grow by 37% by 2040 [7,8]. As example, the European Union has established a
target of 20% share of renewable energy out of the total European energy consumption by 2020 [9].
The U.S. in its Energy Independence and Security Act (EISA) of 2007 states that advanced biofuels
shall supply at least 21 billion gallons of U.S. motor fuels by 2022 [10]. In this context, biomass
exploitation becomes into a need.

1.1. Challenges in the Bioenergy Sector

The development of a successful bioenergy sector in developed and developing nations, through
centralised and more decentralised systems, will make a useful long-term contribution to diversity,
security and self-sufficiency of energy supply [11]. Current challenges in the worldwide energy
sector reflect three main issues: natural sources diminution, climate change and technology
development. Within this context, bioenergy is one of the most appreciated options to mitigate
Greenhouse Gases (GHG) emissions by replacing conventional sources in vehicles fuel and in
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electric power generation, certainly by adequately exploiting biomass resources and the multiple
technology options [12].

Bioenergy challenges are classified into two main blocks: energy generation and biomass as
a source. Figure 1 shows the major topics to be addressed by these blocks: (i) energy generation
deals with the different biomass conversion routes, for fuels or electricity production, to be brought
into market status; and (ii) biomass as a source, faces controversies like land use, while it is also
concerned with globalisation and global markets.

Bioenergy inter-linkages

Climate Agriculture and Waste

Technology change land use management

!

Cinergy generation (fuels,

Biomass as a source

electricity)
Sustainability Development t

National and international
trade

Figure 1. Bioenergy and concerned actuation areas.

In relation to the first block, global trends are promoting the utilisation of renewable sources as
alternatives to fossil fuels to mitigate climate change and to alleviate the peak oil effects. In poorer
areas, it is equally important to promote energy access through renewable sources at affordable
prices [13]. As [14] and [15] point out, the current energy models are biased towards industrialised
countries because these are usually developed by experts and/or organisations that live and have
been educated in industrialised countries. Accordingly, not only economic factors should be
revised, but also types of demands, capability for operational and maintenance tasks or accessibility
to the grid, to come up with more versatile models capable of looking into each project through its
own reality, context and particularities.

Concerning the second block, biomass as energy source is coupled with two important economy
sectors: agriculture and waste management. Agriculture can be used to produce food, feed, fuel and
fibre (the so-called “4Fs”) creating a certain controversy and competitiveness for the land use, and
therefore, for water use. As last instance, land as a resource is a protector of ecosystem systems,
deals with the pressure of population growth, life styles variations and climate change
consequences [16]. Residues management is interlinked with other markets: they can be used as
raw materials, as feed or as fertilizer, or in other industries that treat them to be further used in other
processes. This leads into a complex competitive trade, where prices are set by the demand [12].
Biomass markets are changing from exclusively national to international markets: globalisation
makes accessible a broad range of globally dispersed potential suppliers and consumers. In order to
develop a stable market with biomass as a commodity, supply and demand should be secured, in a
sustainable way, while meeting the appropriate technical standards [17]. As the works of
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Janssen et al. [18] and Madjera [19] point out, developing countries such as those in Africa, have
the potential to become significant producers and exporters of raw biomass while supplying their
basic needs.

Overall, biomass can provide a larger energy share than the one that provides nowadays. For
that to become a reality, technological, economic and social barriers have to be overcome [20]. As
a result, efforts are concentrated on developing integrated frameworks to support the decision-making
process. This is further described in the current paper, which is principally focused on gasification
and combustion technologies.

The Scale of the Problem

Biomass as energy source, in comparison with fossil fuels, has a lower calorific value as well
as intrinsic characteristics that derive into technological limitations. That is the reason why 100%
biomass to energy projects typically employ small scale conversion systems. Moreover, they tend
to be placed close to the biomass generation source as well as close to the biomass demand points,
to avoid high logistic and network infrastructure constraints [21-23]. According to [12], large
gasification systems are from 10 MWm, and small gasification systems cover the range from few
MW to less than 100 kWw. In terms of electricity and in accordance with [24], small scale
gasification plants enclose plants with a power up to 200 kWe. These ranges lead to significant
differences in terms of land use for the plant infrastructure, investment, operation and maintenances
costs and evidently, plant dimensions (as example, the ELCOGAS integrated gasification
combined cycle (IGCC) power plant uses a land extension of 480,000 m?, while a small scale
gasification plant can occupy around 25 m?, as it is the case of the real scale pilot plant built in our
laboratory at the Universitat Politécnica de Catalunya). Centralised energy systems (CES) are
defined here as large power plants that inject electricity to the grid and transport the raw material or
energy source to the plant; decentralised or distributed energy systems (DES) entail localised
electricity generation near the demand points and near the biomass production places. There exists
no agreement in the literature about the definition of distributed generation; nevertheless it is usually
perceived as small scale electricity generation [25]. The literature overviews from [26] and [25],
point out that the term refer to: (i) stand alone or autonomous applications; (ii) stand-by sources
that supply power during grid outages; (iii) co-generation (or waste heat recovery) installations
with power injection to the grid (if the DES has a higher power production than the local demand);
(iv) DES that support the grid by decreasing power losses and improving the system voltage profile
and (v) to energy systems connected directly to the grid that sell the electricity produced. This work
uses the term DES as stand alone applications, with co-generation possibilities. See in Figure 2 an
overview of centralised vs. distributed systems.
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Figure 2. Conventional centralised and decentralised based systems.

The supply chains of decentralised and centralised systems are studied in this paper, for two well
differentiated concepts: rural/urban areas in developing/developed countries. This terminology does
not have a well extended norm of usage; one possible definition for rural area uses a threshold
of 150 inhabitants/km?, including countryside, towns and small cities. Other definitions take into
account towns and municipalities outside the urban centres, with population of 10,000 or more; or
population living outside regions with major urban settlements of 50,000 or more people, dividing
the areas into “metropolitan adjacent” or “not adjacent” categories [27]. Urban areas include a
central city and the surrounding dense areas that have together a population of 50,000 or more,
encompassing a minimum of 2500 people, the minimum of which (1500 people) residing
outside institutional group quarters, according to the United States Census Bureau, [28]. The
developed-developing countries division is more controversial, since it is difficult to assess the
standards of living for worldwide countries. For instance, the World Bank (WB) classifies the
countries according to their gross national income (GNI) for year 2013, being developing countries
those ones with a GNI lower than US$4125 [29]. The World Energy Assessment from the United
Nations Development Program [30] (UNDP), the United Nations Department of Economic and
Social Affairs, and the World Energy Council, (2004) uses the term industrialised country to refer
to high-income countries that belong to the Organisation for Economic Co-operation and
Development (OECD). In this way, developed countries are also called industrialised. In this review,
both terms, industrialised and developed are used.

Energy chains should be developed according to the context of each country/project and taking
into account economic, environmental and social issues. Consequently, even if the technology to be
implemented is the same in developed and developing countries (i.e., gasification), the specific
power to produce, and the energy chain itself (distance to raw materials, to existing grids, etc.)
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should be characterised according to features such as the sector financing, the existence of a grid,
the grid distribution losses, the demand, efc. [14,31]. Gasification principles for large and small
scale gasification are the same, but the type of reactor as well as the final syngas or producer gas
composition and uses are generally different. This work describes further three plant layouts, which
have been chosen because of the current challenges in process design and in supply chain
management: large scale gasification of biomass-coal blends, represented by IGCC power plants,
with carbon capture and storage (CCS) technology (IGCC-CCS), small scale biomass gasification
which considers the produced gas usage in a gas engine (BG-GE), and co-combustion in large scale
power plants, i.e., in retrofitted pulverised coal (PC) power plants. The next two sections describe:
(i) the main characteristics of biomass and the range of available technologies and (ii) the
techniques used in a pre-design stage, to approach a biomass-to-energy problem.

1.2. Biomass as a Resource

Biomass is defined as “all the organic matter contained in plant and animal based products
(including organic wastes) that can be captured and used as a source of stored chemical
energy” [11]. Biomass can be classified into three large categories according to its origin [11,12]:
primary, secondary and tertiary biomass. See in Figure 3 this well extended biomass classification,
detailing sources and raw materials.

According to Sim [11], biomass contributes significantly to the world’s primary energy supply,
with 45 EJ/yr utilised in traditional and modern uses of biomass. Inside this number, the traditional
use of biomass is estimated in 38 EJ/yr: it is the first energy source in developing countries
(involving a 20%—35% of their national primary energy demand). The traditional use of biomass
includes cooking and heating in a non-sustainable and inefficient way, through direct firing. As
Silveira [32] points out, “biomass is the fuel of the rural poor in developing countries”. There is no
global information about the biomass market size; nevertheless it is assumed that the
non-conventional use of the biomass is around 29 EJ/yr. The most relevant properties of biomass as
energy carrier or chemical feedstock in thermochemical conversion processes (described in point
1.2.1) are, according to Rubiera et al. [33]: proximate and ultimate analyses, moisture content,
lower and higher heating values (LHV and HHV), heats of formation, ashes content, biochemical
composition (hemicellulose, cellulose, lignin and extractives), bulk density and grindability.

In Mathews [34] is stated that the world is in a transition, from an economy fuelled by carbon
from the past (“petro-economy”), to an economy fuelled by biomass, which is created through
photosynthesis (“bio-economy”). According to Rosillo-Calle et al. [17] and Mathews [34],
bioenergy is extensively considered as carbon neutral, since the carbon emitted replaces the carbon
absorbed during the crop growth. Nonetheless, each specific situation should be treated separately,
and a LCA is recommended to calculate a complete carbon balance.

Three situations can be identified in general for fossil and biomass fuels, and are depicted in
Figure 4. Carbon positive fuels describe fossil fuels, as they release (net) CO2 into the atmosphere.
Carbon neutral fuels symbolise biomass resources, which absorb CO:z from the atmosphere and
release it again. Nevertheless, in practice, the carbon balance may be positive if fossil fuels are
used at some echelon of the supply chain (mainly in biomass production and logistics). Carbon
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negative fuels represent biomass resources that absorb CO2 from the atmosphere and release less
COz into it, because of directing part of the captured emissions during growing to the soil, as
bio-char, or because of CSS use (called bionenergy with CCS, BECCS). Analogously, fossil fuels
with CCS aim at a complete carbon neutrality, even if a small fraction of the COz is not captured
and hence it is discharged in the atmosphere. This neutral-carbon objective is theoretical, since a
complete LCA should be performed to evaluate the trade-off between the emissions captured, and
the emissions derived from the utilities consumed to perform this capture.

BIOMASS CLASSIFICATION

( Category ) ( Source ) ( Raw material )

Woody biomass e Forest arisings
e Wood process residues
e Recovered woodfuels
from land clearance or
municipal green waste

Primary biomass:

It is available “in the
field” and needs to be
collected to be available.

Secondary biomass: Agricultural e Energy crops (short
Itis produced after biomass rotation and annuals)
biomass processing. e Water vegetation (algae,

seaweeds, etc.)

e Agricultural by-products
(field crop residues)

* Animal by-products
(cattle, pigs, horses,
poultry, humans)

e Agro-industrial by
products (bagasse, rice
husks, etc.)

Tertiary biomass: e Organic fraction of

It is available after a Ir?dustnal and municipal Municipal Solid Waste
bio-degradable wastes

biomass-derived (MSW)
commodity has been e Sludges
used (waste streams). e Waste and demolition
wood
e Landfill gas

Figure 3. Biomass sources classification, based on [11,12].

,{f\/“f\
[ )] With fossil fuels With capture of With capture of

(f j consumption emissions emissions

Conversion
process

Carbon neutral

Carbon positive (biomass and fossil Carbon negative
(fossil fuels) (biomass)

Figure 4. Bio-sources carbon balance, based on Mathews [34].
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1.2.1. Available Technologies

An important portfolio of technologies allows for biomass transformation into heat, electricity,
co-generation or transport fuels, and chemical feedstock. The most suitable conversion technology
for a specific type of biomass depends on the composition, characteristics and amount of the
resource, the desired final product, the environmental standards and the economic and project
specific conditions [12,35]. Figure 5 shows the different available technologies and products
obtained. Thermochemical conversion processes are suitable for low moisture content biomass
(less than 50%), while physic-chemical and biological ones are adequate for humid biomass. A
biorefinery integrates different technologies to produce heat, electricity, fuels and chemicals, at the
same facility.

Biomass Feedstock
‘-,\00 Drying, supply
& 1
Q¢° I T |
Q(ﬁ' Thermochemical Physico-chemical Biological
conversion conversion conversion
R | |
K\ . .
09" | | | | Extraction Sterification Fe?:::t:ltl:;n Ad?air:::
Q ‘o" Combustion Gasification Pyrolysis  Liquefaction | Igel
Low Medium Hydrocarbons ~ Organic oil ~ Organic oil Ethanol Biogas
energy gas energy gas |
S
<° Solid Combustible .  Combustible gases Liquid fuels
< | |
Heat \
Mechanical VWork \
Electricity

Figure S. Outline of the main biomass conversion processes.
1.2.2. Biomass Trade

The sub-Saharan Africa (SSA) has the lowest electrification rate worldwide and still relies on
the traditional use of wood for cooking and heating; 587 million people, 75% of the population, had
no access to electricity in 2009, a number that is believed to rise up to 652 million by 2030 [36,37].
SSA agricultural waste potential for energy purposes is estimated at 136 PJ per year, while the
forest residues in west and central Africa can reach 95 PJ per year [36]. Identification of best
strategies for modern wood technologies implementation and efficient small scale techniques are
underway. As aforementioned this type of technologies are necessary to enable developing
countries to become significant producers and exporters of raw biomass while supplying their basic
needs. Along this lines, the European Union is a significant pellets consumer and importer:
international imports have grown from 56 PJ in 2000 to 300 PJ in 2010 [38]. According to
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EURELECTRIC, the solid-biomass provided by external suppliers may increase up to 1650 PJ by
2020. This is an example of how a global context can set the basis for a clear offer-demand
opportunity: there is true momentum for solid-biomass market (with pellets as its main
representative) in Europe, and SSA, together with other areas in America and Canada, has a
potential that is nowadays underexploited.

In the medium and short term, the use of waste, which entails disposal problems, is a continuous
source of organic matter for power production. Due to its distributed nature, biomass is appropriate
for decentralised power generation in local areas, with certain centralisation for cost optimisation
purposes [39]. The pellets industry should not only use “high quality” woody resources as raw
material, but also the wide range of available organic residues. Combinations of grass and woody
materials, biomass with coal pellets, are under research as raw materials for pellets [40].

Strategies for rural electrification and pellets market development must use criteria other than
economic: sustainability, combining economic, environmental and social measures. The study of
the whole bio-based supply chain at the design and planning stage is essential to propose long-term
projects. Multi-objective optimisation tools to support decision-making (see next sections) in the
field of renewable energy are being developed, used and improved. Solid-biomass (and
specifically, pellets) is evolving towards an established renewable commodity internationally
commercialised. Two main concerns must be solved in the context of SSA as a potential exporter:
(i) resources evaluation and (ii) rural areas electrification.

1.3. Decision Making

Different tools and methodologies can be utilised to take decisions and diminish their associated
risk. Multiple criteria decision analyses (MCDA) comprise the methods for process optimisation
that contemplate multiple objectives. MCDA is applied to two types of systems: process and supply
chain (SC) systems. In order to apply this decision analysis, the system is previously modelled or
simulated. The following subsections explain the basis of this methodology.

1.3.1. Conceptual Design

The term “conceptual design” can be understood as the product design cycle phase where the
basic solution is established through the formulation of abstract ideas with approximate concrete
representations. Moreover, those ideas are evaluated with different selected criteria. This stage starts
with “high-level” requirements descriptions and continues with “high-level” solutions descriptions.
By the end of the conceptual design phase, a decision must be taken [41]. According to
Douglas [42], a more chemical process conceptual design implies to find the best process flowsheet
(selection of process units and connections among them) and estimate the optimal operating
conditions. It is often referred to as a preliminary design stage. In a more abstract level, and
extrapolating both previous definitions, conceptual design can be applied not only to processes
development, but also to the development of the whole SC.
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1.3.2. Process Modelling

The aim of process design is to specify the most economic and effective practical procedures to
transform raw materials into a new product, to manufacture an existing product by new means or to
bring about some designated material transformation to a commercial scale, so as to satisfy a
market need [43]. The classical design procedure is seen as an iterative procedure to estimate in
advance the resource implications. To reduce uncertainty in the decision-making (dimensions,
materials, type of units, etc.), the use of process simulation is a convenient strategy. Process
simulation is understood as the use of computer software to construct mathematical models of
process components which provide an accurate representation of the whole chemical process. The
simulation aims at understanding the process behaviour during regular plant operation. Depending
on the degree of model accuracy (“granularity”), the precision of process design cost estimates
varies within a wide range. This work deals with preliminary design, where the precision of the
cost has a margin of 10%—-25% but it represents only the 0.4%—-0.8% of the total project cost [42].
The design level includes the optimisation approach to identify the best design according to
selected custom criteria. Optimal process design assesses the performance of a process according to
economic, technical, thermodynamic and/or environmental indicators. Process modelling coupled
with LCA incorporates the environmental aspects, which can guide the process design towards a
wider analysis, rather than the plant as a unique entity [44].

1.3.3. Process Systems Engineering (PSE) Approach: the Concept of Superstructure

PSE is considered an interdisciplinary field in chemical engineering that generally deals with
how complex engineering projects should be designed and managed. More specifically, it uses
computational techniques for mathematical modelling and simulation, process design, process
control and process optimisation. In this section, features of this discipline are identified and the
focus that vertebrates this Review is justified.

PSE has earned an important place for a wide range of chemical engineering activities. A basic
requirement for the application of the techniques offered by this relatively young discipline is based
on the notion of a model. As a requirement, the model represents relevant properties (structural and
behavioural) of the system under study. The essential feature of a model (with respect to PSE) is
that it can be formally evaluated to make statements about a system. This feature allows the use of
digital computers, which have become an essential tool for many tasks in systems engineering
process now coined as computer aided process engineering. Models should be considered valuable
for engineering in general and particularly for decision-making processes, as they are not only data
but embody a wealth of knowledge about the process studied and can be used to generate information
on the same. The models allow virtual experiments through simulation and/or optimisation
processes that would be expensive or even infeasible to implement them differently [45].

Modelling activities consider a variety of elements of chemical engineering at different levels of
complexity [46]. Model-based studies cover a range from the design of molecules [47,48] at one
end of a scale of size, as well as studies of the SC between different plants or even sites in the other
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end [49]. The relevant time scales ranging from microseconds to months or even years,
respectively. Between these two extremes, the most common models used today represent
thermodynamic phases, individual unit operations or a complete chemical process (see Sections 2
and 3). In addition to modelling physical processes, models of operating modes (Section 3) are also
of interest for simulation and optimisation applications (Sections 4 and 5).

The modelling work process is also important with respect to developing supporting tools for
model development because any software tool must focus on the work processes it is intended to
support. Several steps including documentation, conceptual modelling, model implementation and
model application have been considered in this field study [50]. More recently, models are
becoming part of a flexible design framework called modelling superstructure that facilitates
process conceptual design, synthesis, simulation and optimisation. According to Biegler et al. [51],
the superstructure is able to compile feasible options for topological changes of a determined
flowsheet, embracing equipment combinations that affect the final results or products and
by-products characteristics. The superstructure representation involves the appearance of units that
develop the same role in the flowsheet. Therefore, if using process simulators, those options can be
considered by adding splitters and mixers according to the process layout. Mathematical
programming is the usual representation for model implementation in a specific numerical
application. It includes a way to represent and generate process superstructures, as well as all the
elements required to formulate complete superstructure optimisation models using an entirely
modular approach and standard processing unit models. The models for all superstructure elements
(i.e., processing units and connectivity elements) are created from detailed simulation models.
Specifically, in the approach proposed by Biegler er al. [51] the process synthesis problem is
formulated as a mathematical programming problem. The whole superstructure, which is
understood as the ensemble of all feasible flowsheets, of all possible combinations of equipment,
raw material and products is programmed as a Mixed Integer Non-Linear Problem (MINLP).
Integer (binary) variables are related to the presence or not of given equipment in the solution while
real variables represent equipment parameters such as temperatures, pressures or flowrates. It is
worth noting that the complexity of the problem posed in this rigorous way may lead to intractable
situations in terms of computational time. Instead, one important method of solving these kinds of
problems is the use of meta-models or surrogate models, which are specially suited for sequential
modular simulations. This is the approach followed in Section 4, where a specific application of the
superstructure to a bio-based co-gasification process [52] is presented. Mathematical programming
as solution methodology for designing and planning the whole bioenergy SC [53] is contemplated
in Section 5.

1.3.4. Multiple-Criteria Decision Analyses (MCDA)

Decision analysis refers to the methodological process of identifying, modelling, assessing and
determining a suitable way of action for a given decision problem. This usually presents multiple
and conflicting criteria to evaluate alternatives. It is then necessary to make compromises or trade-offs
regarding the results of the different possible choices. In MCDA context, the term objective is used
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to designate a direction that should be followed to “improve”, as perceived by the decision maker.
In contrast, the concept goal is a specific target of an objective, attained by the best choice.

If the criteria of the decision maker is not specific or concise (no prioritisation of the objective
functions), instead of providing one specific solution, a set of feasible solutions may be possible,
the so-called Pareto optimal solutions. These are also called the Pareto Frontier [54].

From the PSE perspective, modelling of IGCC together with CCS, abridged (IGCC-CCS), and
biomass gasification (BG) coupled with a gas engine (GE), abbreviate (BG-GE), represent the
aspects of interest to gain knowledge about the system’s performance in terms of thermodynamics,
mass and energy flows; while IGCC-CCS and BG-GE supply chains modelling enable the
investigation of possible alternatives for SC management.

1.4. Scope and Objectives

The bioenergy sector should deal with environmental, social and economic issues and adopt
decisions that take into account biomass intrinsic characteristics, availability and population demand.

The main objective of this survey is to contribute to the bioenergy sector by studying the
co-combustion and co-gasification of biomass using advanced process modelling techniques, and
incorporating specific PSE strategies, from different perspectives. This work distinguishes between
centralised (large scale) and decentralised (small scale) power generation layouts in different
contexts. Representative and current case studies have been selected in this work to exemplify the
utility of design methods and supply chain optimisation when tackling bioenergy problems. This
general aim can be divided into three more specific objectives:

e To assess the effective introduction of co-combustion projects in the current electricity
production share, preferably by using biomass waste. Special consideration is given to
biomass intrinsic heterogeneity.

e To develop a PSE approach for IGCC-CCS modelling and optimisation and propose
working conditions guidelines in co-gasification and co-production of Hz and electricity in
IGCC-CCS plants.

e To apply existing models and tools in SC management to two bio-based supply chains
differing in scale and social/economic contexts, and propose sustainable networks.

2. Co-Combustion of Biomass and Coal

The technologies outlined in Section 1.2.1 include large and small scale typical applications.
Large scale systems to produce power and heat by means of a gas contemplate biogas production
through anaerobic digestion, combustion; or flue gas production through combustion; and syngas
generation through gasification. Combustion and gasification are the two possibilities treated here.
They offer five alternatives for biomass usage: combustion, co-combustion or co-firing, gasification,
co-gasification and gasification for co-firing [12]. From the efficiency point of view, GHG
emissions reduction and solution immediacy in centralised energy systems, and the co-firing and
co-gasification options are studied. These two options have in common the range of power
produced (hundreds of MW) and the profitability of already existing installations originally design



107

to operate with 100% fossil fuels. Typical 100% biomass combustion plants are around 20-50
MW, and 100% biomass gasification plants are in the range of 10 MWe [55]. Co-firing and co-
gasification permit the usage of local biomass sources, being of special interest the organic wastes
management area. COz, sulphur and nitrogen emissions reduction are direct benefits from the coal
fraction substitution.

2.1. Process Description

Co-firing can be defined as the simultaneous combustion of two or more fuels in the same
combustion plant [56] using biomass along with a fossil fuel [57], coal in this case. This biomass
application is the cheapest one if compared with other biomass uses and other renewable sources:
it can cost from 2 to 5 times less than other bioenergy alternative [56]. The study by Gomez et al. [58]
reports a range for specific investment costs that varies from 100 €/kW to 880 €/kW, with kW of
thermal power contained in the flowrate of biomass used. These estimates depend on the type of
coal power plant and the selected co-firing system. According to Faaij [12], co-firing is the largest
conversion technology of biomass that is growing in the European countries. It offers clear
advantages. These are mainly high efficiency in energy terms (due to the already existing
economies of scale in the thermal power plants) and low investment costs by appropriately
matching the biomass quality, the co-firing option and the coal percentage substitution.

The coal-fired power plants can be of different types according to the reactor used: fluidised bed
boilers, PC boilers and grate-fired boilers. The biomass quality should mimic as far as possible the
main properties of a fossil fuel. These are low moisture content (MC), optimal grindability to be
pulverised and high bulk and energetic densities. Biomass has in fact all these drawbacks: high
MC, due to its fibrous nature it is hard to be reduced into powder, and low bulk and energetic
densities. Those are the reasons why the quality of biomass should be improved to optimise its
transport, its handling and its processing. Pre-treated biomass is needed to further develop the
supply and use of it in CES. Pellets, torrefied biomass, torrefied pellets (TOP) and bio-oil
(pyrolysis oil) are the state-of-the-art options currently proposed as “enhanced biomass” [59] (with
torrefaction and fast pyrolysis being in pre-commercial stage) and used in co-firing, as well as in
co-gasification. From the cheapest to the most expensive technique, the biomass co-firing
processes include: blending biomass with coal or co-milling, separate injection and parallel
co-firing in separate boilers that are connected to a common steam turbine (ST). Indirect co-firing
also contemplates advanced techniques such as gasification to burn the syngas, thus syngas
co-firing [60-62].

2.2. Biomass Pre-Treatments

The pre-treatment echelon in a bio-based supply chain is the bottleneck of biomass as a fuel
if compared with other organic fuels. Different available pre-treatment characteristics are briefly
described as follows.
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e Torrefaction. This is a thermal step at relatively low temperature (225-300 °C, depending

on the type of biomass) performed at atmospheric pressure in an inert atmosphere. The
heating rate is low, approximately 50 °C/min [63]. The final solid product is a uniform solid
with lower MC and higher calorific value than the raw material. By-products are a
condensable liquid and a non-condensable gas. It is a ratter new technique applied to
biomass, but there has been already seen benefits on the bulk density and grindability, since
the needed energy for milling is notably reduced [59,64]. During torrefaction the biomass
achieves a 0% of humidity. Nevertheless, after the process, it can capture some
environmental moisture. This capture of humidity is limited since torrefied biomass has a
hydrophobic nature. Moreover, torrefaction limits biological degradation [65]. In the paper
by Couhert et al. [66] several pilot analysis are conducted with torrefied woods in an
entrained flow gasification reactor. It is concluded that the syngas produced has a better
quality than the syngas produced by gasifying wood. Moreover, char from torrefied raw
material is less reactive with steam. Also as example, the work by Deng et al. [67] evaluates
the performance of torrefied agricultural residues in co-gasification with coal. They prove
that torrefied biomass can be grinded to lower diameters, being for all its properties more
similar to coal than untreated biomass.

Pelletisation. Mass densification and homogenisation, implying a higher bulk density,
easing the handling, transport and storage of the biomass as fuel due to the uniform size, the
high density and the low MC of the pellet [68]. This pre-treatment also limits biological
degradation; nevertheless some drawbacks are moisture uptake and mechanical resistance
versus crushing and dust formation. A pellet is a cylinder of 6-8 mm diameter, and pelletisation
implies drying, milling, conditioning, shaping and cooling. Usually, lignin acts as binding
agent, not being necessary to add any external additive. Nowadays, pellets market is growing,
being the pellet the usual standard biomass shape used to commercialise biomass as fuel. The
most usual raw material to be transformed is wood [69]. Pelletisation of torrefied biomass is
described in [59,68], calling the product TOP pellets. The combination of both processes
can overcome the main pellet and torrefied biomass disadvantages: biomass is completely
dry after torrefaction, its humidity uptake is limited and biological degradation is practically
completely inhibited; on the other hand, torrefied biomass has a relatively low energy
density. Even more, the storage of TOP pellets can be simplified. As a result, the TOP
pellets production process consumes less energy than conventional pelletisation.
Torrefaction gas can be used for raw material drying at the beginning of the process. In
contrast to conventional pellets, the TOP pellets can be produced from a wide variety of
feedstock (sawdust, willow, larch, grass, demolition wood, straw) yielding similar
physical properties.

Fast pyrolysis. Pyrolysis can be defined as the thermal decomposition of biomass in the
absence of oxygen, in a range of temperatures of 400-800 °C. It produces gas, liquid and
char, with variable proportions according to the pyrolysis method, the biomass type and the
reaction parameters [59]. The pyrolysis methods comprise slow pyrolysis and fast pyrolysis.
This last takes into account a high heating rate, taking place at 450-550 °C. This option
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allows obtaining a liquid product called pyrolysis oil or bio-oil, consisting of 70% oxygenated
organics and 30% water (on a mass basis) [68]. The proportion of water can cause corrosion
problems. The pyrolysis can provide a cheaper transport and handling, due to the liquid state
of the bio-oil. This oil can be used as a transport fuel, even directly in a diesel engine. The
works by Wu et al. [70] and Abdullah et al. [71] use bioslurry from mallee biomass as fuel
to be transported. The bioslurry is formed by combining bio-oil and biochar (which is the
solid product that results from the fast pyrolysis) into the bio-oil: the biochar is milled into
fine particles (due to its favourable grindability) and suspended into the bio-oil. In that way,
the LHV of the bioslurry profits energy concentration of char, enhancing the efficiency of
the process. The works by Uslu et al. [59] and Magalhaes et al. [72] evaluate the use of
pre-treatment technologies in a bio-based SC. In the first paper, those are seen as
alternatives to promote international trade: among the considered options (which are the
same than the technologies described in this section), TOP pellets are the preferred
selection, while pyrolysis has as main drawback from the economic point of view. In the
second one, three different pre-treatment technologies are evaluated to select the most
profitable and the most environmental friendly option (by means of CO: emissions) in a
biomass-to-liquid SC. The final numbers favour the case study with rotating cone reactor to
perform a fast pyrolysis, vs. fast pyrolysis in a fluidised bed, torrefaction, and torrefaction
combined with pelletisation. Large scale vs. small scale plants issue is also presented by
means of different scenarios evaluation. It seems that transportation costs are not crucial.
Efficiencies increase and cheaper biomasses would enhance the financial pattern.

e Biomass storage. Even if it is not a pre-treatment, it can change biomass properties, such as
MC, LHV and dry matter content, mainly due to degradation (microbiological) processes.
A critical parameter here is the temperature of the pile. In order to avoid as much as
possible biomass degradation, biomass stored should be homogeneous and with low MC
(usually under 20% on a mass basis) [73]. The work by Rentizelas et al. [74] points out that
biomass waste can be a seasonal fuel. Therefore, storage is crucial to provide the adequate
supply in each period. A bio-based SC should be a multi-source SC that pays special attention
on transportation costs, embedding storage as a potential part of the process. The type of
storage used depends on the type of biomass to be stored. Especially during summer or in
tropical climates, open air storage is used to dry the biomass. Different possibilities exist:
open or closed storage. For pre-treated biomass, usually a closed storage such as in silos or
bunkers is used. Storage of liquids is done in tanks. Those last types have less, or
non-influence on biomass characteristics.

The different pre-treatments imply changes on MC, dry matter, LHV and the bulk density of the
biomass. All pre-treatments enhance transportation costs. Examples of enterprises that
commercialise those state-of-the-art processes are for instance Dynamotive Inc. or BTG group for
the fast pyrolysis technology, and Topell BV, for the torrefaction. Note that those technologies are still
on their development or pilot phase. All the supply chain steps, except storage, need energy
(electricity or liquid/solid fuel such as diesel or biomass itself) to be run.
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2.3. Co-Combustion Process Characterisation

The paper by Damen and Faaij [75] describes the main energy loss sources due to biomass
co-firing: increase of electricity internal use caused by the higher milling, drying, efc. needs, lower
boiler efficiency and boiler de-rating as a consequence of the air consumption increase. In van Loo
and Koppejan [76], it is commented that the impact of co-firing on the thermal efficiency of the
boiler depends on the co-firing ratio and the MC of the biomass. Nonetheless, a range of 3% to 5%
substitution has a very small effect on the efficiency. The studies by Perry and Rosillo-Calle [61]
and Berndes et al. [56] point out that it is important to limit the biomass share due to problems of
corrosion, slagging and fouling. The paper by Baxter [77] also mentions the formation of striated
flows, fly ash utilisation and fuel conversion. These are the reasons why the co-firing rates are
limited. According to Chiaramonti et al. [78], co-firing bio-oil does not have any major technical
problem, being the economic issue its main drawback. A successful operation, after a proper boiler
modification is reported for a 5% substitution of coal on thermal basis. Faaij [12] reports low
co-firing rates, up to 10% of substitution on thermal basis, with no important consequences to the
boiler. The work by Damen and Faaij [75] reports that the energy penalty is not significant when
co-firing up to 7% of biomass on a weight basis. In the range 7% to 20% on a weight basis, the net
energy penalty (that takes into account the impact of biomass transportation too) is reduced.
Nevertheless, an energy efficiency loss of 3% should be assumed for the overall combustion plant.
Different experiences in UK demonstrate that biomass can be effectively co-fired up to 20% in
weight basis, even if some technical problems have been encountered (namely corrosion, and no
space for biomass storage before burning) [61]. Nonetheless, due to the large range of biomass and
coals types, every blend can have its own optimal characteristics. Thermogravimetric Analysis
(TGA) is used to determine blends characteristics at a laboratory level [79,80].The paper by
Gomez et al. [81] uses as a reference value, in coal and biomass co-firing plants in Spain, a 10% on
thermal basis, since higher fractions can decrease the boiler efficiency and cause corrosion
problems. It also states that less than a 5% on thermal basis does not imply a valuable change. The
affordable shares according to Berndes et al. [56] are, for mid-term solutions and no technical
penalisations, 15% for fluidised bed boilers and 10% for PC boilers and grate-fired boilers, on
energy basis.

Usually, a conventional coal-fired power plant can have an energy efficiency on a LHV basis
between 30% and 45% [78], depending on the technology and the antiquity of the plant. The study
by Van Den Broek et al. [82] reports a range from 39% to 44% for a co-firing PC power plant,
remarking the fact that only large scale plants can be counted in this range (up from 100 MW).
Van Den Broek ef al. [82] show the difference in efficiency terms related to the biomass combusted
alone in small scale plants and biomass co-combusted in larger plants. These values differ in seven
points, from 30% to 37%, respectively. The value of the efficiency reduction in a conventional
power plant is reported by a quadratic equation that depends on the biomass percentage in the blend
in the study by Tillman [60]. This value is relatively small (up to 1.9 points) in the range 5% to
20% on a mass basis. The work by Gémez ef al. [58] uses a value of 38% as co-firing efficiency.
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The energy efficiency in the work by [83] increases. It reports an experimental work that puts
into relevance the synergetic effect between coal and biomass. Not only the efficiency is enhanced,
but also NOx, SOx and CO: are reduced. Similar results related to NOx emissions and CO:2
emissions are reported by Kalisz et al. [84] and Munir et al. [85], respectively. In the conclusions
by Damen and Faaij [75] and Perry and Rosillo-Calle [61] it is manifested the fact that the
emissions from production, conversion and transport of biomass, as well as land use change and
displacement, should be taken into account. The final balance shows net avoided GHG emissions.

24.CCS

Several works can be found in the field of CCS applied to power plants. Desideri and
Paolucci [86] is one of the first works developed in the carbon capture topic concerning modelling.
They reproduce, in Aspen Plus, a carbon capture technology in post-combustion configuration for
conventional power plants. Their approach contemplates an exhaustive description of the system,
model validation with literature data, whole plant performance evaluation and cost analysis. The
developed approach allows for optimisation when changing input conditions. It is concluded that
90% CO2 emissions can be reduced using this methodology, but capital costs are significant and
penalise the final cost of electricity (COE). The work by Hamelinck and Faaij [87] is based on
biomass gasification for methanol, hydrogen and electricity production. This last is produced taking
advantage of the remaining gases after methanol or hydrogen production units. Those products
have a relatively low LHV if compared with fossil fuels, but they offer the possibility of being
self-sustained in electricity consumption through the proposed configuration. The considered
process involves pre-treatment, gasification, gas cleaning, reforming of higher hydrocarbons, a
shift step to obtain a proper H2/CO ratio and the final gas separation for Hz production or methanol
synthesis and purification. The software used is again Aspen Plus. The main purpose of the work is
to identify biomass to methanol and Hz conversion key points that may drive to higher efficiencies
at lower costs. The study by Kanniche and Bouallou [88] investigates an IGCC power plant with
CCS technology in pre-combustion configuration, fuelled with coal. The authors perform an
evaluation of scenarios considering different physical and chemical solvents, contrasting them by
means of technical and economic parameters. Aspen Plus is again the chosen simulation tool. They
aim at being as much conservative as possible, then avoiding big modifications to an already
existing IGCC power plant. Consequently, the existing operating conditions without CCS
technology are conserved as much as possible. The work carried out demonstrates that physical
processes, concretely Selexol and Rectisol, and activated amines have lower thermal consumption
(mainly in the desorption column) than other options. Capturing CO2 leads to 24% efficiency
reduction, penalising the power produced. Therefore, CCS technology should be included carefully
integrated in the already existing power plant.

The article by Descamps et al. [89] describes a Rectisol process (with methanol as solvent) for
CO; abatement in a pre-combustion configuration for an IGCC power plant. Before the absorption
process, a CO2 removal process should be placed. In this case, this process counts with three WGS
reactors to obtain a high CO conversion rate. The necessary steam is obtained from the integration
with the CC. The performed sensitivity analyses demonstrate that CO conversion depends on the
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amount of used water, concretely in a way that the H2O/CO ratio of 1 in the first reactor optimises
the conversion. The final conversion achieved is around 92% on a molar basis. The CO2 absorption
rate varies between 77% and 98% on a molar basis. Higher rates imply a slight increase of GT
power production and a slight decrease of ST power production. The work by Chen and Rubin [90]
develops an integrated platform to evaluate CCS costs and performance for IGCC power plants.
Their base case considers a Selexol system for CO2 separation. All the rest of units that constitute
the plant are based on commercial components. The WGS step has two stages (one for syngas
steam consumption and the other one for external steam supply), and the Selexol unit includes two
stages, one for sulphur and another one for carbon removal. It is observed that a redesign of the
heat integration system of the plant should be done because of the addition of new units. A
probabilistic uncertainty analysis is also performed and shows that most of the uncertainty in costs
estimation comes from the plant itself rather than from the carbon capture system. Design
optimisation is studied by Biagini et al. [91]. The authors in this case consider different biomass
conversion processes to produce Hz: gasification and combustion, with pre and post-combustion
configurations, at small scale. Sensitivity analyses are performed taking into account the most
influencing parameters: the amount of air and steam added to the gasifier and the MC of the biomass.

CCS is applicable to point emission sources [92]. COz is considered one of the most important
GHG. Many current industrial processes, not only for energy production, release COg; i.e.,
refineries, iron and steel industries, oil and gas extraction, cement production, paper and mills, efc.
Moreover, virtually, all industries produce (directly or indirectly) CO2 emissions, mainly due to
their electricity consumption. CCS aim at liquefying the CO: stream before its release to the
environment, and transport it to a final geological storage. In order to implement such a solution, it
is necessary to have an integrated approach considering the whole supply chain. It means that a
CCS process in a factory, performed with existing and well proved technology in the field of gas
purification, should be directly linked with the localisation of a possible geological reservoir or
used for the captured COx. It also has to be considered the different CO2 transportation network
possibilities, by pipelines or by boats (similar to the ones used in natural gas). For combustion
power plants, the implementation of a post-combustion carbon capture technology penalises the
global efficiency of the plant in around 7%, calculated based on a LHV basis [93].

Besides the technical and logistic aspects, also the public acceptance is important to be
considered together with the requirements on legal developments which altogether have a key role
to implement CCS as a part of the climate change solution. For example, to decide the obligatory
nature of the COz capture measure and the purity of the CO2 to be injected, the subject has to be
extensively discussed and assessed from legal and technological points of view [93].

There exist three types of carbon capture techniques: oxy-fuel combustion, pre-combustion and
post-combustion. The first one can be applied in combustion plants, where the reaction takes place
with pure oxygen instead of air. Therefore, the CO2 from combustion is almost pure and easy to
separate. This option is beyond the scope of the superstructure described before, so it will not be
further described. Post-combustion can be installed in combustion and gasification plants, and
separates the COz from the flue gas resulting from the combustion. Pre-combustion can be installed
in gasification plants, and separates CO2 before syngas combustion (before the gas turbine—GT).
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The partial pressure of the CO2 in the gas mixture is a key parameter that represents the CO2
concentration and that is directly related to the COz capture efficiency. The higher the CO:z partial
pressure is, the easier to separate the CO:. In gasification power plants, the difference between
syngas COz partial pressure before and after the GT is complex to assess. In general, higher partial
pressures are found before the GT. This is due to the fact that even though CO: is generated during
the combustion step, the flue gas is diluted with N2 from the air. Moreover, the flue gas is expanded
due to the inherent turbine expansion. Therefore, a noticeable difference exists between pre and
post-combustion carbon capture techniques [94].

Usually, chemical solvent processes are used for CO: partial pressures below 15 bar. Then,
physical solvent processes are applicable to gas streams which have higher COz partial pressure
and/or a high total pressure. Post-combustion techniques are represented mainly by chemical
absorption, in which amines play an important role. The outlet CO2 stream is treated, compressed
and liquefied to be prepared for the transport to its final disposal location. As shown in Figure 6,
this is done after the GT combustion, thus, in the case of gasification, after syngas production and
use, the flue gas is processed. Figure 7 is further described in Section 3.2.2.

COZ to

Power .
compression

Coal, petcoke,

- To
biomass

chimney

Combustion or
) gasification and
Air > cleaning /

Water — ™ Turbine Cycle

CQ, capture
with chemical
absorption

Solid

Water
waste

Figure 6. Post-combustion carbon capture configuration.
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3. Co-Gasification of Biomass and Coal

The product resulting from gasification is the synthesis gas, called syngas, and it is a mixture of
mainly Hz2 and CO, with different proportions of H2O and COa. Usually, the term producer gas is
used to describe a syngas with H2, CO and CH4, coming from a low temperature gasification.
Typically, low temperature gasification uses air as gasifying agent [95]. Thus, producer gas
normally has an important fraction of N2. Flexibility is one of the main characteristics of syngas,
since it is not restricted to a single source of fuel; it can be obtained from natural gas, coal,
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petroleum refinery fractions, biomass and organic wastes. Traditionally, natural gas and petroleum
fractions have been the largest syngas sources worldwide, due to the trade-off between costs and
availability; however, because of global economic, energetic and environmental contexts, coal and
biomass are of growing interest and use. Moreover, syngas is the worldwide most used source of H
and CO productions. The proportion of Ho/CO depends on the source and on the syngas generation
process and the performing parameters [96]. Two main routes are currently available for syngas
generation, both of them traditionally and highly used for H» generation from fossil fuels,
specifically from natural gas and coal. Syngas from natural gas mainly refers to partial oxidation
with oxygen, oxidation with steam or oxidation with steam and oxygen; being the principal steam
reforming. Syngas from coal involves gasification. Syngas is referred to as a medium energy gas,
ranging from 4 to 18 MJ/m? of calorific value, depending on the gasifying agent [35].

Gasification can be defined as a partial combustion of an organic matter; producing as a result
a combustible gas. The usual gasification process refers to solid organic matter as feedstock; where
gas-solid and gas-phase reactions take place. On the other hand; several applications demonstrate
that the concept of gasification is also applicable to liquid and gas feedstock’s; being referred to as
a “partial oxidation” [97]. Gasification takes place into three main types of reactors that differ
between them in the type of bed. They are moving or fixed bed; fluidised bed and entrained
bed gasifiers.

The most relevant gasification aspects for process design are (i) type of reactor and (ii)
feedstock characteristics. A general gasification picture is given in U.S. Department of Energy’s
National Energy Technology Laboratory (NETL) [98], which provides gasification data for the
year 2007, revealing that the global marketplace has coal as dominant feedstock, and that Sasol
Lurgi, General Electric energy and Shell are the main gasifier providers. It is important to mention
that China is developing its own technology, as the current project Tianjin IGCC power plant
exemplifies. The preferred products from gasification are mainly chemicals (such as fertilisers).
They are followed by Fischer-Tropsch (FT) liquids, power and gaseous fuels. Find in Section 3.2 a
summary of the different products that can be generated from syngas. Efficiency and CO2
emissions favour the use of gasification versus the use of combustion to take advantage of the
heating value of a solid combustible. The main benefit of the former method if compared to the
latter is the production of a versatile gas. Focusing on the production of electricity, the syngas
allows its use in a combined cycle (also high efficient gas turbines) while a solid combustion
can be only used to produce electricity by steam turbines. The efficiency difference can be of
around 6 points.

3.1. Biomass and Gasification

Biomass gasification intrinsically produces tars. As defined in Milne et al. [99] “tars are the
organics produced under thermal or partial oxidation regimes of any organic material and are
generally assumed to be largely aromatics”. Tars tolerance of gasifier downstream units is a matter
of research. It is stated through the experience that tars constitute a problem when the syngas is not
simply burnt in a combustor. They may condense before syngas usage: because of their
carcinogenic effects they can cause health damage and generate environmental issues due to their
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disposal [100]. Tars avoidance counts with two methodologies. Firstly, tar formation reduction in
the gasifier itself: primary methods include adequate selection of main operating parameters
(pressure and temperature), the use of a catalyst and specific design modifications (shape, dimensions,
etc). Secondly, tars removal from syngas: secondary methods entail hot gas cleaning downstream the
gasifier by means of thermal or catalytic tar cracking, as well as wet scrubbing or mechanical
methods such as cyclones and filters. The challenge of all the actual small gasification pilot plants
that use biomass as a feedstock is to find an adequate gasifier design to produce a syngas free of
tars, avoiding the syngas cleaning process before its final application, thus gaining compactness and
saving in costs. Nevertheless, nowadays, the most used approach for tars avoiding is gasification
with secondary methods.

The formation of carbonaceous materials (char, or particle fines) and that of heavy compounds
(tars), as well as the inorganic release (in form of fly ashes or slag), are strictly correlated to the
fuel structure and composition. Apparently, due to the low ashes melting point, an entrained bed
gasifier looks very attractive to obtain a tar free syngas, with less oxidant consumption.
Nevertheless, due to the aggressive behaviour of ashes, a non-slagging process is recommended
(except if the biomass is mixed with high amounts of other feeds, such as coal or petcoke).
Moreover, entrained bed gasifiers require of small particle diameter, however, there is no effective
method for size reduction of fibrous biomass. Fixed beds, with no highly restrictive particles size,
are extensively used for small scale gasification of biomass applied successfully in rural
areas [101]. According to Mastellone er al. [102], among all gasification technologies applied,
fluidised beds are the most promising one as a result of their operation flexibility for different
oxidants (thus, for different fluidising agents), temperature and residence time ranges. They also
allow for catalyst addition. According to Highman and van der Burght [97], low rank coals and
biomass are more suitable for fluidised beds owing to their ashes reactivity. Nonetheless,
biomass ashes have low melting point and in molten state have an aggressive behaviour with
refractory material.

Tars formation and ashes reactivity are the main drawbacks in biomass gasification. The most
extended bed for big scale application is the fluidised one, while the most extended bed for small
scale is the fixed one. Entrained bed gasifiers are normally used in co-gasification [103].

3.2. Syngas Purification Units and Final Applications

Syngas is an intermediate product for further elaboration of a wide range of end-use products.
The term polygeneration may refer to one gasification plant that makes different products; when
only two products are manufactured, the term used is co-production. The concept of polygeneration
and co-gasification is the essence of the biorefineries, which aim at mimicking the energy
efficiency of oil refineries through the production of fuels, power and chemicals from biomass. An
integrated biorefinery optimises the biomass use to produce biofuels, bioenergy and biomaterials;
the approach includes knowledge from plant genetics, biochemistry, biotechnology, biomass
chemistry, separation and process engineering [104].There are four types of biorefineries, being one of
them the biosyngas-based refinery. The other types are pyrolysis, hydrothermal and fermentation
based [105].
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Final syngas application(s) downstream the gasification process, feedstock type and syngas
generation conditions (mainly pressure, temperature and oxygen purity) decide the layout of the
cleaning processes, which aim at meeting the needed conditions of cleanliness and temperature
before the syngas usage [106]. Nevertheless, the train of purification units should work optimally in
a wide range of syngas compositions (Hz2/CO ratio, sulphur, nitrogen, chlorine and phosphorous) and
operating conditions, as derived from the variability in the feedstock [97]. Analogously to the tar
removal methods, syngas cleaning units can be divided into two types according to the syngas generation
process: during gasification (generally for solid removal) and after gasification (fluid pollutants
removal), being called respectively primary and secondary cleaning methods. IGCC-CCS and
BG-GE approaches have different needs of syngas cleanliness and temperature, also depending on
the size of the system.

3.2.1. Syngas Cleaning

Syngas requirements before its final application mainly include temperature, pressure and
pollutants level conditioning. Knoef [107] specifies that syngas cooling is required for combustion
in gas engines, for filters having a maximum acceptable temperature and for an optimal syngas
compression. The pressure level can be reached in the gasification reactor. In turn, gas purity,
independently from the scale, ranges from pollutant levels of mg/m®, passing through ppm, and
reaching ppb: the syngas cleaning level is dictated by the flue gas emission requirements and the
specific devices conditions to work properly and during long time. Wet and dry, hot and cold
cleaning systems have been developed and implemented. The most efficient option in a gasification
plant is to determine the pressure in the gasifier itself and try to maintain it until the syngas usage.
High temperature can be used downstream heat exchanger integrated with the heat requirements of
the plant. In general, final syngas uses require from specific H2/CO ratios. Acid and basic
pollutants should be removed. Gas purity and composition, selectivity and economic issues are of
concern when choosing a cleaning method [97,106].

Syngas pollutants mainly include solids, tars, heavy metals, halogens, alkalines, acid and basic
species. Some of them are released as by-products. In turn, CO2 absorption has the purpose of
concentration, where Hz is the desired product. Heterogeneous and homogeneous mixtures require
different cleaning methods. In the case of heterogeneous mixtures, i.e., a solid-gas mixture,
mechanical separation methods such as filtration or water scrubbing are applied to separate the
different phases. In contrast, for homogeneous mixtures, i.e., only the gas phase, diffusion based
separation processes are suitable. Its aim is to convert a feed mixture into two or more products
that differ in composition. The most widely used processes in syngas cleaning are absorption and
adsorption. Physical and chemical (reactive) absorption are the type of separation process typically
used for syngas purification, where a liquid solvent is used to selectively remove acid and basic
species. The absorption process includes a regeneration step where the solvent is cleaned from
pollutants and recycled to be used again in the absorber. In general they are formed by two columns
(one for absorption and the other for desorption) and a set of a heat exchangers and pumps that
transform the solvent back to the absorber conditions. Physical solvents are for example methanol
and Dimethyl Ethers of Polyethylene Glycol (DMPEG) that work using common processes called
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Rectisol and Selexol, respectively. Water-based chemical solvents are for instance the amines. The
MDEA 1is the most widely used one due to its high selectivity [108]. Adsorption systems are
normally formed by a solid bed that adsorbs the selected species. The bed has to be either
periodically changed, or regenerated in situ. This adsorption- desorption process involves changes in
temperature and pressure. For example, the Pressure Swing Adsorption (PSA) cycle operates at a
constant T, and at high P for the adsorption, and at low P for desorption. This unit can be used for
H2 concentration and purification.

According to Sharma et al. [109]; a gas cleaning process can be operated at three temperature
regimes as a consequence of the syngas final application in a gasification plant. Cold (less than
25 °C); warm (less than 300 °C) and hot cleaning (more than 300 °C). Comparatively; all the
commercially available processes operate using cold and warm syngas. It means that for
gasification plants where the syngas is obtained at high temperature; there exists a considerable loss
of energetic and exergetic efficiencies. In addition to that; hot gas cleaning can lower operational
costs when final syngas applications need high temperature (for instance H2 production by steam
reforming and WGS; or combined heat and power generation in a FC). The study by Pisa ef al. [110]
is focused on IGCC power plants alternative designs; in desulphurisation processes in particular.
The authors evaluate a hot desulphurisation process with ferrite (ZnFe2SOs). This bed needs
oxygen to convert H2S on the one hand; and steam to provide the humidity for the optimal
operation work; on the other. The final result shows that the high steam consumption penalises
power production. Therefore; the steam consumption finally penalises the global efficiency of the
plant. Absorption processes require temperatures around 200 °C. In contrast; adsorption processes
require nearly ambient temperatures. The syngas cooling has several problems inherent to ashes
presence; due to their slugging condition at certain temperature ranges. Figure 8 shows an outline of the
main applications of syngas; and the different processes to synthesise it.
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3.2.2.CCS

Pre-combustion installation in an IGCC plant, aims at obtaining H2 as a product. As Figure 7
shows, it requires of a water-gas shift (WGS) reactor. The CO2 produced is captured and then CO2
and H: are separated. The relatively pure Hz is then sent to the combined cycle to produce power.
And analogously to the post-combustion scenario (Figure 6), COz is sent to a compression system
to be liquefied before its transport. A purer H2 stream can be obtained through a PSA. As a
consequence, the objective is to sell the H2 on the market. This pre-combustion technique counts
with a physical solvent that absorbs acid compounds. That is the reason why Huang et al. [111]
evaluate the same absorption process for both, CO2 and H:S abatement by means of process
intensification. It is concluded that sulphur penalises the WGS reactor performance.

In general, for oxygen blown gasifiers at high operating pressures and relatively high COz
concentrations, the predominant choice is a physical solvent absorption system. According to
Metz et al. [94], the most extended technology to capture CO:2 before the GT combustion is the
Selexol process. It uses dimethyl ether of polyethylene glycol (dimethyl ether of PEG, the key
ingredient of Selexol) as solvent, achieving a CO2 capture efficiency of more than 90%.The
optimum pressure for Hz purification is in the range of 15-30 bars. Finally, the H2 concentration in
the outlet stream of a modern PSA unit usually lies between 80% and 92%. The PSA process is
based on the different adsorption behaviour of the molecules. There exists a gap between the
extended knowledge of the mentioned processes and their integrated use in gasification or even in
combustion plants.

Research in the field of CCS is still in the pre-design or pilot stage. As a consequence, very few
full-scale experiences can be found. This is mainly due to the fact that the installation of such a
process diminishes the overall efficiency of a power plant. Therefore, the implementation of a
carbon capture process should principally obey to environmental reasons.

3.3. Biomass Gasification Conceptual Design

Generation and use of syngas, or producer gas, from biomass in centralised and distributed
systems depends essentially on the characteristics of four major components: the percentage of
gasified biomass, the type of gasifier, the specific final gas usage and the plant scale. Consequently,
even if the raw material and the basics of gasification technology basically remain the same, the
resulting plant design will be different in each particular case. Accordingly, the review has been
organised around these main components. The conceptual design (also called “preliminary”) links
the different issues treated on this work. It is the phase between the “laboratory scale” research and
the detailed engineering design of the final plant. To this end, the concept of superstructure is used.
The superstructure built supports process system modelling, process system alternatives and
process system optimisation. Then, mathematical programming has been chosen for the
representation and optimisation of the whole underlying supply chain. Consequently, the referred
papers in the following sections are mainly focused on these methodologies.

The following sections present Section 3 topics at various levels of detail, from the modelling of
individual plant’s units until the aggregate modelling of the whole integrated supply chain of a
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CES. It is worth noting that the distinction between levels (CES and DES) tends to disappear when
considering DES, where energy plants operate as “islands”, being individually optimised and
becoming eventually part of a grid. Consequently, in this latter case, the description is organised
following the inverse path: from the most general level to the particular level, to finally identify the
challenges in plant operation. See in Figure 9 the outline of Section 3.

Gasification reactors

modelling
Centralised Syngas cleaning train
energy systems modelling and energy uses
(superstructure)
Supply chain modelling
Conceptual design
of biomass
gasification Identification of needs and
systems scope
Distributed Gasification in distributed
energy systems systems

Flowsheeting of single sites:
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Figure 9. Scheme of the subjects developed in Sections 4 and 5.
3.4. Centralised Energy Systems

Large scale gasification systems normally use entrained or fluidised beds for the production of
syngas. Increasing the share of biomass in the energy supply would be associated with the
reduction of GHG emissions and the independence from imported and domestic fossil fuels. There
exists an interest on the use of biomass and waste material as fuel, therefore, there is much effort
devoted in enhancing their conditions for transport, handling and processing. Conceptual modelling
should take into account the biomass properties to determine the feasibility in terms of efficiency
and most appropriate mixtures of feedstocks and products mix.

Biomass use with coal in combustion and gasification offer five alternatives for biomass usage:
combustion, co-combustion or co-firing, gasification, co-gasification and gasification for co-firing [12].
These two options have in common the range of power produced (hundreds of MW) and the
profitability of already existing installations originally using 100% fossil fuels. Typical 100%
biomass combustion plants are around 20-50 MWe and 100% biomass gasification plants are in the
range of 10 MWe [55]. Co-firing and co-gasification permit the usage of local biomass sources,
being of special interest in the organic wastes management area. CO2, sulphur and nitrogen
emissions reduction are direct benefits from the coal fraction substitution.

3.5. Distributed Energy Systems—Gasification of 100% Biomass

Gasification at small scale utilises fixed beds or fluidised bed gasifiers. Small scale systems are
employed to meet the requirements of DES using locally available biomass at or near the point of
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use. The main characteristics of a DES are sustainability (thus, source sustainability and no need of
grid support), high efficiency, demand accomplishment, the consumer implication and fossil fuels
independence. There is no unique choice of using biomass for energy demand, but a solution to
a specific case study comprises different ranges of scale and different technologies, depending on
the available biomass. Rural areas and rural areas from developing countries in particular, require
new approaches to optimisation, different from those that have been considered so far, as well as
proven and reliable technology.

Rural electrification benefits from biomass residues closest to the treatment plant. The same SC
can be depicted for both scales, except that transport is not the main bottleneck in DES. However,
a different situation is found when considering the trade of biomass, since the excess of raw
material, which is not consumed in the place of production, can be processed to be operated as a
raw material for other processes. Moreover, the objectives considered for optimisation in small
scale gasification in rural areas, are somewhat different from those considered in a large scale
plant. The study by Silva and Nakata [112] remarks that one of the main reasons why renewable
energy technologies in modular configuration have not been highly extended in rural areas is the
lack of an integrated approach in rural electrification planning. Those integrated approaches should
include economic, environmental and social criteria, according to each specific case study context.
The paper is focused on a specific case study situated in a remote area in Colombia, evaluating two
possible energy access options: electrification and electrification with traditional fuel substitution
(cooking purposes), comparing this commitment for diesel and for renewable units. The paper uses
goal programming to assess a qualitative response in terms of electricity generation cost ($/kWh),
employment generation (jobs/kWh), land use (m?*kWh per year) in terms of interference with land
use for agriculture or habitat conservation due to the plant extension and the needed place for
storage, and avoided emissions (kgCO2/kWh). In a previous work from the same authors [113], they
use linear programming (LP) to deal with the energy planning model. The considered case study is
the same rural region from Colombia. The aim of the authors is to demonstrate that such a rural
electrification projects can be financially sustainable, if taken into account the appropriate data
concerning reliable geographical location of sources and clients, income levels and energy demand.
The mathematical problem deals with an objective function based on the minimisation of
subsidised costs. The share of possible technologies takes into account electricity generation with
diesel engines, biomass boilers, gasification-gas engines and fast-pyrolysis matched with diesel
engines. As a result, the technology that minimises costs is the combustion of biomass. The main
drawback found is that at the moment, the performance advantages of gasification and pyrolysis are
penalised by the high investment. It leads to a most important conclusion: the proliferation of
advanced techniques to take profit from biomass will come with environmental policies that should
motivate the implementation of more environmental friendly systems. Kanase-Patil ez al. [114] also
use LP formulation to ensure a reliable integrated renewable energy system, by evaluating COE
and costumer interruption costs, and expected energy not supplied. The renewable share of
technologies takes into account biomass, solar, hydrological and wind speed. Then, four scenarios
are considered to meet with the energy demands in the areas of domestic, agricultural, community
and rural industries of an specific area in India, based on combinations of the abovementioned
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sources. LINGO and HOMER software, which are specific tools for renewable energy mix
determination, are used to verify the results. Finally, the system that combines micro-hydrological
power, biomass gasification, biogas production, wind and solar photovoltaic is the best one in
terms of reliability and cost.

The work by Kanagawa and Nakata [13] is also focused on India, and aims at finding quantitative
relations between social and economic development. In this direction the authors evaluate the
literacy rate versus the electrification rate. In this sense, the paper by Hiremath et al. [115] takes
into account a high number of state-of-the-art evaluation parameters used for decentralised energy
planning. The authors compare goal programming versus LP concluding that the first one is the
chosen method based on the level of subjectivity. The selected objective functions are cost, system
efficiency, petroleum products usage, locally available resources, employment generation,
emissions (CO2, NOx and SOx) and reliability on renewable energy systems, subjected to demand
and supply constraints. Finally, the results demonstrate that biomass-based systems have the
potential to meet with the rural needs, having reliability, promoting local participation, local control
and creation of skills. Cherni et al. [116] and Brent and Kruger [117] develop, describe and use a
multi-criteria decision tool called SURE, that aims at choosing the appropriate energy set of
technologies to match the energy demand of a rural area while reducing poverty. The tool combines
quantitative and qualitative parameters, and allows for changes on the priorities according to the user
criterion. The model analyses the strengths and weaknesses of a community according to five
resources: physical, financial, natural, social and human. Then, it tries to find compromise solutions
in terms of energy. Behind the software, a local survey should be drawn to state the baseline of a
rural community in Colombia, in order to identify the energy needs and the growing tendencies. In
Brent and Kruger [117], the authors use experienced individuals in the field of energy and poverty
to assess a Delphi research methodology. SURE and the tool developed by the Intermediate
Technology Development Group (ITDG) [118] are integrated, and compared with the results from
the experts panel. It is put into relevance the fact that technology assessment methods should be
further developed to formulate more appropriate implementation strategies. Finally, the paper by
Ferrer-Marti et al. [119] is an example of a renewable energy source implementation problem,
wind, which uses MILP to assess the optimal location of wind generators and the extension of the
micro-grid in a specific community from Pert, while minimising the initial investment.

Janssen et al. [18] promote the use of African land to produce bioenergy, in a sustainable way. It
is stated that it is unfavourable to limit the bioenergy development of Africa, since the country has
an important extension of marginal and degraded land that can be suitable for a socio-economic
development based on biomass. The study assesses the suitable areas for bioenergy: all regions
used for food and with severe water, terrain and soil constraints are not included. Therefore, this
use of land should be developed by the appropriate formulation of policies and development plans.
Those political issues should deal with rural development, sustainable production, community
participation in the projects, modernisation of agricultural policies, creation of standards to guide
and facilitate the bioenergy market, avoid fuel-food conflicts and ensure both, food security and
bioenergy development. Hamimu [120] is another work that promotes biomass trade from biomass
waste from Sub-Saharan countries. Biomass should be used not only for exportation, but also for
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consumption in the countries themselves, to assure their independence from fossil fuels. This work
pays special attention on land tenure: in some countries in Africa, lands cannot be a property of the
farmers. Governments should avoid speculation with land. On the contrary, the positive paradigm
will count with the partnership between local farmers and foreign investors. To end, the work by
Otto [16] distinguishes between the two markets mentioned in the previous paper: biofuels
production for exportation and biofuels production for local use (advanced uses of biomass). The
emergent business models in the sector, should deal with the link of the two markets.

Overall, LP and goal programming methods do not take into account the allocation problem.
Therefore, only the balance between source and demand should be taken into account.
Nevertheless, new trends such as biomass sharing between communities and bioenergy trade need
to consider the allocation problem. It is observed that there is a lack of systematic energy models
that promote international trade; biomass should be promoted in developing areas for exportation
and for local use. Moreover, there is also a lack of energy models for rural development that take
into account economic, environmental and social issues of the communities.

Gasification at Small Scale

Gasification at small scale is placed in the range of less than 10 MW and less than 200 kWe
(see Section 1.1.1). Even if it is not a “new” process, research is still needed due to the low
commercialisation level achieved by small gasifiers. The first experiences with gasification are
from XVIII century in England and France, where coal gasification was used to light the city.
Later, at the beginning of the XIX century, “gasworks” using mainly coal and coke, were employed
to produce gas for lighting and cooking in some American countries. Then, during the two World
Wars, this technology was further used for fuel supply in transport vehicles. At this time, wood
gasifiers were used as mobile sources of gas to power cars. Finally, cheap prices of fossil fuels
determined the end of a high extended use of gasification [97,101]. During the nineties, small scale
biomass gasification was again encouraged by the new restrictive environmental laws and the
pressure to be independent from fossil fuels. Nevertheless, small scale gasification has been
characterised by a discontinuous technology development, changeable government interests and a
pioneering role of research associations and non- governmental organisations (NGO’s). Concerning
technical aspects, there has been a low deployment of research results but at the same time a
progressive development exists guided by the demand, especially on quality producer gas.
Investment costs in general are still high [107].

The producer gas generated in a gasifier can be used in one of the applications shown in Figure
10, sorted from the smallest to the largest scale in power terms. Small scale covers till the engine
alternative, including the boiler only for heat production. They offer the possibility to produce
electricity or the combination of electricity and heat in the same installation, being called
co-generation or waste heat profit. More or less restrictive producer gas quality depends on its final
application. The less restrictive is the boiler option, while FC's are the most special alternative.
According to Lapuerta et al. [121], gasification-gas engine presents more benefit than
gasification-GT due to a higher efficiency in terms of electricity generation but also due to the
possibility of heat profit for thermal applications.
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Figure 10. Most extended uses of producer gas from small scale gasification. Based on
Bridgwater et al. [27] and Karellas et al. [122].

The paper by Dornburg and Faaij [123] presents the duality large-small scale biomass
gasification as competing alternatives, regarding the trade-off between transport cost, economies of
scale and easiness in heat utilisation. From the studied technologies, that comprise heat, power and
combined heat and power options through firing and gasification between 0.03-300 MW input, it
is concluded that the relative primary energy consumed improves with the scale, and that
gasification is better in energetic performances terms than combustion. It is not the case of
economic parameters, in which combustion is better. Husain et al. [124] puts this detail into
relevance through a case study that reflects the extended practice offering residues. In Malaysia,
they profit palm oil mills residues to produce heat and power by means of boiler-turbines
installations. This is a clear example of local wastes used to generate inputs for the palm oil
industry itself. The authors conclude that the installations have low thermal efficiencies due to the
heterogeneity of the residues, as well as that more advanced technologies should be used.

The review by Dong et al. [125] states that co-generation alternatives at small scale are the
major alternative to traditional systems in energy savings and environmental damage mitigation.
Gasification combined with internal combustion (IC) engines, micro-turbines (GT), and/or fuel
cells are among the emerging possibilities having higher efficiency than combustion-based
cogeneration options. But research is still needed, since efficiencies should be improved. Moreover,
fully automatic operated plants are needed at a minimum level of pollutants. The Indian perspective
described in Buragohain et al. [126] is somehow showing a good picture of the new energy
paradigm, in which the emerging country aims at supplying present and future thermal and
electrical needs through decentralised generation, concretely through a big use of gasification at
small scale, coupled with IC engines, boiler-steam turbines and in bigger scales with CCS. The
economic feasibility of the gasification option is analysed in terms of its comparison with the diesel
market. Also, the load factor of the plant is a crucial decision parameter to be considered since rural
demand is very changeable during the day and small if compared with other contexts. Gasification
is a valuable option because of its low expertise requirement and its social effects through
jobs creation.

The most important barrier towards the commercial stage of small scale biomass gasifiers are
still the high investment cost and the already small amount of expert people in the field. The
increase in process efficiency does not seem enough to reach the combustion status. Even if it is not
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a fully commercial choice, it is possible to depict a wide range of successful and failed gasification
case studies to produce power and/or heat.

3.6. Trends and Challenges

The greatest opportunities and challenges come from the not fully commercialised nature of
IGCC-CCS systems and projects BG-GE, and the potential of biomass as a resource. The context
of these biomass-based options is favourable due to the change of energy paradigm. However, the
use of land for energy crops should be carefully evaluated to avoid further problems. In order to
contrast strengths and weaknesses, decision tools are needed to evaluate the trade-off. Therefore,
the following two sections are focused on the development of decision-making tools for the
biomass use at large and small scale, in different contexts in a sustainable way. This is equally useful
for biomass co-combustion in power plants, in order to depict a systematic and consistent approach
for biomass projects.

4. Bio-Based Superstructure

A bio-based superstructure, can be defined as the workspace that facilitates the allocation of
individual unit operations and their connectivity, defined as the ensemble of all feasible flowsheets,
combinations of equipment, raw materials and products, using biomass as raw material. The main
objective is to ease the evaluation of different process configurations to evaluate the trade-off
between different criteria (KPI). Figure 11 represents the information workflow of a generic
process analysis.

The different flowsheet configurations are evaluated: scenarios approach, or mathematical
modelling, (see Bojarski et al. [52] for further detail). KPI values can be depicted in Pareto
Frontiers for comparison and configurations selection or prioritisation. Our developed evaluation
tool utilises Aspen Plus as process simulator and MS Excel to process the KPI values. Particularly,
for the co-combustion case study, the superstructure concept is applied to the selection of the most
suitable pre-treatments (see next section). In that case, no process simulation has been performed.
However, the superstructure concept applied to co-combustion plants would include the evaluation
of different flue gas cleaning units and/or carbon capture materials.

The purpose of R&D in the IGCC power plants field is to improve the environmental
performance, decrease marginal costs and investment and assure the technology
availability/reliability. The idea that IGCC power plants are an opportunity is supported by the fact
that nowadays, there are a lot of new projects envisaged around the world, mainly based on coal
and located (in order of starting projects) in USA, Canada, China, and Europe. The report by
Metz et al. [94] shows that Shell, Texaco and E-gas are demonstrating the real and practical interest
of the concept. The main used technology is the Selexol capture system in pre-combustion
configuration. New IGCC power plants with CO2 capture technologies are included in the
superstructure developed by the authors. Several works can be cited that measure the global
performance of large scale gasification plants [127].
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Figure 11. Flowsheet analysis workflow.

The work by Hamelinck and Faaij [87] evaluates technical and economic parameters of
gasification plants to produce methanol and hydrogen, taking into account future prospects. Even if
they have not developed a superstructure as understood in this work, they also use an Aspen Plus
simulation to obtain energy and mass balances of interest for the economic evaluation. When
large-scale production is of concern, biomass supply is an important item in operation costs when
long distances should be covered. Hydrogen and methanol should be considered as conventional
fuels alternatives; nevertheless the main bottleneck lies on the distribution infrastructure, mainly
for hydrogen delivery. The work by Chiesa et al. [128] considers the production of hydrogen and
electricity from coal; the authors evaluate different scenarios, considering CO2 venting or CO2
capture; electricity production with conventional gas turbines, with turbines for burning syngas and
Ha, and with steam cycle (thus, pure Hz) as final syngas usages. Process intensification of acid
species is also included by removing CO2 and sulphur acid species in the same unit operation. They
propose different analyses considering performance and emissions using simulation of real
commercial units. In their economic analysis; performed by Kreutz ef al. [129], it is interesting to
appreciate that one of the barriers found for a wide H2 economy is the lack of a cost effective
method of storage and the lack of a large interested market on it. Also the COz storage capacity and
COz transportation have to be addressed in an efficient way to promote such a solution.

The specific issue of CCS in different plant types is tackled by Rubin et al. [130]. Natural gas
combined cycle plant (NGCC), IGCC plant and PC plant are considered. It takes into account
different possibilities of final transport and storage of COz: geologic, saline storage and enhanced
oil recovery (EOR). They found, while comparing coal gasification and combustion with CCS, that
costs are very sensitive to the coal quality. Moreover, depending on coal quality, PC plants or
IGCC plants are the cheapest options among the three possibilities considered here, being IGCC
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plants the most penalised by the extra energy consumption from the CCS system. The most
relevant contribution by Chen and Rubin [90] is the consideration of uncertainty in the cost of CCS
in an IGCC power plant by taking into account coal quality and CCS removal efficiency.

The complete IGCC-CCS superstructure is shown in Figure 12. The diagram assembles all the
technical possibilities that an IGCC plant offers. The options considered in our work are in red.
Among all the options that a general IGCC plant offers to be optimised, the dashed lines in red
indicate the design choices that are taken into account. Raw materials can be from different origins.
Pre-treatment options include energy and matter densifications. Feedstock mixture and final syngas
usage elections are carried out with MCDA. Note that in Aspen Plus we use stream splitters and
mixers to perform the choice of different unit operations executing the same function in the process
(see [52,131,132]).
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Figure 12. IGCC-CCS superstructure. Dashed lines in red indicate the superstructure
options considered. The modelled flowsheet in the process modeller, among the
different unit’s alternatives, is highlighted in red (for more detail see [131,133]).

Hydrogen separated from the syngas may be used in different ways: (i) sold as a product;
(ii) converted in fuel cells (if purified until their standards); or (iii) burnt in a gas turbine, as
happens with syngas. Figure 13 depicts the superstructure implemented by the authors (see
Bojarski et al. [52]) to evaluate these possibilities. Concerning the splitting units used to model the
superstructure, separation factors will allow the distribution of total or partial rates among the
different technological options. Firstly, the choice whether combined cycle or H2 needs to be done.
Then, the purity of the Hz in order to be sent to the turbine or to be sold to the market (i.e., the use
of PSA), is the variable to select. Co-generation of power and Ha is one of the possible choices in
the superstructure.
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5. Bio-Based Supply Chain Modelling

It is recognised that in order to achieve the posed targets in the consumption of renewable
energy (see Section 1): (i) efficient networks to sustainable supply the amounts of biomass
required; (ii) cost effective technologies to convert biomass and (iii) improved distribution
infrastructures to deliver the final product (i.e., energy or fuel) are to be developed [134].
Moreover, the efficient integration of these three elements is equally relevant to achieve these
targets. In this context, a supply chain modelling approach can be exploited as a tool that can
support decision making towards accomplishing such integration.

The concept of supply chain (SC) refers to the network of interdependent entities (i.e.,
processing sites, distributors, transporters, warehouses and raw material suppliers) which is the
processing and distribution channels of a product from the origin of its raw materials to the final
delivery to the customer. Then, supply chain management (SCM) can be defined as the
management of material, information and financial flows through a SC that aims at producing and
delivering goods or services to consumers [135]. Notice that a SC is comprised by components that
may be geographically distributed. One of the main objectives of SCM is to synchronise and
coordinate the flows of materials that go through the different processes so that the final product is
delivered in the most efficient manner. This is especially important for biomass to energy projects
which are highly geographically dependent and whose profitability can be strongly influenced by
the location of the different processes and biomass sources. Commonly, biomass production and
transportation account for a significant part of the whole bioenergy supply chain cost [136].
Therefore, a tool capable of evaluating the possible trade-offs between the different feedstock
sources, each one with specific properties (i.e., humidity and energy density) and the location of
processing sites and consumption points is a requisite to develop efficient bioenergy networks.

Typically, a Biomass SC problem considers the possible use of multiple biomass sources from
different origins that are geographically distributed, and the subsequent pre-treatment required to
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homogenise the material in mass and energy terms. These features imply the combination of
different moisture contents (MC), dry matters (DM), lower heating values (LHV) and bulk
densities (BD). Biomass, with high MC, low BD, low LHV and fibrous nature, may lead to
biomass pre-treatment so as to optimise its transport, handling and treatment. Biomass properties
can change along the SC.

In general, the major steps that a Biomass SC superstructure may include are (see Figure 14):

Feedstock
production

Storage and transportation

Biomass-
to pre-treat

Product
generation

Biomass to
process

Product at
consumption
point

Distribution

Figure 14. Schematic of a generic Biomass supply chain superstructure.

e Biomass growing, harvesting and collecting involve biomass production, by recovering
biomass waste or using energy crops. Processes included here are drying, i.e., natural drying
in the land field, baling or chipping. Resource seasonality determines the harvesting or
collection period. Different seasonal sources mix and storage could mitigate the impact on
supply continuity.

e Biomass pre-treatment includes all the necessary steps to produce an upgraded fuel. Such
fuel is homogeneous, has no impurities and is denser in terms of mass and energy.
Pre-treatment allows costs reduction in biomass treatment, storage and transportation.
Briquetting, pelletisation, torrefaction, pyrolysis, and combinations of them, are
pre-treatment techniques [59]. Research in biomass pre-treatment is crucial for the large
scale biomass market.

e Storage can be considered throughout the Biomass SC. Biomass can be stored whether
before the transportation stage, at the biomass origin, in an intermediate step or at the power
station site. This is crucial to create backups against seasonality. A drying phenomenon
takes place here, even some dry matter loss may occur [74]. Costs depend on the location
and type of storage, i.e., open air, roof covered, air fan, indoor storage. Their selection
depends on climate conditions, shape and volume of biomass and time of storage [23].

e Distribution can be expensive due to the biomass low energy density. Costs depend on
distance, speed, tortuosity, haulier's capacity and amount of biomass to be transported.
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e Biomass treatment refers to the biomass processing plant to produce the desired product,
i.e., biofuels, bioproducts, heat, cool or electricity.

Next, we review some relevant works that have dealt with the Biomass SC problem from
a quantitative perspective. The study by van Belle et al [137] presents a qualitative and
quantitative study of this first Biomass SC step, considering chipping, central storage of the wood
residues and intra-land transport. The harvesting or collection period depends on the seasonality,
thus facing with an amount of fuel that can be discontinuous during the year.
Hamelinck et al. [138] considers an international bioenergy SC taking into account the fact that
biomass production and consumption do not need to be in the same region. Biomass compacted to
briquettes or pellets can be used to save in distribution costs since they present a higher density.
Nevertheless, there exists a trade-off between the distribution cost, the distance and the
densification methods. This is important to consider especially when long distances should be
covered. They demonstrate that an international bioenergy trade has real potential; however,
improvements in terms of prices, policies and social acceptance are necessary. Panichelli and
Gnansounou [136] contemplate forest wood residues (FWR) from final cuttings to produce torrified
wood that supplies a gasification unit in order to produce electricity. They are able to allocate
biomass quantities between predefined combinations of candidate sites to find the best set of
locations for the energy units. They fix values for the torrefaction and gasification units, and take
into account cost minimisation. A mixed integer linear program (MILP) that determines the optimal
sizes and locations of biomass-based methanol plants (biofuel plants) is developed by
Leduc et al. [139]. The objective function to be optimised is the operating costs and the investment
required to establish the Biomass SC. The supply is given by poplar coppice, as energy crop, and
the demand is based on gasoline-methanol car blend use. The possible consumer sites are the
already existing gas stations in Austria, while methanol production is considered through the use of
gasification plants. By-production of heat is also considered as economic revenue, and CO2
emissions are accounted finally, but not introduced in their model as an environmental objective to
be accomplished. The work of Rentizelas et al. [74] emphasises the multi-biomass seasonal
availability and combines this fact with the biomass storage problem. The stages considered before
the conversion plant of the raw material include harvesting and collection, in field handling and
transport, storage, loading and unloading, transport, and biomass pre-treatment. This last stage can
be included in any of the abovementioned stages, and could precede the transportation stage.
Storage can be also located in the biomass origin in an intermediate step or at the power station
site. The authors state that one of the main drawbacks of the use of biomass as a source, is its
relatively low density and heating value when compared for instance with other fossil sources. On a
later work, Rentizelas et al. [140], exemplify the fact that a biomass SC can account for multiple
sources, as well as for multiple final products production, such as electricity, heat and cooling.
They apply the methodology in a specific region of Greece. The results provide with optimal
locations and investment details for potential investors. The works by Zamboni et al. [141,142]
formulate a MILP model to minimise operating costs and GHG emissions of a biofuel SC. The
second work performs a multi-objective optimisation by taking into account the whole SC, from
biomass cultivation to fuel distribution. The region under study is discretised into a grid of square
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regions to map the network and to estimate the biomass cultivation potential for each region. Using
as starting point the formulation developed in Zamboni et al. [141], Akgul et al. [143] also
minimise costs, while decreasing calculation time including spatial restrictions through
a “neighbourhood” flow limitation. Elia ez al. [144] uses a MILP multi-objective optimisation to
propose a sustainable SC for a novel hybrid concept for a plant that produces liquid fuels, i.e.,
gasoline, diesel and kerosene, using coal, biomass or natural gas as main feedstocks. The authors
conclude that the hybrid configuration (fossil fuels—biomass) allows for competitive biofuels
prices. Zhang et al. [145] adopt a GIS-based method to find the best location for a biofuel plant,
based on the distributed nature of the woody biomass sources and the associated transportation
costs. The methodology comprises two steps: location of site candidates and selection of the
cost-optimal area. The paper by Chiueh et al. [146] uses GIS to identify the biomass waste
resources and the specific transportation routes for a co-combustion retrofitting problem, evaluating
different levels of pre-treatment (torrefaction) centralisation.

Undoubtedly, energy policies are partially driven by environmental considerations, more
specifically by the pressure on reducing greenhouse gas (GHG) emissions. Biomass is an energy
source that is expected to provide significant reductions of environmental impacts related to GHG
emissions when compared to the classical fossil fuels technologies. Therefore, it is relevant the
integration of environmental thinking into SCM in order to assess such expected reduced
environmental impacts. The aforementioned integration may be achieved through the concept
regarded as “Green Supply Chain Management” (GrSCM). This concept considers the
environmental interventions associated with the raw materials sourcing and selection,
manufacturing process selection, delivery of final product to the consumers as well as end of life
management of the product after its useful life [147]. Traditionally, the methodologies devised to
assist SC operation and design have focused on finding a solution that maximises a given economic
performance indicator while satisfying a set of operational constraints imposed by the
manufacturing/processing technology and the topology of the network. In recent years, however,
there has been a growing awareness of the importance of including environmental aspects as
objectives and not only as constraints associated with the SC decision support [148,149].

The environmental science and engineering community have developed several systematic
methodologies for the detailed characterisation of the environmental impacts of chemicals,
products, and processes. All of these methodologies have embodied the concepts of life cycle, i.e.,
they are based on a LCA which is described in a series of ISO documents [150]. The LCA
framework includes the entire life cycle of the product, process or activity, encompassing
extraction and processing of raw materials; manufacturing, transport and distribution; re-use,
maintenance recycling and final disposal. Most importantly, it takes a holistic approach, bringing
the environmental impacts into one consistent framework [151]. The idea is to determine process
conditions or topology using a multi-criteria optimisation strategy in order to evaluate the trade-off
between economic and environmental issues.

As aforementioned, the concept of SC refers to the network of interdependent entities that
constitute the processing and distribution channels of a product from the supply of its raw materials
to its delivery to the final consumer. Because an LCA study ideally covers a cradle-to-grave
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approach, it can be clearly seen that LCA fits as a suitable tool for quantitatively assessing the
environmental burdens associated with designing and operating a SC.

Cherubini and Stromman [152] review works in the field of LCA of bioenergy systems,
concluding that most studies found a reduction in GHG emissions and in fossil fuel energy
consumption. Nevertheless, even if the LCA follows a well-established methodology, the selection
of the functional unit (FU) changes according to authors criteria (for instance, power produced or
energy/mass flowrates of biomass introduced into the system) and makes it difficult the comparison
among different works. Damen and Faaij [75] presents a life cycle inventory of a biomass-based
SC for co-firing. This work compares a biomass co-use plant with a 100% coal power plant. The
net avoided primary energy and GHG emissions are significantly reduced in the biomass co-use
plant. Perry and Rosillo-Calle [61] treat exhaustively the subject of CO2 emissions along the whole
SC, considering emissions from production, conversion, distribution and land use displacement
caused by the modification of the biomass use. Ayoub et al. [153] present a methodology for
designing and evaluating the biomass utilisation networks (so called B-NETs), which are process
networks aiming at producing different bio-products, from one or more biomass resources. The
idea of this methodology is to provide a framework to create the underlying superstructure that
relates the biomass resources to their products via current and possible future available processes,
which can be used to develop an optimisation model. Their methodology is applied at a local level
and proposes better biomass uses by means of economic parameters (costs) and environmental
impacts accounting. The environmental indicator that the authors use accounts for emissions to air,
water pollutants and solid wastes. Later on, Van Dyken et al. [154] develop a linear optimisation
model for planning the capacity expansions in energy systems where several alternative biomass
and technologies are considered simultaneously. The main objective of this work is to present a
generic model including different component such as sources, handling, processing, storage and
final usage. Heating value, moisture content and bulk density are the key parameters changes that
biomass undergoes along the SC. The objectives to be optimised are the operating cost and
emissions of the whole SC.

The review by Cambero and Sowlati [155] remarks that the use of biomass has an important
potential to substitute fossil fuel, while all three aspects of sustainability (economic, environmental,
and societal) have to be considered in the optimisation problem. Tavares et al. [156] use GIS to
identify the most suitable locations for municipal solid waste plants, according to socio-economic,
technical and environmental criteria. Pérez-Fortes et al. [39] optimise a decentralised biomass
problem that uses cassava waste as raw material to power a gasifier—gas engine plant. This
problem considers MO optimisation with three criteria: economic, environmental and social.
Employment generation is used as social criteria. The developed MILP allows the selection of: (i)
optimum flow rates, sites connectivity and capacity of units; and (ii) the best technology to be
employed from a superstructure of technological options for biomass processing as shown in
Figure 15. The algorithm developed in this work is the starting point of the work of
Pérez-Fortes et al. [157]. In this work, the MILP program is adapted to solve a SC problem in
Spain that considers biomass waste to fulfil the biomass required to replace a portion of the power
in the current coal power plants installed.
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From another standpoint, uncertainty has been increasingly considered when modelling biomass
SC's: Shastri et al. [158] points out the seasonal and distributed origin of biomass in its BioFeed
MILP model which is developed to optimise a farm, ie. the biomass collection step.
Gebreslassie ef al. [159] also models a stochastic MILP program to address the optimal design of a
biorefinery SC under supply and demand uncertainties, a risk management optimisation approach
is presented. In Osmani and Zhang [160], a stochastic MILP model is developed, considering
uncertainty in the supply of biomass-to-bioethanol, demand of biofuel, biomass and biofuel prices,
with the purpose of determining the location and the efficiency of the biorefineries on the one hand,
and the connections and storage sites, until the bioethanol is sold, on the other. Recently, Yilmaz,
Balaman and Selim [161] design an anaerobic digestion SC, under cost and environmental criteria
optimisation considering uncertainties. In this case, the method employed is a Fuzzy MO-MILP.
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Figure 15. Superstructure utilised for the Biomass SC model presented in Pérez-Fortes et al. [157].

High complex and computational demanding programs are resulting from the development of
MILPs for the evaluation of biomass related SC’s, thus calling for decomposition methods that can
attenuate the heavy computational load that is needed for the solution of biomass SC related
programs. The article from Osmani and Zhang [160] employs a decomposition based on the
Sample Average Approximation method. Gebreslassie et al. [159] utilises the Multicut L-shaped
method, while the work by Shastri et al. [158] uses a Decomposition scheme together with a
Distributed Computing approach. More recently, Lainez-Aguirre ef al. [162] propose a Lagrangian
relaxation based approach, the Optimal Condition Decomposition (OCD), to tackle medium size
models which require intensive computational power. The methodology is applied to solve the
biomass SC case study located in Spain, previously studied in Pérez-Fortes ez al. [157].

The aforementioned works demonstrate that biomass supply modelling has become a research
area of great interest since it provides a tool that supports strategic and tactical decision making
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which is vital to configure the highly geographical distributed biomass networks. These works
point that the necessity of also considering environmental and societal aspects during the
evaluation of Biomass SC projects. The main issues that still require further effort and should be
overcome are the consideration of seasonality and heterogeneity, in terms of biomass properties
and sources. Overall, traditional techniques of mathematical programming for SC modelling have a
new challenge in the treatment of biomass properties along the chain. The mathematical models
resulting from the Biomass SC are of significant size involving thousands of variables and
constraints. Initial efforts have been devoted to develop decomposition techniques in order to make
real size problems tractable. However, there are still many challenges in this arena and the
application of decomposition techniques is an area that deserves further investigation.

6. Conclusions

This review considers bioenergy from two perspectives and two exploiting technologies:
centralised and distributed energy systems, gasification and combustion. The different proposals
are evaluated through engineering, economic, environmental and social aspects. Centralised and
distributed energy systems place different constraints on the use of biomass. For large scale use,
biomass can be adequately co-used with fossil fuels for co-gasification or co-combustion in already
existing power plants. Multiple products can be derived taking advantage from the syngas
versatility. Polygeneration mimics the energy efficiency of oil refineries through the production of
fuels, power and chemicals from biomass. For small scale use, such as residential applications in
urban areas or electricity generation in rural areas, biomass waste should be produced locally to
avoid transportation costs and biomass degradation. Tailor-made approaches are needed evaluate
the characteristics of each possible system and to provide appropriate optimal solutions regarding
the available biomass and the energy demand.

This review finishes in Sections 4 and 5 with a systematic and versatile approach for decision
making for biomass use at large and small scale, in different contexts. The methodology is based on
conceptual design using modelling, simulation and optimisation theories. On this basis, simulation
and multiple criteria decision analysis are used to support the decision-making process.

Bioenergy offers decisive advantages in terms of environmental and social impact. Its
deployment already straightforwardly supports current energy conversion technologies. Challenges
concern the improvement of biomass pre-treatment processes and storage, to meet with the
standards for energy generation. Despite all the striking advantages, biomass conversion, combined
with carbon capture and storage needs further motivation (such as environmental), to be introduced
into the market.
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Flow Regime Changes: From Impounding a Temperate
Lowland River to Small Hydropower Operations

Petras Punys, Antanas Dumbrauskas, Egidijus Kasiulis, Gitana Vy¢iené and Linas Silinis

Abstract: This article discusses the environmental issues facing small hydropower plants (SHPs)
operating in temperate lowland rivers of Lithuania. The research subjects are two medium head
reservoir type hydro schemes considered within a context of the global fleet of SHPs in the
country. This research considers general abiotic indicators (flow, level, water retention time in the
reservoirs) of the stream that may affect the aquatic systems. The main idea was to test whether the
hydrologic regime has been altered by small hydropower dams. The analysis of changes in abiotic
indicators is a complex process, including both pre- and post-reservoir construction and post
commissioning of the SHPs under operation. Downstream hydrograph (flow and stage) ramping is
also an issue for operating SHPs that can result in temporary rapid changes in flow and
consequently negatively impact aquatic resources. This ramping has been quantitatively evaluated. To
avoid the risk of excessive flow ramping, the types of turbines available were evaluated and the
most suitable types for the natural river flow regime were identified. The results of this study are to
allow for new hydro schemes or upgrades to use water resources in a more sustainable way.

Reprinted from Energies. Cite as: Punys, P.; Dumbrauskas, A.; Kasiulis, E.; Vy¢iené, G.; Silinis, L.
Flow Regime Changes: From Impounding a Temperate Lowland River to Small Hydropower
Operations. Energies 2015, 8, 7478-7501.

1. Introduction

Humans often modify rivers to meet specific objectives, including hydropower generation.
Flexibility in the timing of water use is a primary reason for regulating rivers. It is accepted that the
construction of dams causes hydrologic alterations with consequent changes in ecological conditions.
However, the effect of the impact depends on many factors and has to be considered on a case by
case basis. For example, irrigation dams have completely different hydrologic alterations than
hydropower operations.

The vast majority of studies considering these issues are based on large hydropower plants (HP)
or large dams, where impacts are obvious. However, small hydropower plants (SHP) cannot be
treated as a scaled down version of the large dams. A literature review has shown that there is a
lack of associated studies, especially for low to medium head facilities operating in temperate
lowland rivers.

Hydropower plants are divided into different categories according to their installed power (P),
which are usually small (p < 10 MW), medium (10-100 MW) and large (>100 MW) [1]. However
these classification systems may be very different elsewhere. The European standard of SHP plants
has been set to the installed capacity (p < 10 MW), although many countries adopted a lower SHP
limit than indicated in ESHA website [2]. A number of publications indicates that SHP impacts on
the environment are not yet clearly revealed; therefore, they receive public support in the EU
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countries [3-5]. Well designed, monitored and sustainably operating SHPs may have a smaller
impact on the ecosystem, if this is the case, they may be regarded as “environmentally
friendly” [6,7]. The intensive land use for agriculture plays a more important role in terms of
environmental impacts on the water quality of small lowland rivers than deployed SHP dams [8].

In contrast to the outline above, there are studies suggesting much more significant effects of
SHPs [9,10]. The results of Kibler and Tullos [11] revealed that the biophysical impact of small
hydropower plants in China might exceed even those of large hydropower plants, particularly with
regard to habitat security and hydrologic change. However, it should be noted that in China, the
small hydro capacity threshold is considered to be below 50 MW [1].

The EU Water Framework Directive (WFD) notes that hydropower has hydromorphological
effects on the aquatic environment [12]. Many of these effects can be minimized; however, some
effects are irreversible and it is impossible to achieve a good ecological status of the water body in
accordance with WFD requirements [13].

Numerous metrics have been developed to represent the magnitude and direction of hydrologic
alteration. The typical approach is the Flow Duration Curve (FDC) method, widely used in pre-post
impact assessment of multipurpose uses of dams, e.g., hydropower [14-16]. Richter et al. [17], Olden
and Poff [18] assessed and offered from three dozen to more than a hundred and fifty Indicators of
Hydrologic alteration (IHA), which could be used for pre-post evaluations in different flow regime
situations [19]. The prevailing opinion is that in most rivers, more than 90% of the flow variation
can be explained by several statistically significant criteria [14]. Some hydrological indices are based
on the average daily flow rate, which does not reflect irregularities of hydro plant operations within
24 h (e.g., hydropeaking or ramping). Moreover, not all indices can be applied equally to large and
small hydropower plants. Any impoundment in spatial and temporal terms affects river flow
regimes and global river environments. To represent quantitatively the spatial and temporal intensity of
the water mass (inflow or outflow) in the control area, some indicators were proposed [20,21] which
can be described using a number of terms e.g., Water Residence, Retention, Exposure, Turnover or
Exchange time.

The ratio of storage capacity to mean annual flow has been used previously, for example by
Brune [22], as the independent variable from which to predict reservoir trap efficiency. Impounded
runoff index (IR) was used for large-scale dam affects to flow regime in California and Spain [23].
It should be noted that it is the dimensionless indicator. For example, an IR of 1 implies an average
residence time of 1 year. Similarly to IR, a more detailed index D designated for reservoir
hydropower plants with regard to the retention of cumulative inflow for a certain period of time at
upstream storage was proposed [24]. According to the water retention time in reservoir or its filling
period expressed in hours, HP plants can be divided into 3 groups: (a) run-of-river; (b) pondage;
and (c) storage (Table 1). Water retention time (reservoir filling period D in hours) can be
determined as follows:

V|
P=0, ’Lf/h} (1
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where Vi—useful capacity of reservoir, designated for power generation, m®> and Qo—inflow into
reservoir (annual mean flow), m3/h.

The smaller the reservoir capacity and the higher the inflow into it, the less regulated natural
flow will be assured. It can be accepted that RoR developments with D < 2 h have a relatively
minimal impact on the river flow regime.

The alternative indicator closely related to water retention time is K (Table 2). It is a percentage
of the useful reservoir capacity to the volume of annual inflow [16,25]. To distinguish between
flowing waters (rivers) and stagnant waters (lakes or reservoirs) K limit was proposed K = 100 [26].

Table 1. Classification of hydropower plants according to the retention time of the
cumulative inflow into reservoir.

The Mode of Operation =~ Water Retention Time in

. Comments
or Development Type Reservoir (D)
Run-of-river (RoR) D <2 h (~0.1 day) No possibilities to significantly regulate flow

Daily or weekly river flow regulation.

Pondage 2h<D<400h (~17 days) Stores water at off-peak times and releases
water through turbines at peak times
Long-term impounding of water to meet

Storage D>400h seasonal and annual fluctuations in water

availability. Not typical for an SHP
Note: Compilation is based on [24].

Table 2. Water retention indicator.

Water Retention Indicator K 1 10 100 200 500 1000 2000
Reservoir Useful Capacity, V,

100 10 1 0.5 0.2 0.1 0.05
(Percentage of Volume of Annual Inflow)
Water Retention Time (Days) 365 36.5 3.65 1.82 0.73 036 0.18
Water Body State “Stagnant” (lake) <€ “Running” (stream or river)

Although D and K are meaningfully related, their key estimates in the above tables have not
been explicitly based. They only reflect the annual inflow transformation regardless of seasonal or
shorter duration flow variations. In addition, RoR developments (small to medium hydro) can be
described as follows [27-29]:

e Turbines use the natural flow of the river with very little alteration to the terrain stream
channel at the site and little impoundment of the water.

e A type of hydro project that releases water at the same rate as the natural flow of the river
(outflow equals inflow).

Run-of-river power projects are sometimes known as “small hydro” projects, though not all are
small. References can be found in publications of hydropower plants with reservoir areas of several
hundred square kilometres and more that are attributed to RoR projects [30]. For instance, in
Austria, most of conventional large hydropower plants are considered RoR plants [31].



148

A simple sketch of a hydropower plant associated with a small reservoir provides additional
explanations on the above mentioned indicators (Figure 1). The operation of some hydropower
plants may lead to rapid and frequent changes in flow regimes, usually as a result of turbine
start-up or shut-down, or in response to changes in electrical load. This mode of the operation,
called hydropeaking or flow ramping, may have adverse impacts on the ecological integrity of
streams and rivers. The negative effects of hydropeaking to the downstream river were first
documented in Europe at the end of 1930. According to Bain [32], the first environmental impact
studies in North America, related to this mode of operation, appeared in 1970s. Currently, there are
plenty of investigations demonstrating the biological effects of this phenomenon, including its
mitigation measures [33—36]. There is an obvious tendency to note that hydropeaking is mostly
attributed to the hydro operations of storage power plants [37]. In run-of-river plants, hydropeaking
is only observed following the emergency shut-down of turbines—a very rare occurrence, for
instance, in Switzerland [38].

Outflow QT’ m3/s
= Q, rn3/ s

Inflow

Q" mis

Q, nf/s

Figure 1. River flow distribution in a hydropower scheme associated with an
embankment dam. Notes: Annual inflow into reservoir: Qo, Wo (flow and volume,
respectively), ~—drawdown depth of reservoir corresponding to the useful capacity of
reservoir (V) and designated for power generation. Outflow: Q7—turbine flow,
O—river flow (spill, leakage, instream flow). NWL—normal water level.

A decade ago, Baumann and Klaus [39] reviewed more than 200 articles indicating a clear lack of
knowledge about the ecological effect of hydropeaking, the same was confirmed [40]. Despite the
abundance of publications on the interrelations of hydropeaking and riparian or shallow zone ecology
the ability to describe, correlate and quantitatively estimate biological responses on hydropeaking
today is still weak [14]. Bain [32] reviewed 43 cases of hydropeaking in US and Europe. The effects
ranged in accordance to their significance from moderate to severe alterations of downstream river
environments. By analysing the hydropeaking mode practiced on three medium-sized HP
(P = 25-50 MW), it was found that it was not a significant threat to the river environment and its
biota. The restriction of flow ramping rates of hydroelectric turbines located on a river with a
medium-sized HP in Canada did not show significant differences in the majority of measured biotic
parameters relative to a natural system. However, once ramping restrictions were lifted, some
changes in biotic parameters were found [15,41].
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The requirement to restore the natural flow regime of hydropower projects shifting from the
peak to run-of-river mode is becoming more and more popular in the US [42,43] and Europe,
including Lithuania [44]. Tt is widely believed that the run-of-river operation has to be mandatory to
protect aqua biota. However, it reduces the production of electricity per flow unit and at the
same decreases incomes [45]. Technical measures have been studied to reduce the effects of
hydropeaking [14,37,46-48]. They can be structured into two main groups: Operational
(non-structural) and structural (involving any physical construction). Structural measures or the
application of river engineering techniques cannot be easily realisable. In Canada and the US, the
ramping rate standards (non-structural measures) provide guidance to run-of-river developers and
operators for proposed or operating hydropower projects [49].

In Lithuania, more than 1000 small and medium sized reservoirs are currently registered, of
which more than 90 are SHPs and only one large conventional power plant, operating at Kaunas on
the country’s largest river the Nemunas. It should be noted that the RoR operating mode for SHPs
is an obligatory requirement in Lithuania.

An examination of the effects that small reservoirs have on the hydrological regime of
Lithuanian rivers was carried out [16,50]. It was determined that the large, 100 MW Kaunas HP
plant hydropeaking operations resulted in long-term river bed erosion on the Nemunas River [51].
In addition the SHP impacts on the downstream river flow were noted [52]. The findings from
these studies indicate that no comprehensive research on the quantification of environmental issues
due to rapid HP flow fluctuations on biotic systems in Lithuanian rivers was carried out. One
exception was for macro invertebrate composition [53].

The main objective of this research was to investigate and quantify changes in the hydrological
regime—abiotic indicators of a small lowland river with pre- and post-impoundments including
further construction of small hydropower plants. To achieve this objective, the following tasks were
carried out:

(1) Past research focusing on SHPs operating in run-of-river mode on temperate lowland rivers
was reviewed;

(2) Historical flow and stage data to quantify the changes in flow regime pre- and post-river
impoundment and after SHP construction was collected;

(3) Hydrograph ramping key characteristics using the hourly data of flow/stage downstream
power plants to determine the causes was assessed;

(4) Measures to reduce the effects of SHPs by adapting turbines to the river natural flow
were proposed.

Hydrologic regime here is understood in a simplified manner, notably, flow and stage
fluctuations downstream from the river and storage timing upstream. The following are not in
the scope of this paper: Impacts on water quality, riparian vegetation, fluvial geomorphology,
and macro invertebrate and fish communities that must be underpinned by a sound
hydraulic-hydrological analysis.
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2. Materials and Methods

The study area is the Susve River Basin located in central Lithuania. There are two reservoirs,
Angiriai and Vaitiekunai, which have SHPs installed downstream on the river (Figure 2). The
Susve River is the largest tributary of the Nevezis River, which flows into the largest Lithuanian
river—the Nemunas. Its length is 130 km, its catchment area is 1165 km? and the average annual
flow is 6.2 m3/s [54]. The average slope of the longitudinal river profile is 0.086%, with a gentle
gradient upstream and a steeper gradient downstream. According to a number of authors [55], the
catchment area over the past five decades has experienced significant land use changes, from
deploying the tile drainage that reached 50% of the total catchment area in 1990, to increased
woodland area (from 21% in 1960 to 31% in 2010). These changes influenced the hydrological
regime, although estimates of the regime changes differ. The Susve River is not abundant in fish
resources. The Lithuanian fish index LFI (0 = bad and 1 = very good) for the Susve River is
between 0.19 below the Siaulenai gauging station (GS) and 0.42, on average, at its mouth.
Sediment transport is not an issue in lowland rivers of the country. In this regard, the life span of
reservoirs is long, and their useful capacity can be insignificantly changed during a long time
period [16].
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Figure 2. The catchment area of the Susve River with the location of the Angiriai and
Vaitiekunai SHP reservoirs (purple color) and the Siaulenai and Josvainiai longstanding
gauging stations (GS, red triangles).

Both reservoirs were built 35 years ago as water storage for irrigation at that time. After a couple
decades, they were adjusted for hydropower (Table 3).
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Table 3. Description of reservoirs and SHPs on the Susve River.
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The hydropower schemes involve an earth-fill dam with an integral and separated intake, and a
powerhouse located at the dam toe (Figure 1). They are not traditional diversion schemes.

The Angiriai SHP in terms of the installed capacity is the third largest of the SHPs in the country,
while Vaitiekunai SHP falls within the average. In line with the definition of International Commission
on Large Dams [56], the dams are considered to be large (reservoir storage >3 Mm?’, and dam
height >5 m) and SHPs are medium head. Angiriai SHP turbines are propeller-type and
consequently flow rate adjustment limits are very narrow. Cross-flow turbines are operating in the
Vaitiekunai SHP; they are of varying capacity and flow regulation is very flexible. As a result, the
ratio between the turbine minimum discharge Q,,, and instream flow Q. is 10 times less than in the
former plant. The standard flow measurements at Siaulenai and Josvainiai longstanding gauging
stations were used (Table 4).

Table 4. Characteristic of the Susve River gauging stations.

Gauging Distance from A, Data Series Qo v-xi omex 0"*/Qo
Station the Mouth, km  km? Length ! Qo xi-it [ Q0" /O
L 1956-1999 3 272 474
Josvainiai 14.2 1080 6.2
2003-2014 6.2 32.7 52
. . 1940-1999 1.29 64.7 50.2
Siaulenai 108.6 162 1.29
2000-2014 1.31 6.14 4.75

The observation period of both GS is longer than 50 years; the samples are representative and
unbiased and are free from significant diversion or regulation prior to dam construction. In
addition, short-term series of recorded water levels at 1 hour time intervals upstream and
downstream from the dams (including turbines discharge) of the SHPs were used. The Siaulenai
GS can be considered as a reference station—upstream there is no flow regulation, in contrast to
the Josvainiai GS. The latter is located downstream of both reservoirs and the flow data integrates
both land use impacts and the effects of reservoirs with SHPs.
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When evaluating the effect of any impact on the hydrological regime, it is important that the
data, which is divided into separate periods, should be assessed in relation to the variations of the
long-term data. It is necessary to ensure that the data chosen covers the necessary cycles and
determine whether they have downward or upward trends, therefore, a review was made of the
Susve at Josvainiai annual flow fluctuations in a light of a long-term historic flow data series of the
Nemunas River at Smalininkai (sample exceeds more than 200 years). For this purpose, the most
commonly used methods for the assessment are: Cumulative deviations, moving average or trend
detection using statistical tests. The Mann-Kendal test was applied for trend detection for the
annual average flow at Smalininkai and Josvainiai GS. Flow duration curves (FDC) were used for
comparisons of flow regime in three selected periods, and in two subbasins monitored by the
Siaulenai and Josvainiai gauging stations. FDC is considered to be not only one of the most popular
methods of comparison [19,57], in addition its statistical parameters also enable the formulation of
appropriate findings [58]. Periods of construction are excluded from analysed flow series. To
obtain a more accurate analysis when comparing two subbasins with different catchment areas, in
some cases flow data are presented as water depths in millimetres per day.

The terms hydropeaking and flow (stage) ramping are interchangeable in view of hydrological
response. However, no SHP in Lithuania operates under the peaking mode; therefore, the
expression “ramping” is more accurate. The notions flow and stage (hydrograph) ramping here are
used concurrently.

General hydropeaking indicators were used in the study [14,43,48,59,60]. The results indicate
that flow variability statistics should be quantified using subdaily datasets to accurately represent
the nature of hydropower operations, especially for daily peaking facilities. For the purposes of this
article, “ramping rate” refers to the rate of change in water flow (in cubic meters per second/per
hour) or water level range (depth per unit time—cm/h). There can be either up-ramping or
down-ramping rates. The first ramping indicator, HR: (in the normalised form), represents river
flow variations with respect to the river daily average flow due to start-up and shutdown turbines:

T _of
HIe1 — Qmax Qmm
9

where Q,,—turbine maximum discharge within 24 h; Q;,—turbine minimum discharge within 24

2

h and Qo—river daily mean discharge (inflow into reservoir).

If turbine flow is steady within a daily period, then the above difference in the numerator does
not make sense: The ramping does not occur. The ideal case is when HR1s= 1 (inflow to a reservoir
equals outflow).

The second indicator, ramping rate (HR2), describes the gradient in stage (or flow) change and is
defined as the change in water level (flow) between two successive records divided by the
observation time interval, as defined by:

WL, — WL,
HR = i i-1
> L=t @)

where WLi—water level, cm at time #, hour and WLi-1 water level at prior time #i-1.



153

There is no special flow or level ramping restrictions in force for SHPs in Lithuania. Restrictions
are imposed only on SHP reservoir water level drawdowns (£10 cm of NWL), which, as
observations show, have little effect on ramping characteristics downstream of power plants.

A field experiment was carried out to discover the mechanism of stage ramping at the Angiriai
SHP downstream the river [16]. Before starting up two turbines at their full capacity (Q7 = 10.2
m’/s), inflow into the reservoir and outflow was minimal (only environmental flow—approx.
0.4 m¥s). It was the end of summer, which is the low flow season; the river channel was
extensively vegetated. Water level data logger and gauge staffs (3 in total) were used to monitor
water level fluctuations and traveling of a wave along the river reach at 4 locations (last one at
some 8 km from SHP) induced by starting and shutting down turbines.

3. Results and Discussion
3.1. Pre- and Post-Impoundment Hydrologic Changes of the Susve River

Moving 11-year averages of long-term data show that the Susve River follows synchronical
fluctuations of the Nemunas River and that the Susve flow covers two cycles of long-term
fluctuations (Figure 3). According to the Mann-Kendal test, no statistically significant trends are
detected for the annual average flow at Smalininkai and Josvainiai GS.
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Figure 3. 11-year moving average flow (Qo) graphs for the Susve River at Josvainiai
and the Nemunas River at Smalininkai.

Taking into account long-term fluctuations and knowing the dates of human interventions, the
following three periods were selected:

e Free flowing river (1956-1978);
e Regulated river (2 impoundments in place) (1981-1997);
e 2 SHPs deployed (2003-2014).

River flow regime can be clearly observed in daily flow hydrographs (Figure 4), representing
each selected period.
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Figure 4. Daily flow of selected years from different periods at Siaulenai (reference
station, control river—no impact), and Josvainiai (impact of reservoirs and SHP)
gauging stations. (a) 1956—pre-impoundment: No reservoirs at either subbasin;
(b) 1984—post-impoundments: Vaitieckunai and Angiriai reservoirs without SHP;
(¢) 2004—SHPs are operating.

The year 1956 represents the first period showing synchronical flow at both stations and

hydrographs almost overlapping with each other. In 1984, decreases of peak flow can be observed

at Josvainiai GS due to what is known as the effect of flow transformation in the reservoir. In the

third graph (2004), we already see the saw-type hydrograph of the Josvainiai GS, which is

completely different from the Siaulenai GS, especially in low flow periods. Figure 4 illustrates

evident impacts but does not give us the magnitudes of the impacts. The main parameters of

descriptive statistics are presented in Table 5.

Table 5. Statistical parameters of analysed daily flow (mm/day) data.

Period Gaug.mg Mean Min Max STD Coefﬁ.c 1e.nt Skewness  Kurtosis
Station of Variation
1956-1978 Siaulenai 0.64 0.0011 24.75 1.30 2.04 7.245 81.01
Josvainiai  0.45  0.0096 21.76 1.05 2.33 7.528 87.13
1981-1997 Siaullen.ai. 0.68 0.0037 10.72 1.19 1.75 3.846 18.16
Josvainiai  0.48  0.0004  9.92 0.81 1.67 4.442 27.74
2003-2010 Siaulc.an.ai‘ 0.58  0.0085 6.08 0.84 1.46 2.765 9.07
Josvainiai 044  0.0152  6.18 0.65 1.47 2.997 12.67

The high magnitudes of skewness indicate that no one analysed time series follows a normal

distribution, although this parameter consistently decreases with each period. That points to the fact
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of influence of the construction of reservoirs, and the later installation of hydropower plants, on flow
regime. Decreasing variation coefficients indicate that the flow regime becomes smoother in last
two periods when the reservoirs are constructed and HP are installed. However, general statistics
do not explain the impacts on seasonal daily flows.

Comparison of FDC in each period between two gauging stations—Siaulenai and Josvainiai—is
presented in Figure 5 and a comparison FDCs of different periods at Josvainiai GS is presented in
Figure 6. In the first period (1956-1978) (Figure 5a), the FDCs of two subbasins represent the
situation without reservoirs in either subbasin. Curves do not overlap each other because of a
different base flow that is slightly higher in the upper subbasin. The second period (1981-1997)
(Figure 5b) gives almost overlapped curves in the lower part. Erected reservoirs slightly increase
downstream flow in the dry season. This effect lifts up the lower part of Josvainiai FDC. The last
period (2004-2014) (Figure 5c) gives the sharpest difference in the lower part of Josvainiai FDC.
This can be explained by analysing the saw-shape hydrographs (Figure 4) of the last period. All of
the peaks in the hydrographs are due to pulses when SHP turbines are started up or shut down.
According to flow magnitudes, these pulses in FDC are moved to the left. At the same time, the
rest of the flow magnitudes of the dry period are lower comparing to the Siaulenai GS flow what is
the main reason of FDC drop down in interval from 60% to 90%.
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Figure 5. Comparison of FDCs in each period between two gauging stations—Siaulenai
and Josvainiai. (a) The first period (1956-1978); (b) The second period (1981-1997);
(¢) The last period (2004-2014).
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Figure 6. Comparison of FDCs of different periods at Josvainiai GS.

To ensure that there are no impacts of any unknown factors that are upstream or downstream
flow on the form of FDC, we compared curves of Josvainiai GS with each other (Figure 6). Here
we see a similar situation. The FDC of the first two periods almost overlaps in the lower part and
the third one differs greatly. To confirm the obtained visual facts, the FDCs of Josvainiai have been
approximated applying Pearson type III distribution (Table 6). Both parameters—bias and
RMSE—90 day and 180 day minima indicate the difference of the third period from the first two.

Table 6. Comparison of statistical parameters of approximated FDC by Pearson type
III distribution.

Period FDC Parameters 90 Day Minima 180 Day Minima
Mean Qym’/s Q¢sm’s RMSE Biasm’s RMSE  Bias m%/s
1956-1978 0.450 0.0319 0.0117 —-0.2059 0.0168 —0.2294
1981-1997 0.482 0.0280 0.0137 —0.3518 0.0175 —-0.2377
20042014 0.446 0.0264 0.0306 —1.6032 0.0834 —2.9760

3.2. River Flow Alterations by Upstream Storage

To date, more than 90 SHP plants are operating in the country. Taking into account the fact that
drawdown depth in SHP reservoirs is very limited (£0.1 m of NWL), they cannot be considered as
highly dynamic water storage systems. Consequently, SHPs are unlikely to provide peak power
because of the limited capacity of upstream storage volume.

Referring to Tables 1 and 2, the indicators D and K were determined for the reservoir useful
storage (drawdown depth of 1 m) and power storage (Figure 7). The latter corresponds to the depth
h=0.2 m and is exclusively used for the power generation.

Nearly half of the SHPs (42 out 90) can be viewed as run-of-river types, if the reservoir
drawdown depth of 0.2 m designed for power generation is considered (water retention time in
reservoir Do2m < 2 h). For the SHPs under consideration, Angiriai and Vaitiekunai, this indicator
ranges between 23 hours and 15 hours, respectively, and their magnitudes correspond to the
pondage mode of operation (Table 1). By contrast, this indicator for the 100 MW Kaunas HP
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reservoir (4 = 63.5 km?, & = 0.8 m or £0.4 m of NWL) operating exclusively at peaking mode is 2
to 3 times bigger (Do.sm = 50 h).
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Figure 7. Water retention indicators of SHP reservoirs. D (a) and K (b) determined for
the reservoir useful and power storage. The subscript 0.2 m indicates a drawdown
height of 0.2 m in reservoir.

According to the indicator Ko2m almost all reservoirs can be considered as run-of-river
reservoirs, with a few exceptions. On an annual scale, water is renewed every day in the Angiriai
reservoir and every half-day in the Vaitiekunai reservoir (Ko2n = 381 and 572, respectively). These
indicators reflect the operations of reservoirs located on small or medium sized lowland rivers,
because the reservoirs do not experience significant seasonal or shorter-term water level
fluctuations due to relatively moderate river flow regimes.

3.3. Flow (Stage) Ramping
3.3.1. Mechanics of Ramping

The primary type of turbine operations causing flow ramping downstream in the river reach is
turbine start-up and shutdown, not a response to changes in electrical loads in Lithuania.
Observations show that ramping occurs at irregular intervals during 24 hours or weekday periods that
is different from the hydropeaking mode of operation, where constant flow is mostly observed at
weekends. Ramping consequences are most crucial in the lean period of the river flow, especially
when the inflow into an SHP reservoir is minimal. The main causes of flow ramping are as follows:

e  Operators, believing that they are producing more power are deliberately starting/shutting
down turbines frequently during day/night periods for a certain number of hours. During the
remaining time, turbines are operating at minimum flow or they can be completely stopped
to comply with the prescriptions of instream flow. This mode of operation is inappropriate
because energy output will be the same if turbines are operated at a reduced capacity but
with stable patterns during 24 hours.

e Turbines are not well adapted to the natural streamflow regime. This means that the design
discharge of the turbines is too high, and control of the discharge flowing through the
turbines is not flexible. In particular, this is evident for Angiriai SHP, which has a very high
design discharge of propeller-type turbines (Q7 = 2 Qo).
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On the other hand, these artificial downstream flow (stage) fluctuations are due to the presence
of an impoundment, and they cannot be completely avoided. Completely different geomorphological
properties of the reservoir and the river channel downstream from the plant determine the
significance of water level fluctuations. In other words, the upstream storage cross-sectional area is
many times larger than that of downstream river (Figure 1). For instance, the drawdown depth of 1
cm in the Vaitiekunai reservoir results in an increase of 23 c¢cm in the downstream water level
(O = 0.87 m’/s). Approximately the same amount of drawdown in the Juodeikiai reservoir (the
Varduva river) incurs a rise in downstream water levels of 52 cm (QF = 2.42 m?/s). These findings
were obtained during a low water season (the end of summer) when inflow into the reservoir was
extremely minimal and no turbine was able to operate. It is absolutely clear that damping the range
of water stage fluctuations is very problematic. Additionally, the requirement to maintain upstream
storage water levels as stable as possible (=10 cm of NWL) is not an effective means of regulating
the range of downstream stage fluctuations.

3.3.2. Downstream River Stage Fluctuations

The operation mode of Angiriai SHP obviously changes the river’s natural flow and stage
variations, which were recorded 10 km downstream of the plant (Figure 8). 1971 and 1972
correspond to the years with the reservoir and 2003 and 2005 complemented with SHP. For the latter,
a saw-toothed pattern is clearly seen. This hydroelectric facility is a pondage type (Do2m = 23 h),
although its hydrograph ramping has nothing to do with peak power demand.
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Figure 8. Daily hydrographs (flow and stage) before the construction of Angiriai SHP

(1971 (b), 1972 (a)) and under its operation (2003 (a), 2005 (b), 2006 (c)). Gauging
station Susve at Josvainiai.
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More obvious are the hourly flow and water level fluctuations downstream. For this SHP, the
stage range can reach up to 70 cm within a 24 h period (Figure 9). For the country’s SHPs, the
stage range at their tailwater varies between 10 and 70 cm, and for large, peaking Kaunas HP it can
reach even 150 cm during a 24 h period [16,61]. This is because the turbines are not well adapted to
the natural stream flow regime, which means that the design flow of the turbines is too high and the
control of the discharge passing through the turbines is not flexible.

The ratio between turbine minimum flow and instream flow (Q7/Q.) varies between 15 for
Angiriai SHP and 1.4 for Vaitiekunai SHP. For comparison, this ratio in Swiss and Austrian rivers
with operating hydropower facilities ranges from 2 to more than 50 [62]. Bain [32] reported
extremely high ratios (maximum/minimum flows) for large hydropower facilities of 200 to 1000
(average of 166) in some rivers in the United States, Canada, Finland and France, and these rivers
were classified as having moderate to severe alterations of aquatic ecosystems. Up-ramping and
down-ramping stage rates (F/R2) for Angiriai SHP are similar (25-30 cm/h), with slightly more
intensive rising limbs.
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Figure 9. Hourly tailwater level (H) fluctuations at Angiriai SHP. At the beginning,
2 turbines (Q7 = 9.8 m?/s) are working, then 1 turbine was shut down (Q7 = 5 m’/s) and
finally both are shut down. Later, 1 turbine was started up again (3—4 March 2009).
Inflow into the reservoir Qo = 3.7 m*/s, HR1 = 1.33.

Open channel hydraulics and hydrological theory demonstrate that hydrograph is modified as
water flows downstream a river channel [63—65]. It means that flow ramping attenuates as a
function of the distance downstream from the turbines. However, this attenuation (for instance,
stage range) over quite a long distance is not impressive, with a lagging time of approximately 4
hours (Figure 10).
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Figure 10. Stage dynamic at the tailwater of Angiriai SHP after shutting down 1
turbine (Q7 = 5 m’s, HRi = 1.22) and 10 km downstream river at the Josvainiai
gauging station. 10 May 2013. HR: = 1.22.

The stage down-ramping rate at the power plant tailwater is 43 cm/hour, and at a distance of
10 km downstream it decreases to 7 cm/hour and approaches the natural hydrograph recession rate
upper limit.

The same path was confirmed by a field experiment to determine the mechanics of travelling
artificial flood wave downstream at the start-up and shut down of the turbines (Figure 11).
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Figure 11. Stage hydrographs at different distances of the release of turbine water at
Angiriai SHP. 18 August 2009, on the Susve River. Two turbines were started at a full
capacity and shut down after 3 h. (Elevation not to datum).

It must be underlined that this was an unusual mode of turbine operation. After starting the turbines,
the velocity in the tailwater was 1 m/s; later, due to significant channel resistance (vegetation, sinuosity,
etc.) it was reduced to 0.8 m/s. As expected, the maximum stage up-ramping rate (HR2 = 90 cm/h)
was recorded at the turbine water outlet—the tailrace. This is obvious because of a rapid increase in
discharged flow by turbines (from 0 to 5.2 m’/s and very swiftly to 10.5 m®/s). At the second
transect (0.47 km below the powerhouse), the up-ramping rate (HR2 = 90 cm/h) did not change,
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though it progressively lessened flowing downstream from the third and fourth transects (60 and
70 cm/h, respectively). The down-ramping rate was also significant—HR> = 75 cm/h—at the
second transect. Stage range diminished progressively through the river length from 80 cm to 60 cm,
but its value was dependent on the channel geometry. This and other recently completed
experiments on SHPs confirmed the initial hypothesis that the negative effects of turbine surge
waves can be felt a long distance downstream the river. To mitigate this effect, turbine start-up and
shutdown times should be extended as much as possible. Hydropower operations must begin and
end with the turbine passing the least flow possible.

The analysis of historic flood records of the Susve River (natural river flow and
pre-impoundment) reveals that the daily maximum stage rising is 6 cm/h and its recession is two
times lower, 3 cm/h. Hourly rates are at least 1.5 times higher, approximately 9 and 5 cm/h,
respectively. This bias is due to a smaller interval of measurements. Downstream from the Angiriai
SHP, these estimates are exceeded at least 3 times. One important issue must be mentioned, which is
that the frequency of natural floods is low compared with moderate artificial flooding caused almost
daily by turbine operations.

Down-ramping rates of less than 5 cm/h are naturally observed after flood events in alpine
rivers. Gentle flow ramping slower than 10 cm/h drastically decreases the stranding of juvenile
fish [14]. An average value of 12-20 cm/h for the down-ramping rate is generally seen as an
ecologically acceptable value [61]. Of course, rates are determined by channel geometry and
hydraulic parameters, which vary temporally and spatially. Pools, side-channels, and gravel bars
attenuate the ramping rate by storing water from higher flows and release this water gradually.
Tributary inflow will attenuate the ramping rate and the ramping range.

The highest stage range magnitudes are observed for SHPs with high values of turbine design
flow, mostly exceeding Q) > (1.5...2.0)Qo, with unregulated turbines and minimal turbine
numbers. However, the latter is seldom valid for the double regulated Kaplan and crossflow
turbines, which are able to adapt well to the natural flow regime.

3.4. Assessment of Turbine Types with Regard to Possible Alterations of River Flow

It is convenient to present a river flow regime in the form of a flow duration curve (FDC), which
was considered in the previous section. In hydropower engineering, the FDC serves as a basis for
determining the number of turbines and the installed capacity. To preserve as possibly as natural
river flow pattern and assure a reasonable use of water resources for power generation the area
under this curve must be completely used by water discharged from turbines.
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Figure 12. (a) 1 Propeller turbine, O = 1Qo; (b) 1 Kaplan turbine, Q] = 10Qo;
(¢) Two propeller turbines, Oy = 2Qo; (d) Two Kaplan turbines, O = 2Qo. Hypothetical
FDC and its coverage by the propeller and Kaplan turbines (from 1 to 2 units). O—daily
flow; Qf —design discharge of turbines; Qo—mean annual flow; Q-—environmental
(instream) flow. Red and yellow indicate turbines working field.

However, for economic and technical considerations, neither the upper part (high water) nor the
lower part (low water) of an FDC can be practically used (Figure 12). In practice, hydropower
schemes generally have the greatest impacts on mid-range river flows and low flows [66]. A clear
difference is seen between different types of turbines (Kaplan and propeller) and their number of
“covering” FDC. The bigger the number of turbines and their flexibility to pass a larger range of
flow through them, the better the coverage is. It is obvious that the Kaplan turbine (there might be
other types as well) outperforms the propeller turbine (unregulated) in terms of using natural flows
much larger than its range. The installed capacity of a plant, which is closely related to design
discharge, cannot always play a definitive role; the number of turbines and their ability to adjust to
a variety of river flows is much more important. As a result, the risk for intermittent modes of
operation would be minimised (with some exceptions at the lower end of FDCs) and possible
ramping avoided.

Typically, a hydropower developer chooses a design flow for the scheme that allows it to use a
good proportion of the higher flows but also to continue to operate down to reasonably low flows
so that output can be sustained for as much of the year as possible. In the UK, for low head
schemes the common practice has been to use Qo flow as the design flow [66]. For SHPs operating
in Lithuania, the maximum design flow of turbines exceeds 1.5Qo. The more advanced and higher
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the turbine’s technical performance is, the more adaptive it will be to natural stream flow regimes

(Table 7). The Kaplan double regulated turbine fits any river flow regime.

From the above, it can be concluded that the risk of emerging flow ramping is much greater in

flashy rivers than in rivers with little variation in flow regime.

Table 7. Recommended turbine type taking into account river flow regime.

Turbine Type Description of Most Suitable River Flow Regime

Only for low variation in flow regime, not suitable for

Propeller (unregulated) flashy rivers. This means that the low flow has a

Kaplan and considerable proportion of the mean flow.
propeller The FDC must have a very flat slope. *
Kaplan (single regulated) Moderate variation in flow regime

Kaplan (double regulated) Any variation in flow regime (any shape of FDC)

F . Only for low variation in flow regime. Not suitable
rancis e
for streams with initially steeply sloped FDCs

Cross-flow (Ossberger, Banki-Michell, Cink) ~ Any variation in flow regime

* A good indication for variation in river flow regimes can be given by the shape of the FDC (for daily

discharges), which can be expressed numerically.

4. Conclusions
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The basic statistical test allows us to conclude that no significant trends were detected in the
long-term hydrological data series and that the employed data represents necessary
hydrological cycles.

The FDC derived from long-term records consisting of pre-post impoundment and SHP
development does not markedly differ in the first and second period, but differs in the third
period, especially the lower part of the curve, this points to possible impact of the Angiriai SHP.
Water retention time (D and K) is a simple and good indicator to evaluate the significance
of probable impacts of an impoundment on river flow. Despite this fact, the proposed
threshold values need to be based more scientifically.

Downstream river flow (stage) ramping is an environmental issue for large hydro, and small
hydropower alike. The operation of small run-of-river power plants that do not necessarily
follow energy peak demand could possibly result in this negative phenomenon.

More intensive fluctuations in the downstream river flow and stage can be observed in
SHPs with high turbine design flows, unregulated types of turbines and a low number
of turbines.

When an SHP is not intended for operations covering peak energy demand, its design
turbine flow should not exceed the mean annual river discharge. There are currently a large
number of advanced turbines available. The turbines have a wide range of capacities, there
are also advances in turbine design (e.g., double regulated or cross-flow). These features
will allow for adapting higher values of design flows with a minimum risk of flow ramping.
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(7) By applying simple turbine operational measures—step-wise turbine start up and shut-down
together with varying their number and capacities during 24 h—river flow ramping rates
can be substantially alleviated.

(8) Recommended turbine types are most suitable for a particular natural flow regime.
However, total avoidance of downstream hydrograph ramping is not possible without
applying structural measures (involving physical constructions) for run-of-river projects
with impoundments.
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Nomenclature

SHP small hydropower plant

HP hydropower plant

Qo mean flow

or turbine discharge

Ol design flow of turbine

Qe environmental (instream) flow

D water retention time in a reservoir (reservoir filling period)
K water retention indicator related to water retention time in a reservoir
FDC mean daily flow duration curve

RoR run-of-river (HP operation mode)

GS river flow and stage gauging station

h drawdown depth of a reservoir needed for power generation

WL, NWL water level, reservoir normal water level
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Determination of Priority Study Areas for Coupling CO;
Storage and CH4 Gas Hydrates Recovery in the Portuguese
Offshore Area

Luis Bernardes, Jilio Carneiro, Pedro Madureira, Filipe Brandao and Cristina Roque

Abstract: Gas hydrates in sub-seabed sediments is an unexploited source of energy with estimated
reserves larger than those of conventional oil. One of the methods for recovering methane from gas
hydrates involves injection of Carbon Dioxide (COz), causing the dissociation of methane and storing
COa. The occurrence of gas hydrates offshore Portugal is well known associated to mud volcanoes
in the Gulf of Cadiz. This article presents a determination of the areas with conditions for the
formation of biogenic gas hydrates in Portugal’s mainland geological continental margin and
assesses their overlap with COz hydrates stability zones defined in previous studies. The gas hydrates
stability areas are defined using a transfer function recently published by other authors and takes into
account the sedimentation rate, the particulate organic carbon content and the thickness of the gas
hydrate stability zone. An equilibrium equation for gas hydrates, function of temperature and
pressure, was adjusted using non-linear regression and the maximum stability zone thickness was
found to be 798 m. The gas hydrates inventory was conducted in a Geographic Information System
(GIS) environment and a full compaction scenario was adopted, with localized vertical flow assumed
in the accrecionary wedge where mud volcanoes occur. Four areas where temperature and pressure
conditions may exist for formation of gas hydrates were defined at an average of 60 km from
Portugal’s mainland coastline. Two of those areas coincide with CO: hydrates stability areas
previously defined and should be the subject of further research to evaluate the occurrence of gas
hydrate and the possibility of its recovery coupled with COz storage in sub-seabed sediments.

Reprinted from Energies. Cite as: Bernardes, L.; Carneiro, J.; Madureira, P.; Brandao, F.; Roque, C.
Determination of Priority Study Areas for Coupling CO2 Storage and CHs Gas Hydrates Recovery
in the Portuguese Offshore Area. Energies 2015, 8, 10276-10292.

1. Introduction

Anthropogenic COz emissions are pointed as the main driver of global climate change and its
negative impacts in nature and society [1]. The energy demand is increasing in many regions of the
world and particularly in developing countries, such as China, India and Brazil [2]. Increased energy
efficiency and renewable energy sources are essential to reduce CO: emissions from energy
production. However, for the coming decades it is unlikely that renewable energy sources will be
able to cope with the rising energy demand, and fossil fuels will remain the main energy source. CO2
Capture and Storage (CCS) is seen as a technology that could bridge the current fossil fuel based
society to a low carbon future.

Geological storage of CO2 generally focuses on saline aquifers, depleted oil and gas fields and the
use of COz for Enhanced Oil Recovery (EOR). Recent years have also seen an increased interest in
CO: storage through in situ mineral carbonation in basalts. However, a less studied option available
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for those countries with a deep geological continental margin at close distance from shore is the
storage of COz in sub-seabed sediments in the form of hydrates, as proposed by Koide et al. [3] and
Liet al. [4].

Bernardes et al. [5] defined three areas suitable for COz storage in hydrates form in the Portuguese
geological continental margin, at a distance of about 70 km from the coast and from the main COz
emission clusters in the country. However, that analysis also acknowledged the economic
unfeasibility of that option, mainly due to the more than 1100 meters of water column required for
the CO2 hydrates stability in the Portuguese geological continental margin.

However, coupling COz storage with methane recovery from gas hydrates can result in economic
benefits. In that process, under the appropriate pressure and temperature conditions, gas hydrates are
dissociated by CO: injection, releasing methane (CHa4) from the hydrates and replacing it by CO2
molecules in the hydrate molecular cages.

In 2012, the first in situ test of COz injection to dissociate gas hydrates and recover CH4, was
performed. During the field test, 6.11 Million cubic meters (Mm®) of gas were injected, from which
4.74 Mm® of nitrogen (N2) and 1.37 Mm? of COz. During the production phase, 24.21 Mm® of CH4
were recovered with 70% and 40% of the previously injected N2, and COz, respectively [6].

Several works based on geophysical, geochemical and geological data [7,8] have identified the
occurrence of gas hydrates at more than 100 offshore sites around the world, including in the Gulf of
Cadiz, just south from the Algarve coast in Portugal, where several mud volcanoes are known to hold
gas hydrates [9—-11].

An economically viable way to store CO:2 in seabed sediments, in its hydrate form, on the
Portuguese geological continental margin could be to couple it with CH4 recovering from gas
hydrates. However, at present, there is no inventory of methane hydrates occurrences on Portugal’s
deep offshore.

Within this article, an estimate of the amount of CH4 hydrates on the Portuguese geological
continental margin is presented as a first step towards assessing the possibility of coupling CO2
storage and CH4 recovery. This article aims to define areas of possible formation of gas hydrates and
their overlap with the CO2 hydrates potential storage areas defined in Bernardes et al. [5] (Figure 1).

2. Background

Natural CH4 hydrates occur and remain stable in sub-seabed sediments, mud volcanoes and other
geological formations, under a specific range of pressure and temperature conditions.
Thermodynamic calculations show that CH4 hydrates are stable at relatively low-pressure (low water
depths) conditions at typical seabed temperatures, as long as gas concentration is sufficient. Figure 2
depicts the methane hydrates stability conditions, according to several authors.
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Figure 1. Location of the COz hydrates stability zones defined in Bernardes et al. [5].

Hydrates are polyhedral structures that form a cage composed by water molecules capable of
retaining non-polar neutral guest gases. The interconnection of water molecules is strong since each
molecule can donate and receive two hydrogen bonds. The stability of hydrates is only possible if
more than 90% of the total cavities are fully filled by gas [13].
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Figure 2. Gas hydrates phase boundary conditions, according to several authors
(Adapted from Thakur [12]). Also depicted (dashed black line) the non-linear equation
applied in this article.
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Due to chemical reactions, the decomposition of organic matter by anaerobic bacteria, at low
temperature generates biogenic CHa [12]. When Sedimentation rates (Sr) and Particulate Organic
Carbon (Pc) are higher than 1 cm/kyr and higher than 1%, respectively, anaerobic bacteria produces
CHas few cm below the sea floor [12]. Kvenvolden et al. [14] defined the range of S from 3 to
30 cm/kyr to form biogenic CHa. Collett [15] and Klauda and Sandler [16] have shown that hydrates
do not form if P. values are below 0.4% to 0.5%.

Hydrates formation is limited by a certain number of variables such as temperature-pressure pairs,
organic matter availability, salinity, hydro and geothermal gradients and petrophysical conditions.
Methane formation in ocean sediments is created by sulfur reduction and hydrogen sulphide release,
from the upper parts of seafloor to hundreds of meters below. At larger depths, methane is produced
by catagenesis, where temperature and pressure are the driving parameters [12].

Pore water salinity limits the capacity of the sediments to host gas hydrate and also lowers methane
solubility. This leads to reduction of the amount of gas required for hydrates formation. Salinity
causes two effects: it decreases the solubility of methane hydrates, but the existence of salts inhibits
the formation of hydrate, increasing the dissociation pressure and methane concentration in the
solution, although the solubility effect overweighs the effect of an increasing dissociation
pressure [12].

Recent studies [17-19], estimate the global inventory of gas hydrates in marine sediments, taking
the geological evolution, the sedimentation rate and the Particulate Organic Carbon data [19]. The
Gas Hydrate Inventory (GHI) applied transfer functions derived from a numerical model developed
by Wallmann et al. [18] simulating the gas hydrates formation under normal compaction and full
compaction scenarios. The transfer functions, fitted by Pifiero ez al. [19], attempt to estimate the gas
hydrates mass based on a reduced number of parameters, namely the sedimentation rate, the
particulate organic content, vertical fluid flow and the thickness of the gas hydrates stability zone.

Equation (1) represents the transfer function for estimating the GHI in the full-compaction
scenario [19] used to estimate values on Portugal’s offshore.

GHI = by L% (Pc %) exp[—(bs + bgIn[S,])?] (1
r

where Ls: is the thickness of hydrate stability zone, Pc is the particulate organic content, S- is the

sedimentation rate, and b1 to bs are the transfer function fit parameters: b1 = 0.00285, b2 = 1.681,

b3 =24.4; b4=0.99, bs =—1.44 and be = 0.393 [19].

The thickness of the gas hydrate stability zone (Ls-) depends on several parameters: bathymetry,
geothermal gradient, temperature, pressure, gas concentration, salinity, porosity and permeability.
For analysis at the regional scale, without considering the local variation of petrophysical quantities,
the geothermal gradient, temperature/pressure pairs and water salinity are the crucial parameters.
Pressure can be assimilated to hydrostatic pressure and readily estimated, while water salinity can be
measured. Temperature and its variation with depth (i.e., the geothermal gradient) vary with the
geological conditions of the area in study and can be estimated based on bottom-hole temperature
measurements in boreholes.
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Regarding to geothermal gradient calculations, Pifiero et al., [19] compared two models published
by Pollack et al. [20] and Hamza et al. [21]. They found Hamza et al. [21] models’ to have a better
match with Bottom Simulating Reflector (BSR) from Ocean Drilling Program (ODP) sites [22]. The
maximum Ls: of 900 m was calculated with a thermal conductivity of 1.5 Wm ™ '-K .

Leon et al. [23] applied a GIS model to estimate the Ls: in the Gulf of Cadiz, and retrieved a
maximum thickness of 770 m for biogenic hydrates, with the expected BSR at around 800 m
water depth.

Pifero et al. [19] also introduced vertical fluid flow (¢) in the gas hydrate inventory, using
Equations (2) and (3) for different ranges of vertical fluid flow. The fit parameters are the same as
those ones published on [19].

For fluid flow:

q = 0.0015,(2 + In[P.])

GHI is estimated from:
1
GHIg = ciLZes + (C3 + S_) (P + c4q°s)P;* 2
r

For fluid flow:
q < 0.001S,.(2 + In[P.])

GHI is estimated from:

-8 Ca 1 Cg
GHIy = GHI = 107°c,Lg {1+ = ) g 3)
T

Gas hydrates accumulation is inhibited when fluid flow is:
q>13x10781%,S.P,

The transfer function coefficients in Equations (2) and (3) are c1 = 0.024, c2 = 1.587, ¢3 = 0.0224,
c4=266084, cs =2.75, cs = 0.063, c7=0.003, cs =4.68 and co = 2.31 [19].

Pifiero et al. [19] found in the Full Compaction scenario, hydrates are estimated to occur in areas
larger volumes. If vertical fluid flow is also considered, the global amount of GHI is estimated at
nearly 550 Giga ton of Carbon (GtC) [19].

The scenario with vertical fluid flow may be appropriate for, at least, part of our study area, namely
the Gulf of Cadiz sector included in the Portuguese Economic Exclusive Zone (EEZ) (Figure 1).
Geologically, the Gulf of Cadiz is located on a complex transpressive setting nearby the
Africa-Eurasia plate boundary [24]. Mud volcanism in the Gulf of Cadiz is triggered by
compressional stress related with the Africa plate WNW-ESE trajectory at a rate of about
4.0 mm/yr [5]. It is generally associated to fluid escape, along tectonic structures such as thrust faults,
extensional faults, strike-slip faults and diapirs, that opens up pathways to over pressurized fluids,
culminating on the formation of mud volcanoes [25,26]. Somoza et al. [27] suggested that shallow
fluid upward flow could be originated by the perturbation of gas hydrates rich sediments by the
Mediterranean Outflow Water (MOW). In any circumstance vertical fluid flow occurs and the gas
hydrate inventory should consider the model given by Equations (2) and (3).
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3. Methodology

The methodology implemented aimed to identify areas where biogenic gas hydrates are likely to
be formed in the Portuguese geological continental margin and their overlap with areas defined by
Bernardes et al. [5] as suitable for CO2 storage in hydrates form in the subseabed sediments.

Two scenarios were considered based on the Pifiero et al. [19] transfer-functions: (1) Assuming
full compaction of the sediments at higher depth and (2) Full compaction of the sediments combined
with vertical fluid flow on the Gulf of Cadiz. Pifiero et al. [19] transfer function for the normal
compaction scenario was also applied, but in that case there are no conditions for gas hydrates
formation in the Portuguese geological continental margin.

The full compaction scenario favors hydrate formation due to the decrease in porosity and
subsequent increase in CH4 concentration within the pore water. The full compaction scenario also
decelerates the loss of methane-rich pore fluids below the GHSZ, due to the increasing difference in
burial velocity of pore water and bulk sediment [19]. The overburden load of younger sediments
being continuously deposited on seabed drives sediment compaction by inducing an exponential
decrease in porosity and water content with the sediment depth [18]. Upward fluid flow happens
when sedimentary pressure gradient exceeds the hydrostatic pressure [18]. Full compaction may
occur at the base of thick sedimentary deposits and in compressive tectonic settings, although the
porosity of sediments usually is not completely eliminated by compaction [18]. Simulations by
Wallmann et al. [18] show that GHI is significantly enhanced by Full Compaction scenario.

The methodology (Figure 3) was implemented in a GIS environment gathering data on the
relevant features of the deep offshore, although the determination of the gas hydrate stability zone
thickness (Ls:) was computed using a Fortran code, due to the non-linearity of the equations applied
that cannot be easily implemented in a GIS environment.

The GIS includes data on bathymetry, hydrostatic pressure, temperature at the bottom of water
column, oil exploration drilling wells, geothermal gradient, sediment thickness, accumulation of
particulate organic carbon on the sea floor (P:) and sedimentation rates (S;), considered as
steady state.

Raster datasets of seabed temperatures, hydrostatic pressure and sediment thickness for the study
zone were the same used on Bernardes ef al. [5]. The other datasets where built for this study and
described in the next section.
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Figure 3. Methodology flow diagram.

4. Results and Discussion
4.1. Thickness of Gas Hydrates Stability Zone (Lsz)

The determination of the GHSZ thickness (Ls:) depends on the thermodynamics of the gas
hydrates boundary, namely pressure and temperature, and the inhibitor effect of water salinity. Since
the equation that describe the thermodynamic behavior of hydrates is difficult to implement in a GIS,
an approximation to the phase boundary computed by the CSMHYD code [28] was used, considering
a seawater salinity of 36 g/L. Pressure and temperature dissociation pairs were found in CSMHYD to
which a non-linear regression fitted the following function.

3
= ) g + Pyl
Tsf + L528g - £, i SllszYW8 sf (4)

where Tsrand Pyrare the seabed temperature and pressure, respectively, dg is the geothermal gradient,
vw is the sub-seabed formation water salinity (assigned as 3.6% weight), g is gravity and ¢; are the
non-linear regression factors ¢1 = 3.8 x 1073, c2=—4.09 x 10 and ¢3 = 8.64 x 107>

The phase boundary approximation (Equation (4)), is represented in Figure 2 and implemented in
a Fortran code, CO2hydrate, coupled with the GIS model. The raster datasets of geothermal gradient
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(3g), seafloor pressure (Psf) and seafloor temperature (Tsf) used in COHydrate are shown in Figure 4
and were derived by Bernardes et al. [5], although the geothermal gradient dataset was updated using

data listed in Benazzouz [29].
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Figure 4. Raster datasets. (a) Updated geothermal gradient; (b) Hydrostatic pressure;
(¢) Seabed temperature; (d) GHSZ thickness (Lsz).

The maximum Ls: thickness of 798 m (Figure 4d) was found to be in agreement with the values
computed by Leon et al. [23], and by Peter R. Miles (725 m) as quoted by [29], but contrasts with
the 550 m depth estimated by Benazzouz [29].

According to the model implemented, the L. is highly influenced by the high seawater
temperatures in the Portuguese offshore, and it shows that gas hydrates could be stable at depths
varying from 600 m to 3000 m. The minimum depth required for GHSZ is 600 m, much shallower
than the 1100 m minimum depth for the CO2 hydrates stability zone computed by Bernardes et al. [5].
Thus, for the purpose of this paper, only the GSHZ occurring deeper than 1100 m and overlapping
with the CO2 hydrates stability zones is of interest.

4.2. Sedimentation Rate (Sy)

The sedimentation rate (Sy) raster dataset was built from the interpolation of the available S, values
for the study area. Data was downloaded from the online database PANGEA (Table 1). The dataset
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is not ideal, with only 62 samples and poor spatial distribution, likely the main limitation for this

study (Figure 5a).

Table 1. Sedimentation rate data and source. Pangea website (2014).

L L S
Latdd Longdd S,cm/ky Latdd ons Srem/ky Lat dd ong ’ Reference
dd dd cm/ky
36.69 —11.43 0.389 3770 947 11.620  37.75 —-9.73  20.400
3535 -10.42 0.969 37.61  —9.28 5.300 3771 —9.23 7.100
4096  -10.72 2.891 3792 -10.85 7.940 3770 —9.47  11.620
36.69 —1143 0.389 3772 -10.55 12.040 37.61 —9.28 5.300 .
Thiede et al [30]
3535 -10.42 0.969 3770  -9.77 19.000 3792 -10.85 7.940
4096  —-10.72 4.167 37.65  —9.53 7.550 3772 -10.55 12.040
37.65 —9.53 7.550 37.68 —10.08 16.180  37.70  —9.77  19.000
37.75 —9.73 20400 3771 —9.23 7.100 34.80 -10.25  2.900
3777  -10.18 16.000  37.68 —10.08 16.180 - - - Broecker et al. [31]
40.58 —9.86 35.600 3777 -—10.18  33.150 - - - Thomson et al. [32]
Sarnthein,
34.89 —7.82 4.864 3491 758 4.896 3486  —8.13 3.210 .
Michael (2006) [33]
39.04  -10.66 5917 - - - - - - Voelker et al. [34]
Alt-Epping,
38.63 -9.51 0.001 38.63  —9.51 0.001 - - - .
Ulrich [35]
41.23 -9.07 0.240 41.84  —8.99 0.070 4121 -9.04 0.350  Recent sedimentation
41.81 —9.08 0.170 41.17  -9.03 0.420 4124 —9.03 0.410 and sedimentary
41.84 -9.11 0.200 4120 -9.04 0.300 4132 -9.00 0.170  budgets on the western
41.78 —9.07 0.230 4185  —9.07 0.140 - - - Iberian shelf

4.3. Particulate Organic Carbon (Pc)

Particulate Organic Carbon (Pc) depends on the total organic carbon flux to the sea floor [19] and

the re-mineralization process on the top centimeters of the sediment column [36-38].

The particulate organic content (P.) raster applied in this study resulted from kriging interpolation

of particulate organic concentration values obtained from the PANGEA online database [39] and
core samples analysis U1385 and U1391 from the IODP Expedition 339. Figure 5b depicts the
resulting raster file, with larger values of Pc of 2.94 wt. % obtained in the Nazaré’s canyon area, and

smaller values in the South Portugal’s EEZ limit area. Again, the limited number of a data points its

poor spatial distribution is an important especially in areas distant from the coast. Remineralization

processes were not taken into account.
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Figure 5. (a) Sedimentation rate raster dataset map; (b) Particulate Organic Carbon.
4.4. Gas Hydrates Inventory (GHI)

The gas hydrate stability zone defines the area where P and T conditions are sufficient for gas
hydrates to be stable, but according to Pifiero et al. [19] model, the gas hydrates inventory (GHI) is
also a function of the organic content and sedimentation rate. GHI was computed for the Full
Compaction scenario (Equations (1)) and the Fluid Flow scenarios (Equations (2) and (3)) and
sensitivity analysis was conducted varying by 10% each of the variables in Equations (1) to (3).

4.4.1. Full Compaction Scenario

The full compaction scenario retrieved three areas where the formation of biogenic gas hydrates
is possible, given the combination of organic matter content and sedimentation rates (Figure 6). The
largest area occurs just offshore at some 70 km West-North-West from the coast. Water depths varies
in this region from 700 m to 3000 m. A smaller area occurs offshore from the Sines region, in the
Tagus abyssal plain, at some 100 km from the coast. Water column varies from 2100 m to 3500 m
in this region. The third area occurs just south from the Algarve, at 50 km from the coast and with
maximum water depth of 2600 m.
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The maximum value estimated for the GHI in the full compaction scenario is 154 kg/m?, and
taking into account the area and concentration variation, the estimated mass is about 493 MtC.

The estimation of the GHI using the full compaction scenario without vertical fluid flow, rises
17% from the original value when S; is increased by 10% by initial value, while a 10% increase in
the Pc value induces a 25% increase in the amount of the GHI, regarding to the maximum of
154 kg/m? (Table 2). For the Full Compaction scenario, an average value of 493 MtC of hydrates
increases to 840 Mton for a 10% increase in S and of 770 MtC for a 10% increase in Pc. In any case
the change in the size of the areas where hydrates can form is small indicating that, despite the
uncertainty in the S; and P. values, gas hydrates are not likely to be formed in areas other than those
depicted in Figure 6.

Table 2. GHI estimates for the several scenarios and sensitivity analysis.

Vertical Fluid Flow with Full Compaction Scenario (cm-yr™")

A Parameter _ 005 4=001 ¢=0015 ¢=0.02 P ¢
verage oo 470 q=0. q=0. q=0. ara.m(.z er
GHI Variation

(ko) 2213 72.69 147.65 28227
& 2211 22.13 75.7 151.11 286.55 P 10% wt.%

22.13 68.08 137.5 26219 8, 10% (cmkyr ')

Average  493.04 493.04 3590.87 7293.92 13947.23
GHI 840.49 493.02 3739.71 7465.06 14158.53 P.10% wt.%
(MtC) 769.62 493.04 3362.88 6792.66 12954.94 S, 10% (cm-kyr ")

4.4.2. Vertical Fluid Flow and Full Compaction Scenario

The geochemistry of the gas hydrates sampled in the Gulf of Cadiz mud volcanoes indicates
a thermogenic origin, and it has been considered that the organic content is too low to allow the
formation of gas hydrates with biogenic origin [11]. This is in agreement with the results of our
simulations with the Full Compaction scenario (Figure 6a). Nevertheless, Leon et al. [23] do not
discard the possibility that, in the deeper mud volcanoes, part of the gas hydrates may have a biogenic
origin. The vertical fluid flow scenario was included in our analysis to understand if
Pinero et al. [19] model with full compaction and vertical fluid flow could explain gas hydrates
observed in the deeper mud volcanoes. Vertical fluid flow was considered only in the accretionary
wedge, where the mud volcanoes are also known to occur (Figure 1).

Given the absence of information about the flow rate in the area, values of ¢ = 0.005 cm/yr;
g =0.01 cm/yr; g = 0.015 cm/a and ¢ = 0.02 cm/yr were considered. Notice that these values of ¢
were considered over the entire area of the accretionary wedge. This is a simplifying assumption, not
only because fluid flow is dependent on the petrophysical properties of sediments, but mainly
because it is well known that in the Gulf of Cadiz, vertical fluid flow is associated to tectonic features
and mud volcanoes. However, these linear features are nor amenable to be analyzed with
a large-scale GIS as applied in this study, and thus fluid flow was distributed uniformly in all the
accretionary wedge.
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Figure 6b shows the results for the ¢ = 0.01 cm/yr scenario. According to the vertical fluid
flow model, biogenic gas hydrates can form in the accretionary wedge zone. Even for the lowest flow
rate (¢ = 0.005 cm/yr), gas hydrates can form in the accretionary wedge zone. Simulations with
other values of ¢ indicate that GHI estimation rises with the fluid flow value (Table 2). Thus,
Pinero et al. [19] model with vertical fluid flow is consistent with Leon et al. [23] possibility that
some of the hydrates observed in the mud volcanoes may be from biogenic origin, since the organic
carbon and sedimentation rate appears to be sufficient as long as vertical fluid flow is considered.
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Figure 6. (a) GHI in the Full Compaction scenario; (b) GHI in the Full Compaction with
fluid flow in the accretionary wedge (¢ = 0.01 cm/ky).

5. Discussion

Bernardes et al. [5] delimited the COz hydrates stability zone in the Portuguese continental margin
and applied four criteria to delineate the areas most suitable for COz storage as hydrates, namely:
(i) Distance from the main ports; (ii) Water column depth; (iii) thickness of the CO: hydrates stability
zone; and (iv) Spatial variation of the hydrates stability zone thickness. Three preferential areas were
defined as more suitable for CO:2 injection, possibly coupled with recovery of methane, if gas
hydrates exist in those same areas.

COz hydrates are stable only at more than 1100 m water depths, while gas hydrates are stable at
around 600 m depths. Thus, it is the CO: stability that constrains the depths, and consequently the
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distance from the mainland, at which CO: storage coupled with methane recovery could
be conducted.

Figure 7 overlaps the areas defined by Bernardes et al. [5], with the areas defined in the GHI
conducted in this study. Two of the areas partly coincide. In a perspective of potential recovery of
methane from gas hydrates and COz storage, future research should focus in those overlapping two
areas (Figure 7).

¢ Main CO2 Sources
CO2 Hydrates Stability Zone

- Gulf
GHI of
‘:I Cadiz
0 50 100 200 km

€02 Hydrate Stability

Figure 7. Overlap of preferential areas for COz storage in hydrate form with GHI areas.
6. Conclusions

Countries with a deep continental margin not distant from the shoreline may envisage the
reduction of greenhouse gas emissions from the storage of CO: as hydrates in sub-seabed sediments.
Portugal is one of those countries, where the shallow offshore (bathymetry < 200 m) is, in some
areas, less than 10 km wide. However, economic feasibility of that option can only come from added
value of recovering CHs from existing gas hydrates. Storing CO: hydrates with simultaneous
recovery of CH4 from gas hydrates can contribute to mitigate climate change, while addressing the
increasing energy demand. The goal of this article was to define areas, in the Portuguese geological
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continental margin, simultaneously with conditions favorable to the stability of the CO2 hydrates and
gas hydrates.

A GIS was implemented with data on bathymetry, pressure, seabed temperature, sediment
thickness, organic carbon content, sedimentation rates and an updated geothermal gradient.

A non-linear approximation to the CSMHYD gas hydrate phase boundary was adjusted and
implemented on a Fortran code, CO2hydrate, able to perform analytical calculations in the GIS data
grid. The code delineates areas where hydrates are stable and computes the thickness of the gas
hydrate stability zone (GHSZ).

Gas hydrates are stable at water depths over 600 m, contrasting to the 1100 m water depth required
for the COz2 hydrates stability (Bernardes et al., [5]. The average thickness of the GHSZ is averaged
in 528m, with a maximum value of 798 m.

An estimation of the Gas Hydrate Inventory (GHI), resorting to Pifiero et al. [19] transfer
functions, was conducted for a Full Compaction scenario and for the vertical fluid flow scenario in
the accretionary wedge, South from Algarve, due to the known occurrence of gas hydrates in
connection to mud volcanoes.

The Full Compaction scenario indicates that gas hydrates can form in the Portuguese continental
margin in three main areas. Two of those areas coincide with the areas defined by
Bernardes ef al. [5] as suitable for storage of CO2 in hydrate form. Future research focusing on those
areas, should assess existing seismic sections in order to verify the existence of a BSR, and collect
accurate data on the particulate organic carbon and the sedimentation rate. Furthermore, and in order
to test the possibility of COz injection, petrophysic and hydraulic characterization of the sub-seabed
sediments should be conducted.

The simulations including vertical fluid flow indicate that it is possible for biogenic gas hydrates
to form in the area of the accretionary wedge, even though the particulate organic carbon is not high.
This corroborates Leon ef al. [23] assertion that, in some of the mud volcanoes, the biogenic origin
of part of the gas hydrates should not be discarded.
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Theorizing for Maintenance Management Improvements:
Using Case Studies from the Icelandic Geothermal Sector

Reynir Smari Atlason, Gudmundur Valur Oddsson and Runar Unnthorsson

Abstract: As renewable energy sectors evolve and grow within a country, the need for expertise to
maintain its infrastructure grows. Such expertise is often provided by foreign industries. It is in the
global interest to facilitate expertise to grow domestically, eventually leading to widespread clusters
of industries around a renewable energy sector and a global growth of expertise. This ultimately
fast tracks the development in the renewable energy sector since more players become active in
developing solutions. In this article the factors influencing domestic development are identified from
previous studies conducted within the Icelandic geothermal sector. The cause and effect relationships
between the identified factors are then mapped. A system dynamics causal loop diagram based
on Icelandic case studies is presented to visualise how the formation of industrial clusters in the
renewable energy sector can be initiated. This visualisation, based on the Icelandic geothermal sector,
can be of use for other industries in the renewable energy sector who are attempting to conduct their
maintenance procedures domestically and increase the rate of innovation within a country.

Reprinted from Energies. Cite as: Atlason, R.S.; Oddsson, G.V.; Unnthorsson, R. Theorizing for
Maintenance Management Improvements: Using Case Studies from the Icelandic Geothermal Sector.
Energies 2015, 8, 4943-4962.

1. Introduction

It is estimated that easily reachable oil and gas will be depleted within the next fifty years. It
is further anticipated that easily reachable coal will be depleted within the next century or so [1].
Fossil fuel energy sources have driven industrial processes and the ever increasing quality of life
amongst the western nations over the past century. They have allowed for previously unknown levels
of consumption and wealth relative to pre-industrial times. The depletion of these sources is of
increasing concern because the effect of their depletion on human societies is virtually unknown. It
is also known that on-going consumption of these sources is accompanied by severe environmental
impacts [2]. One way to mitigate the effects of climate change and adapt to the ever increasing
scarcity of non-renewable energy sources is to increase the use of renewable energy. The current
development in the renewable energy sector is, however, not fast enough for renewable energy to
compensate for a significant amount of fossil fuel use. British Petroleum (BP) expects global primary
energy demand to increase by 41% before the year 2035, most of which will happen within the
non-OECD (Organisation for Economic Co-operation and Development) countries [3]. By 2035,
BP anticipates that renewable energy sources will grow from their current level of 2% to contribute
about 8% of the world’s energy supply [3]. An increase in the share of renewable energy sources can
contribute to social and economic development, and can also accelerate energy access (especially in
the developing world). It can increase energy supply security and some renewables can contribute to
reduced greenhouse gas (GHG) emissions [4]. With this in mind, it should be of great importance
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to increase the rate of innovation and increase efficiency in the global renewable sector. These
developments could potentially contribute to the benefits that were previously mentioned. Even
though economic crisis is sometimes considered to have a negative impact on innovation, research,
and development [5], crisis is also often seen to be the source of innovation. For example, the oil
crisis in the 1970s pushed Icelandic society towards geothermal energy utilisation because domestic
oil heating became very expensive.

During the 2008 global financial crisis, the cost of maintaining the Icelandic geothermal power
plants grew immensely. This can be attributed directly to the devaluation of the Icelandic Krona,
rising oil prices, and the relationship between power plant maintenance and energy prices. Even
though some power plant maintenance had previously been conducted domestically, this crisis pushed
many Icelandic energy companies to begin attempting to solve problems domestically that had
previously been outsourced. This was mostly focused on expensive machinery such as turbines,
that required costly, specialised, knowledge. Conducting this maintenance domestically required
a build up of skills and knowledge within Iceland, since it had either not been present or was in
shortage. This knowledge and skill transfer (KAST), originating to some extent in the 2008 global
financial crisis, has resulted in a growth of expertise within the country. Icelandic industries are
now almost fully capable of servicing the geothermal sector themselves. The knowledge and skills
to conduct specialised, costly maintenance were previously sought internationally from a dispersed
group of specialised industries. As the Icelandic geothermal companies began to seek solutions
domestically, Icelandic industries, such as machine shops, began to address and solve problems
that had previously been solved internationally. The KAST can also be regarded as an industrial
cluster formation because the Icelandic industries who were beginning, or improving, their domestic
services for the geothermal energy companies were all located within the same geographic region. It
is simply a matter of time until these Icelandic industries enter global markets, providing domestically
developed solutions.

During a time of crisis, problems may become to large to ignore. This was the case for
the Icelandic geothermal industry, whose major maintenance activities that had previously been
outsourced became simply to expensive. A method to facilitate this innovation without having an
initial crisis would, however, be preferred in every case because a crisis may often lead to significant
financial loss and cannot be controlled as desired. Even though various methods and tools are
available to improve the rate of innovation, it is the intent of this article to show how the Icelandic
geothermal sector managed to move major and expensive maintenance activities to Iceland. As a
method to visualise the process of this cluster formation, a system dynamics causal loop diagram is
presented, which is based on the Icelandic geothermal industry as it moved its major maintenance
procedures to Iceland after the 2008 global financial crisis. The model provided was generated using
a series of case studies within the geothermal industry, which were conducted by the authors and
published in the scientific literature. The contents of this article are investigated in the context
of cluster theory, where the theory is used to describe the concentration of industries around the
renewable energy sector, in particular the Icelandic geothermal sector.
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1.1. Cluster Theory

Industrial clusters can be defined as "geographic concentrations of interconnected companies,
specialised suppliers, service providers, firms in related industries, and associated institutions in a
particular field that compete but also cooperate [6]".

Players within a cluster include providers of specialised products and services, infrastructure
providers, governmental institutions, think tanks, and trade associations who provide technical
support that benefits or contribute to a specific sector. Clusters are an important competitive
advantage because other factors that were previously important, such as access to non-scarce
resources, are becoming less important as global logistics serve the need for resource transportation.
For example, aluminium smelters are located in Iceland but the country lacks any bauxite resources.
In addition, deploying sophisticated technology is not a factor because industries can freely use
modern technology in their production. In pre-modern times, the technology that was available
in one region was not so easily transferred or available to another region, today this is not the
case. It then becomes clear that infrastructure, the legal environment, and the services that are
located in geographic proximity to a particular industry have become a significant factor in how
competitive the industry eventually becomes [7,8]. Being a part of a cluster increases productivity as
access to inputs, information, technology and relevant institutions improves. As a cluster forms, the
formation becomes self-reinforcing. This is further increased when the public sector is supportive
and competition is present [7]. In cluster theory, the role of the government is to remove obstacles to
industrial growth and achieve macroeconomic and political stability. It should, according to cluster
theory, improve general microeconomic capacity "through improving the quality and efficiency of
general-purpose inputs to business and the institutions that provide them" [6]. Regardless of the
effectiveness of public policy, it has been shown that a cluster takes a decade or more to develop a
competitive advantage [7].

A cluster’s absorptive capacity is the "capacity of firms to establish intra- and extra- cluster
knowledge linkages" [9]. This is the capacity of a cluster to gather knowledge from the outside
and effectively distribute this knowledge on the inside. However, when digging deeper into cluster
theory, it can be seen that the knowledge flow is not equally distributed between firms within a
cluster. In fact, clustering may isolate some firms while others increase their collaboration. In
addition, even though business flows are frequent between firms within a cluster, knowledge flow
does not necessarily follow. This has been observed when wine clusters have been studied in Italy
and Chile [10]. A sectoral system is in essence the same as a cluster. The players within such
a system interact through cooperation, competition, exchange, and communication [8]. Clusters,
or sectoral systems, are also a dynamic phenomena that is constantly changing [8]. This happens
because firms who seek new markets tend to modify their business behavior or begin interacting with
other components of a cluster in a different manner. It has furthermore been stated that a firm’s value
cannot only be seen from the patents issued, staff, and machines owned, but should also be seen in
its participation and involvement within a cluster [11].

The literature is rich with information on the effects of cluster cooperation and how innovations
are more likely to grow out of such environments [6,12,13]. Benefits have been shown to be partly due
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to the close geographic proximity of relevant industries, information, complementary relationships,
and competitive pressure [14]. An example of this can be found in the technology industry in
Silicon Valley, California. Industrial clusters are, however, not bound to be based on a single
geographical location for each industry. A sector possibly benefits from having multiple clusters
that are spread globally. If multiple clusters are operating around the same sector, an improved
rate of innovation and development may possibly be experienced. The structure of a cluster is
dependent on the "characteristics of technologies used, social norms and institutional factors that
outline the rules followed" within the clusters [11]. Industrial clusters are a key factor in a nation’s
innovative capacity [13], it is therefore of great importance to facilitate clusters within a nation where
the foundations for such a collaboration are sound. This importance is amplified when the need for
faster development within a sector is desperately needed, such as within the renewable energy sector.
Cluster formations, rather than the dispersion of industries, could potentially serve as the catalyst
needed for the renewable sector to have the significant impact it needs to have within the global
energy use portfolio. An impact that increases the access to renewable energy globally.

Even though the literature is rich with information about the benefits of cluster cooperation, it
suffers from a lack of methods to initiate clusters where they do not currently operate. It has been
attempted to fill this gap, with some success [14]. By conceiving a non-simulated system dynamics
model, it has been shown how an industrial cluster effect may be achieved [14]. The previously
proposed model is, however, based on a literature review rather than on case studies that are
conducted by the authors. Others have attempted to simulate the agglomeration of industries within
a region and show how knowledge and proximity effect the behaviour of a technology district [15].
These studies have, however, not shown how a cluster can be formed but rather the benefits of the
proximity of players within an industrial cluster. The benefits of using a system dynamics causal
loop diagram have been shown to be a convenient way of depicting a cluster behaviour [14,15].
Behaviours of industries within sectors, and the sectors themselves are not static. Industries evolve,
compete, collaborate, perish and flourish. One way to describe a swift change in behaviour is to look
at unforeseen, catastrophic, unwanted or any events forcing a change in behaviour for industries.
Such events are often called disruptive events, leading to a so called quantum shift.

1.2. Quantum Shifts

Disruptive events often lead to a shift in behaviour, this is well known in natural evolution as
well as in the corporate sector. Disruptive events are non-controllable events that force industries
to modify their operational behaviour. Disruptive events can be felt in various forms for different
industries, such as increased competition, modification in the legal or policy environment, or even
ecological change, such as climate change. As mentioned, this process also happens in nature,
but the focus of this article is on business. Disruptive events leading to adaptation are called
quantum shifts or punctuated equilibria [16,17]. For industries to survive after a disruptive event,
they must radically improve competitive innovation, new value creation, and create and distribute
knowledge [16]. A graph depicting a business development before, during, and after a quantum
shift can be seen in Figure 1. This graph, however, assumes that the industry has survived the
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disruptive event and continues to operate after the quantum shift. This is not necessarily correct
because many businesses cease to exist after a disruptive event. A disruptive event can also be felt
in the form of competition, such as an introduction of a service or a product on the marketplace
by a competitor. However, a quantum shift does not necessarily lead to an elevated performance in
the same business or operational direction prior to the disruptive event initiating the shift. Indeed,
corporations may need, or see potentials, in shifting their direction of operation. This may include

new market opportunities or introducing a new emphasis in their operations.

Quantum shift

Quantum Shift

Stability Stability

Development

Disruptive event

Time

Figure 1. The effects of disruptive events on the operation and development
of corporations.

Figure 2 depicts a quantum shift when the operational direction is subsequently altered. A
disruptive event, such as a financial crisis, may facilitate a quantum shift for a whole industrial sector
of a country rather than individual companies. In Iceland for example, the 2008 global financial crisis
served as a disruptive event that forced the geothermal sector as a whole to face new challenges. As
the Icelandic currency devalued dramatically, oil prices rose as did the price of spare parts for the
power plants, since the price of oil and spare parts is linked. The value of Iceland’s debts also rose
because they were issued in foreign currency. This all lead to increased costs in the operation and
maintenance of Icelandic power plants. The challenges faced were addressed effectively and this has
led to further domestic collaboration that continues to thrive. To gain a good understanding of the
Icelandic geothermal sector, one must understand who the main players are within the sector. The
following section aims to provide such understanding.

2. Key Facts about the Icelandic Geothermal Sector

In this chapter the Icelandic geothermal power plants and the industrial cluster environment that
they engage in are described.
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Figure 2. A quantum shift that includes a possible change in operational direction.

2.1. Icelandic Geothermal Power Plants

Six geothermal power plants operate within Iceland. In 2008, the accumulated production
amounted to 4.038 GWh (Gigawatt hours) of electricity [18]. The plants are Bjarnarflag (3.2 MWe
(Megawatt electrical)), Hellisheidarvirkjun (303 MWe), Krafla (60 MWe), Nesjavallavirkjun
(120 MWe), Reykjanesvirkjun (100 MWe), and Svartsengi (76.4 MWe) [18]. Staff from all of
the energy companies operating these power plants participated in this research. Icelandic power
plants manage to keep a small amount of staff on site while keeping the plants operating without
major problems. At Svartsengi and Reykjanesvirkjun (both operated by HS Energy), a staff of
approximately 20 people are responsible for the plant maintenance and operations. This staff consists
of mechanical and electrical engineers, and earth and environmental scientists. The employees attend
to 12 turbines (five steam and seven Organic Rankine Cycle), 36 cooling fans, 17 geothermal wells,
wellheads, 70 control valves, 100 pumps, 20 km of pipelines, and a vast amount of valves that all
need regular maintenance [19]. A similar situation can be found in the other Icelandic plants, such
as Nesjavellir and Hellisheidi, who operate with a total of only 26 employees in each plant [20]. The
engineers operate the plant and conduct maintenance. The head of the plant engineering department
answers directly under the plant manager. The company CEO is in all cases in direct contact with the
plant managers. The plant engineers conduct a great amount of maintenance on site, in collaboration
with domestic workshops. It has been stated publicly that the largest geothermal utilisers in Iceland
are attempting to fully transfer all of their maintenance activities to Iceland. According to the
plant manager at Nesjavellir, the efficient management of the power plants can be attributed to a
great extent to the experience that their engineers acquired when working as marine engineers on
fishing vessels [21]. Marine engineering education in Iceland is also more detailed than international
standards require. At sea, marine engineers can only rely on themselves for repairs, regardless of the
prevailing weather conditions, which requires them to adapt a certain mentality, this is especially true
for the chief engineer. This mentality is much appreciated by the power plant chief engineers and it
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includes the notion of unity at site and resourcefulness in order to keep the vessel (in this case the
plant) running at all costs. Consequently, the energy companies tend to prefer marine engineers that
have worked as chief engineers.

2.2. Domestic Collaboration

Corporations in general tend to outsource more of their non-core activities than they have
previously done [22]. This allows companies to focus on other important issues, such as
differentiation in the market place or cost leadership [12]. However, industries may depend on
non-core activities for successful operations. Non-core activities may become a financial burden
that the corporation can solve with lower costs. Outsourcing can also lead to failures because
the customer’s expectations are not met. Outsourcing also creates dependency on the contractor.
Not outsourcing allows the corporation to build knowledge and potential value; however, this is
followed by an increase in other costs. Therefore, an industry must analyse the potentials fully
before deciding to conduct previously outsourced procedures themselves. Furthermore, by not
outsourcing. the corporation becomes independent and frees it from relying on a contractor for
its operations. However, a balance is needed between outsourced services and those addressed by the
organisation itself.

Various players within the Icelandic geothermal sector have engaged in a conversation on further
collaboration in the operation and management of the Icelandic geothermal power plants [23]. These
players include energy companies, utility companies, machine shops, banks, universities, research
facilities, engineering consulting firms and others [24]. It has been shown that by domestically
conducting the operational and maintenance tasks, sometimes overseen by foreign specialists,
domestic know-how and experience could be increased and currency be kept within the country. Such
procedures could potentially allow domestic service providers to enter foreign markets. Experiments
have been conducted on geothermal steam turbine parts and the possibility for such parts to be
produced domestically has been analysed. Such experiments have often proved successful. Some
experiments were conducted fully by domestic machine shops but some were also conducted in
collaboration with foreign specialists. Collaboration with foreign industries contributes to KAST to
Iceland and can, therefore, be seen as beneficial to some extent.

Two mutual platforms have been established to smooth the communication platform between all
parties: one platform is business driven, while the other is research driven. The business driven
platform is called Iceland Geothermal and the research driven platform is called the Geothermal
Research Group (GEORG). The business driven platform is organised by a private entity, which
facilitates lectures and provides a communication platform.

Discussion has been ongoing in both the scientific and popular literature about the possibilities
of a domestic cluster that builds on Iceland’s knowledge of geothermal energy utilisation. This
is expected to be a good way to improve the opportunities for domestic industries to serve the
geothermal sector in the coming future [23]. The knowledge created within this cluster is expected
to be of value to all participating companies. The Icelandic geothermal cluster has been defined as a
business driven cluster. GEORG is also a geothermal cluster but is research driven and funds various
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geothermal based research [25]. GEORG consists of 22 multi-national research driven partners,
ranging from universities and public companies to private partners. A connection, both internally and
to private industries within the cluster, can also be considered to be a factor for the efficient operation
of these power plants. Given the small scale of the Icelandic economy, relatively few service projects
are conducted per year and domestic service providers are forced to use their employees for servicing
other industries, such as fishing and aluminium. Together, these industries work together to help to
support the buildup of domestic knowledge and expertise. By servicing various industries, Iceland’s
service providers can keep up the number of projects required to maintain their employees. In
addition, solutions developed and implemented for one industry can be adapted to another.

The collaboration described above became increasingly visible after the global financial crash.
The Porter report [23] can be viewed as a landmark for the visualisation of its benefits. The cluster
and the collaboration were already forming before the 2008 financial crisis. However, the 2008 events
pushed the Icelandic geothermal industry towards further developments domestically, especially with
regards to the most expensive maintenance procedures, namely the turbines. The benefits after this
quantum shift occurred are, however, attractive for industries involved in the renewable energy sector,
although the initial seed is not. Theorizing for such developments is partially the focus of this article.

2.3. Article Intent and Content

The aim of this article is to gather vital information from a series of case studies that were
conducted by the authors and then present a causal loop diagram depicting how cluster formation may
partially be initiated. The introduction provides background information describing the importance of
domestic industrial clusters to the global renewable energy sector. Subsequently, the methodologies
used in each case study are briefly described. The results from the case studies are then used to form
the results chapter. A causal loop diagram is shown to demonstrate the behaviour of the Icelandic
geothermal industrial cluster. The limitations of this research, suggestions for future research, and
general discussions about the developed diagram are provided in the discussions chapter.

3. Methodologies

This section will discuss theory building and describe how the research was planned, eventually
providing a description of how and why each case study was conducted.

3.1. Theorizing and Case Studies

The construction of theory from case studies is a strategy that includes one or several case studies
that are used to conceive theories or propositions [26]. Case research has been used as a powerful
research tool in the development of new theory [27]. Calls have been made for more field-based
research simply to keep up with technological changes in managerial methods within operations
managements [28]. By conducting field case research, theory is not merely improved or enriched
but, equally or more importantly, the researcher themselves are also enriched [27]. However, case
research has various challenges, such as time consumption [29], the need for skilled interviewers, and
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the care needed to draw conclusions [27]. This is amplified when a series of case research studies
are to be conducted in theory building. Case research assists with answering how and why questions
and it is also good for theory building. Conducting case based research has several benefits [30]:

e The study is conducted within the natural environment of the phenomena, which allows for an
observation of real practice.

e Why, what, and how questions can be answered with a great understanding of the phenomenon.

e Early investigations where variables are unknown and the phenomenon is unclear are suitable
for case studies.

Various researchers have defined the methodology for case based theory building in a similar
manner [27,31]. The steps are outlined in Table 1. Interestingly, even though case based research is
praised by some researchers and calls have been made for such research, only a minority of operations
management articles are actually case based. The research model has been defined as having five
stages, as follows: (1) define the research question; (2) instrument development; (3) data gathering;
(4) data analysis; and (5) dissemination [29,31]. In fact, the case based theory building process
that is presented seems to be generally accepted by researchers in operations management [31].
Furthermore, it has been stated that service design is one of the potential areas for future operations
management research, which is partially the focus of this article [29].

3.2. This Research in a Theoretical Context

In the context of this research, it was decided to follow the guidelines that are shown in
Table 1 [31]. Case studies were conducted to answer the questions posed in each step. The theory
building process used in this article is also found to be relevant to other theory building procedures
demonstrated in the literature, hence its validity [32].

The results of each step were published in the scientific literature for approval, either in journals
or peer reviewed conference proceedings.

Even though the methodology to fully construct a theory has been described [31,32], because the
proposed model has not been tested, it is not our intent to fully form a theory in this article but rather
to theorize. This includes the first three steps in Table 1. This article is a step on the way towards
a theory.

3.3. Case Studies Conducted

The cluster formation will be visualised using a qualitative method. A system dynamics approach
is used without simulation because it is not our intent to simulate the rate of formation of a cluster
but rather to visualise which factors may initiate such formation.

To visualise the connection between different players within the Icelandic geothermal industry
and to create a systems dynamics model, case studies were carried out that focused on various themes.
The themes were selected after multiple meetings with chief maintenance engineers at the power
plants and machine shops, and meeting with the staff at innovation and cluster centers. The themes
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that we studied required us to answer some questions that fitted within the theory building process as
described in the literature [31].

Table 1. The theory building process as presented in the literature [31].

Purpose

Research Question

Research Structure

Examples of Data
Collection Techniques

Examples of Data
Analysis Procedures

la. Discovery

* Uncover areas for research
and theory development

* What is going on here?
* Is there something interesting
enough to justify research

* In-depth case studies
* Unfocused, longitudinal
field study

* Observation

* Interviews

* Documents

* Elite interviewing

* Insight

* Categorization
* Expert opinion
* Descrptions

1b. Description
* Explore territory

* What is there?
* What are the key issues?
* What is happening?

* In-depth case studies
* Unfocused, longitudinal
field study

* Observation interviews
* Documents

* Elite interviewing

* Critical incident

* Technique

* Insight

* Categorization

* Expert opinion
* Descriptions

* Content analysis

2. Mapping
* Identify/describe key variables
* Draw maps of the territory

* What are the key variables?
* What are the salient/critical
themes, patterns, categories?

* Few focused case studies
* In-depth field studies

* Multi-site case studies

* Best-in-class case studies

* Observation

* In-depth interviews

* Diaries survey questionnaires
* History

* Unobtrusive measures

* Verbal protocol

* Analysis

* Cognitive mapping

* Repertory grid technique
* Effects matrix

* Content analysis

3. Relationship building

* Improve maps by identifying
the linkages between variables
* Identify the “why” underlying
these relationships

* What are the patterns or links
between variables?

* Can an order in the relationship
be identified?

* Why should these

relationship exist?

* Few focused case studies
* In-depth field studies

* Multi-site case studies

* Best-in-class case studies

* Observation

* In-depth interviews

* Diaries survey questionnaires
* History

* Unobtrusive measures

* Verbal protocol

* Analysis

* Cognitive mapping

* Repertory grid technique
* Effects matrix

* Content analysis

* Factor analysis

* Multidimensional

* Scaling

* Correlation analysis

* Nonparametric analysis

4. Theory validation

* Test the theories developed
in the previous stages

* Predict future outcomes

* Are the theories we have
generated able to survive the

test of empirical data?

* Did we get the behavior that was
predicted by the theory?

* Experiment

* Quasi-experiment
* Large scale sample
of population

* Structured interviews

* Documents

* Open and closed-ended
questionnaires

* Lab experiments

* Field experiments

* Quasi experiments

* Surveys

* Triangulation

* Analysis of variance

* Regression

* Analysis

* Path analysis

* Survival analysis

* Multiple comparison
procedures

* Nonparametric statistics

5. Theory extension/Refinement
* Expand the map of the theory
* Better structure the theories
in light of the observed results

* How widely applicable/

genera-lizable are the theories developed?

* Where do the theories apply?
* Where do they not apply?

* Experiment

* Quasi experiment
* Large scale sample
of population

* Structured interviews

* Documents

* Open and closed-ended
questionnaires

* Lab experiments

* Field experiments

* Quasi experiments

* Surveys

* Documentation

* Archival research

* Triangulation

* Analysis of variance

* Regression

* Analysis

* Path analysis

* Survival analysis

* Multiple comparison
procedures

* Nonparametric statistics
* Meta analysis

e Domestic service providers in the geothermal industry.

This part describes how domestic industries are currently addressing major maintenance issues

with regards to geothermal steam turbines in Iceland. It will examine how they collaborate and

which products are being manufactured domestically [33,34]. When critical failures occurred,

the repair process was visualised and the communication chain was identified. It was seen

that domestic repairs were conducted in a more economical and faster way. This resulted in
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shorter down-time of the turbine and a subsequent lower loss of output. It was also shown that
knowledge was building up within the machine shops and the energy company. During one
study, where the current turbine operations and maintenance procedures were examined, it was
seen that the operations and frequency of overhauls on geothermal turbines is changing as the
staff becomes more experienced. Problems are analysed in collaboration with the Icelandic
innovation center and also with the machine shops. If a solution is viable when looking at
performance, then it was developed further. In this case, a faulty setting on a valve lead
to the breakdown of the labyrinth packing. The problem was analysed and a repair, with
an improved version of the labyrinth packing, was conducted on-site in collaboration with a
domestic machine shop.

Corporate culture with regard to innovation.

The development of a geothermal control valve was examined: first, from the corporate
viewpoint of how the development process occurred within the company; and secondly, from
the technical side of how the valve operates, is manufactured, and tested [35,36]. This allowed
for a clear visualisation of a successful innovation process within the geothermal industry.
A willingness to try the development of a solution posed by a staff member was observed
because of a lack of solutions available to the problem observed and also because of the
possible financial viability of the solution since it was to be produced domestically. It was
shown that the CEO of the energy company allowed the staff member a certain degree of
freedom to develop the proposed valve solution. This included funds for prototyping, and
specialised consulting and testing. The valve became the standard for control valves within
that particular company. A machine shop was included in the development process, allowing
for the knowledge about the manufacturing side of the valve to be located in a geographic
proximity to its final use. The valve is currently fully manufactured and used domestically.
The effects of the operation engineer’s previous experience.

This research also outlined the Icelandic geothermal cluster, and described who the main
players are and how they are interconnected. It was seen that maintenance engineers operating
within the energy companies possess a certain characteristic, perhaps because of their naval
experience. The mentality brought to the geothermal power plants by naval engineers was
statistically examined [24]. The engineers were found to be less considerate and less likely
to seek supervisory opinion than regular workers on the market. It was noted that the naval
engineers need to repair any failures on board while on the ocean. The same was seen with
maintenance engineers in the geothermal power plants, who are very confident and willing to
try developing domestic solutions.

The effects of operational experience

The way that operational experience effects planning was visualised with regards to the
wellheads at Hellisheidi geothermal power plants. Real data was gathered and statistically
analysed [37]. This study was conducted to analyse how a maintenance pattern evolves with
time as operational experience is gathered among staff. By using a Weibull survival distribution
for the analysis, it was shown that the frequency of maintenance does in fact change with time,
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diverting from the original recommendations made by engineering consulting firms. This is
also in line with the previous observations of the engineers’ characteristics.
o Identification of future developments

A quantitative Kano model was used to identify the solutions sought after by Icelandic
geothermal power plant maintenance engineers [38]. This study demonstrated how a model
for customer satisfaction can be utilised within the renewable energy sector. When applied to
the geothermal sector, it demonstrated which maintenance management tools are wanted by
maintenance engineers. The problems to be addressed include the long documentation time
and the uncertainty of postponing maintenance, among others. The Kano analysis tool can be
used to visualise the needs of domestic industries while the other industries within the cluster
can use the results to develop these solutions.

The results from the studies were then analysed and used to form a system dynamics causal
loop diagram. The causal loop diagram can be used to visualise the connection between the factors
examined. The causal loop diagram was not intended to be simulated but rather to demonstrate the
behaviour of the industry before and after a quantum shift has occurred. A previously proposed theory
building process was followed, which eventually led to this article. Table 2 outlines the case studies
conducted and where they fit in with the theory construction process. The result from this article
is essentially step 3, as defined in the theory building process [31]. This step includes relationship
building, identifying an order in different relationships previously observed through field and case
studies, eventually resulting in cognitive mapping. In this study, case studies have been conducted
and the mapping was done using causal loop diagrams.

Table 2. A list of the case studies conducted, the intention of the studies and where they
fit within the theory building process.

Stage in Theory Building Research Structure Method of Data Collection

Case Study Intention . i
according to [31] according to [31]
. . . . - Insight
Explore how staff has influenced innovation ) - Interviews -
[35] . . la. Discovery R - Expert opinion
within geothermal firms. - Observation

- Descriptions

Get an overview of the Icelandic geoth. sector. L
. . - Description
[24] Who are the players and what are the characteristics la. Discovery - In-depth case study Insicht
- Insi
of plant maintenance engineers. N

Visualise how operations management can be - Expert opinion

[38] X . 1la. Discovery - Interviews X
improved using staff knowledge. - Insight
Identify the current benefits of the L
. L . - Critical incident
[33] geothermal cluster collaboration within Iceland. 1b. Description - In-depth case study b .
- Documents
an acute repair of a geoth. turbine was examined
Visualise how d e industri infl - Observation interviews
1sualis W domestic industries can in NC
[36] X u .e oW domestic industries ca uence 1b. Description - In-depth field study - Documents
innovation process. . .
- Technical specifications
Get an overview on how maintenance on geoth. Verbal protocol
- Verbal protoco!
[34] turbines is conducted. Who are the main actors 2. Mapping - In-depth field study Anal p
- Analysis
and what are the challenges ahead. Y
Explore h i influences th tions
137] xplore how experience influences the operations 2. Mapping - In-depth field study - Analysis

management in geothermal power plants.
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4. Results

In Figure 3, one can see the established causal loop diagram, which is coded with three colours.
The initial condition before the quantum shift occurs is coloured in orange. As the quantum shift
occurs, a process coded in blue is initiated. Third is the green graph, which has not been visualised
throughout the case studies but has been stated to be a goal suitable for the Icelandic geothermal
industry [23]. The relationship between the variables is explained in the following sections. Not
all of the variables are equally weighed, and some can be regarded as key variables. The variables
"willingness to try" and "KAST" are shown to be key variables in the system dynamics model.
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Figure 3. A causal loop diagram describing the behaviour leading to increased
domestic development.

4.1. Initial Behaviour

The variable "maintenance productivity" can be seen as the efficiency (doing things the right
way) or effectiveness (doing the right thing) of maintenance procedures within a given industry.
The more frequent that the occurrence of an unexpected or unwanted maintenance is, the more
problematic it will be. Therefore, maintenance recommendations should be reviewed and modified,
and subsequently official recommendations should updated for the staff [34,37]. In many cases, a
need to purchase an external service or solution (such as software) is needed. This leads to the
"willingness to try" variable in Figure 3. Initially, there is not much willingness to try because the
status quo has worked previously or a fear of trying a new method is prevalent. A solution is then
purchased from an external company. Initially, this expertise comes from a foreign industry, leaving
no build up of expertise or innovation within the country. However, in some cases domestic industries
are able to provide the needed solution, especially if the risk / benefit ratio is favourable and tests can
be made on site with minimal or acceptable risk. Domestic solutions are not necessarily custom
made for the geothermal industry but may be a spinoff from other industries, such as the aluminium
industry. When solutions are modified to serve the geothermal industry, the operations are shifted
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slightly for a certain industry that previously did not serve the geothermal sector. This leads to
KAST domestically as previously non-related industries become familiar with problems faced in the
geothermal sector and begin to focus on them. However, the fear of failure variable is very sensitive
to corporate tolerance and especially top level tolerance. This initial behaviour, coloured in orange
in Figure 3, can be seen as the first stability phase, as demonstrated in Figures 1 and 2. The industry
has developed a certain behaviour that operates in a sufficient manner but does not initiate or support
either cluster formation or knowledge buildup domestically.

4.2. Willingness to Try

When a problem occurs and the "willingness to try" variable in Figure 3 has reached a certain
level within the organisation, domestic action will be initiated. The "willingness to try" variable is
the willingness within an industry to seek the development or improvement of solutions domestically
rather than using the solutions that were used in the past. This variable is mostly relevant among
senior maintenance engineers or operations managers within the industry. There are certain ways
for the willingness to try to reach high levels. This may either be a disruptive event (such as a
financial crisis), individual drive within the organisation, or high confidence of the staff, in this
case maintenance engineering staff. Staff confidence has been shown to be influenced by previous
experience or education. In the case of the Icelandic geothermal industry, it was seen that marine
engineers are preferred to engineers that have no marine experience [24] because of their high
problem solving skills, ability to work under pressure, and previous nautical experience. Also, if the
need for a solution is great but it is not available internationally, then the willingness to try variable
increases greatly, which leads to domestic action [35,36]. There will always be a fear of failure linked
to the "willingness to try" variable. "Corporate tolerance" is the only balancing variable influencing
the fear of failure, underlining the importance of tolerance with regards to failure and experimentation
within an organisation. As the tolerance increases within an organisation with regards to failures, the
fear of failures decreases, giving in turn less impact to the willingness to try variable. The tolerance
is, however, case by case dependent and is often the subject of a favourable cost / benefit ratio.

4.3. Domestic Action

As can be seen in Figure 3, only one variable ("willingness to try") leads to domestic action.
When domestic action is initiated, a given problem is analysed. This increases not only in-house
expertise but also KAST. In addition, KAST has been observed when foreign industries are hired to
service the domestic geothermal sector but in-house staff are allowed to study the procedures. As
more domestic expertise builds up, collaboration with domestic industries increases [24,33,36]. The
variable "identify needs" influences the visualisation of solutions and collaboration with domestic
industries to create such a solution. This variable was identified as a method to provide cascade
industries with a method to visualise which solutions to develop to service the geothermal sector.
Solutions are more rapidly developed when more domestic collaboration occurs. The performance of
a solution that has been developed domestically is measured and a performance gap is seen between
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the current maintenance standard and the proposed solution that is developed domestically. If the gap
is found to be favourable, then the new solution is implemented and the current recommendations
are updated. This also increases the track record of domestic solutions and services. If the gap
is found to be non-favourable, then this leads to the problem being analysed further and the cycle
repeats itself. "Problem analysis", "domestic action" and "develop solution" are all variables leading
to KAST. Furthermore, KAST leads to an increase in the in-house expertise as well as the domestic
ability to perform. A need analysis serves as a good tool to take predetermined steps and service the
observed sector [38]. Even though a "cluster formation" variable is not defined within the diagram,
the environment for a cluster development is essentially facilitated for use when the blue portion of
the model is initiated. Although the KAST is a key factor in the cluster formation, it is not the cluster
formation itself. One can observe a negative effect on KAST when the cluster has been initiated but
a solution is purchased from a foreign industry. This negative impact is observed because no build up
of knowledge or skills occurs when foreign expertise is used to solve operational problems without
the inclusion of any domestic observers, eventually domestic industries suffer.

4.4. Export

As in-house expertise increases, staff confidence increases and the track record of successful
solution implementations grows. The variable "willingness to export" reaches a level where export
of new solutions become viable. Although this connection has not been observed in the case studies,
it is a logical continuation from previous behavior. As a final product, a cluster around the particular
sector has grown domestically, serving global markets. A time delay between the start of the cluster
initiative and the ability to start exporting solutions can be expected because domestic products
need to be fully tested, their track record needs to be monitored, and expertise needs to built up
domestically. A theoretical demonstration of such a delay is depicted in Figure 4.

Cluster and export developments

T
. Amount of domestic service providers

[ Rate of service export

Delay zone

Quantum shift

Time

Figure 4. A theoretical relationship between a domestic cluster development and
service exports. The delay zone shows a period between the cluster development and
service exports.
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4.5. Balancing Variables

Balancing (or negative) variables are likely to be important factors in the formation of industrial
clusters. The "fear of failure" variable behaves as a balancing variable on the "willingness to
try" because staff are less likely to try or develop new solutions if "corporate tolerance" is low.
"Maintenance productivity" also serves as a balancing variable on the "problem" variable because
fewer problems will be observed as the industry becomes more productive. The use of foreign
industries influences the KAST variable in a negative way because foreign industries did not
contribute towards KAST in Iceland. The variable "maintenance standard" balances the "gap"
variable because a lower gap between previous solutions and developed solutions is going to be
observed if the previous maintenance standard is high, thereby decreasing the possibility of new
solutions being implemented.

5. Discussion

As demonstrated, three variables had a positive impact on the willingness to try variable.
However, one of those variables, the disruptive event, is preferably avoided. Excluding the disruptive
event puts an increased emphasis on the other two, staff confidence and individual drive. Individual
drive can be impacted by an array of motivations, financial being only one of these. As has been
shown, staff confidence is highly dependant on previous experience and education. It was found in
Iceland that marine engineers are good candidates to oversee and conduct geothermal power plant
maintenance. It is, however, not given that marine engineers possess the same qualities elsewhere
as in Iceland. It is also not given that marine engineers are able to serve other renewable energy
industries as efficiently. This may be contributed to by the use of steam turbines in geothermal
power plants. Marine engineers might, therefore, have little knowledge about the operation and
maintenance of solar or other types of power plants. Which characteristics are needed by the
maintenance engineers to serve a given technology need to be identified. Although marine engineers
are perhaps well suited to serve other industries, this needs to be researched in more depth. The "fear
of failure" variable had a negative impact on the willingness to try. According to this model, fear
of failure can only be minimised and does never increase the willingness to try. It is, therefore, in
the role of corporate leaders to minimise this fear to minimise the impact on the willingness to try
variable. This is especially true when the disruptive event is to be avoided. Methods to minimise the
fear of failure can include improved prototyping and testing facilities, innovation seminars leading to
organisational skill development, learning and growth [39].

A delay can be expected from when the cluster collaboration is initiated until exportation begins.
This delay happens because products and services need to be developed and tested domestically until
the track record, staff confidence and in-house expertise is sufficient and the willingness to export
is enough for it to be conducted. This delay can be visualised in Figure 4. Given that the Icelandic
geothermal sector has experienced a disruptive event, gone through, or is going through a quantum
shift but has yet to enter global markets with products and services, it can be estimated that the
Icelandic geothermal sector is currently located within the delay zone in Figure 4.
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If the willingness to try variable reaches a significant level within different countries and domestic
action is initiated, one can see that the resulting development increases the knowledge and skill
within an industry in that particular country. However, it cannot be overlooked that by increasing the
share of maintenance conducted domestically, the contractors that were previously used are no longer
conducting those particular jobs. Under certain circumstances, foreign contractors keep consulting
the domestic industry after the procedure has been transferred to a domestic industry. However, this
consultation is merely marginal compared to previous procedures. This may have a negative effect in
other regions as businesses are reduced. This could be observed as a disruptive event by international
industries, pushing other industries to develop further because of the increased competition. The
question also arises about how spread out clusters can actually become global before becoming a
disoriented spread of small groups of companies with little connection to each other.

Building domestic clusters of adequate size, while not causing permanent harm to other clusters
but rather increasing global competition, should be pursued by policymakers. These developments
can potentially assist global society to develop renewable energy solutions at a faster pace,
minimising the carbon footprint in energy generation and increasing the share of renewable energy
technologies in the global energy portfolio.

6. Conclusions

This article uses the evidence from the case studies to demonstrate that the willingness to try
domestic development within industries may be of importance when initiating industrial cluster
development. If external factors will cause little willingness, then the particular industry will not
participate in or initiate domestic developments but will rather continue using previous methods.
The willingness to try variable needs to be triggered without a disruptive event. This may be
initiated by a relevant corporate strategy (therefore minimising fear of failure within the industry),
increasing the numbers of source staff with relevant experience (and therefore confidence), and
facilitating individual drive. The economic benefits for the industry in question should also lead
to an increased willingness to try domestic developments. Laying this groundwork should lead to
domestic developments and assist with the formation of an industrial cluster around the sector in
question. The model put forward, backed by case studies, shows the possible benefits of cluster
collaboration for industries. Knowing the variables that influence the "willingness to try" variable
may help leaders of industries to facilitate domestic development and innovation.

Future Work

It would benefit the literature if models such as the one presented in this article are quantified.
This would make a practical tool available for policy makers who wish to facilitate the formation
of domestic industrial clusters in the renewable energy sector. The model provided in this article
demonstrates an idea, a framework, based on multiple observations, but it does not predict the rate
of industrial cluster formations. Even though the role of government has been stated in the literature,

governmental interventions are avoided in this article because governmental actions (such as
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incentives) have not been studied by the authors. It would benefit the model to include governmental
actions because the importance of policy is likely to influence an industrial cluster formation.
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Industrial Energy Management Decision Making for
Improved Energy Efficiency—Strategic System Perspectives
and Situated Action in Combination

Patrik Thollander and Jenny Palm

Abstract: Improved industrial energy efficiency is a cornerstone in climate change mitigation.
Research results suggest that there is still major untapped potential for improved industrial energy
efficiency. The major model used to explain the discrepancy between optimal level of energy
efficiency and the current level is the barrier model, e.g., different barriers to energy efficiency inhibit
adoption of cost-effective measures. The measures outlined in research and policy action plans are
almost exclusively technology-oriented, but great potential for energy efficiency improvements is
also found in operational measures. Both technology and operational measures are combined in
successful energy management practices. Most research in the field of energy management is
grounded in engineering science, and theoretical models on how energy management in industry is
carried out are scarce. One way to further develop and improve energy management, both
theoretically as well as practically, is to explore how a socio-technical perspective can contribute to
this understanding. In this article we will further elaborate this potential of cross-pollinating these
fields. The aim of this paper is to relate energy management to two theoretical models, situated
action and transaction analysis. We conclude that the current model for energy management
systems, the input-output model, is insufficient for understanding in-house industrial energy
management practices. By the incorporation of situated action and transaction analysis to the
currently used input-output model, an enhanced understanding of the complexity of energy
management is gained. It is not possible to find a single energy management solution suitable for
any industrial company, but rather the idea is to find a reflexive model that can be adjusted from
time to time. An idea for such a reflexive model would contain the structural elements from energy
management models with consideration for decisions being situated and impossible to predict.

Reprinted from Energies. Cite as: Thollander, P.; Palm, J. Industrial Energy Management Decision
Making for Improved Energy Efficiency—Strategic System Perspectives and Situated Action in
Combination. Energies 2015, 8, 5694-5703.

1. Introduction

Improved industrial energy efficiency is a cornerstone in climate change mitigation. Research
results suggest that there is major untapped potential for improved industrial energy efficiency. A
vast amount of research has empirically and theoretically studied the fact that a large number of
improvement measures are not implemented, even though the measures are seemingly cost-effective.
The major model used to explain this discrepancy is the barrier model, which states that different
barriers to energy efficiency inhibit the adoption of cost-effective measures. Moreover, the
measures outlined in research and policy action plans are almost exclusively technology-oriented.
Reference [1] questioned this technology paradigm, and stated that there is also a large untapped
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potential in the way technology is used in industry, i.e., an energy management gap. In later
empirical research [2] found that for energy-intensive industries, this potential was in parity with
the technology potential, while for less energy-intensive companies, the potential for technology
solutions was viewed as larger. An even larger absolute potential in percent was stated by
non-energy-intensive industry (13%), compared with energy-intensive industry (6%). Brunke et al. [3],
in their study of the Swedish iron- and steel industry, stated that the potential for management was
about 2.4% of the total energy use, while that for technology was stated to be 7.3%. Following [1—4]
empirically investigated more than 900 energy efficiency measures undertaken by 100 Swedish
energy-intensive industrial companies showing that a large number of the adopted measures were
not, in fact, technology implementations. This research challenges the existing view that
(best-available) technology is the sole means by which improved energy efficiency is achieved in
industry, and accentuates a knowledge gap in the way improved energy efficiency in general is viewed.
One way to overcome the extended energy efficiency gap is to work strategically with energy
issues in companies and develop an energy management system. Energy management has become
more and more important and more frequently discussed as a tool to achieve improved energy
efficiency in companies. Most research in the field of energy management is however grounded in
engineering science, and theoretical models on how energy management in industry is carried out
are scarce. One way to further develop and improve energy management, both theoretically and in
practice, is to explore how a socio-technical perspective can contribute to this understanding. In this
article we will further elaborate this potential of cross-pollinating these fields. The aim of this paper
is to relate energy management to two theoretical models: situated action and transaction analysis.

2. Models, Policies, and Energy Management

According to [5]: “Energy management can be defined as the procedures by which a company
works strategically on energy, while an energy management system is a tool for implementing
these procedures”.

Oftentimes, these two terms, energy management and energy management systems, are used
interchangeably. The major reason for this is that the research conducted and models used are often
based on a model, the plan-do-check-act cycle (PDCA) [6], which views the operators based on the
input-output model, i.e., a signal goes into the operator in the form of information, and the signal is
transformed by the operator into an action or activity which improves energy efficiency or reduces
company energy use. This way of viewing energy management calls for a change.

One of the most cited market (failure) barriers to improved energy efficiency is information
asymmetries and imperfections, and by reducing these asymmetries and imperfections by using
energy information programs, a more perfect market is achieved, in terms of information.
Oftentimes, the suggested and implemented actions for overcoming information asymmetries and
imperfections are by the launch of energy information programs, the foremost of which are of
energy assessment/energy audit programs. These programs are also based on the input-output model,
by which the company is viewed as a utility-maximizing rational entity which, when information is
provided, acts on this information and invests in new, more energy-efficiency technologies.
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One of the most important policy activities to promote improved energy efficiency in energy-intensive
industry is however by the use of Voluntary Agreements (VAs), Voluntary Agreement Programs
(VAPs), or Long-Term Agreements (LTAs). The main idea, regardless of the name given to the
policy, is a combination of energy assessment/energy auditing and energy management activities. To
the authors’ knowledge, the oldest VAP that exists today is the Japanese Keidanren [7]. Within the
EU a large number of Member States (MS) have launched VAs aimed at their energy-intensive
industrial sectors [8].

The energy management system standard and ISO 50001 were both designed according to the
plan-do-check-act cycle. The standard is similar to quality and environmental management system
standards [9], and is mostly implemented through energy policy programs, e.g., Voluntary
Agreements among energy-intensive industries. Implementation of standardized energy management
systems among industrial SMEs (Small- and Medium-Sized Enterprize) is limited [10]. In attempts
to improve energy efficiency through energy management, simplified management systems have
been developed, e.g., in Sweden [11] to promote energy management in industrial SMEs. Such
initiatives have been inspired by the formal standard, but take a lighter approach than a standardized
energy management system [11]. The input-output model is also the major model used within EU
energy policy action plan formulation.

However, the underlying logic for this, i.e., the models used to motivate both the spreading of
information and the implementation of energy management practices, are only weakly linked with
present theory building within the area of improved industrial energy efficiency. Almost
exclusively, the scientific contributions in the field of energy management emanates from technical
faculties. It is thus important to further explore the area of improved industrial energy efficiency in
terms of the models used, and new models needed, not least from a socio-technical perspective.

3. Energy Management and the need to Delegate Leadership

One criticism of the input-output model and management systems is that they are based on a
simplistic belief in rational actors choosing the best available technology. Improved industrial
energy efficiency is multifaceted and an effect of that is the existence of an energy efficiency gap
between the technical-economic potential for improved energy efficiency and what is actually
implemented. If we acted as the theoretical rational woman or man, then this gap would not exist,
but the gap obviously does exist according to numerous studies, and new tools and perspectives
seem needed to approach these underlying problems.

First we need a multiple way to approach decision-making in industry, where management
models need to be complemented by other decision models, apart from the “economic
woman/man”. The classic “garbage can” model [12] showed that decision-making in organizations
does not necessarily need to be rational. How an industry understands a problem may be poor, due
to the fact that people constantly enter and exit the organization, which makes learning processes
complicated. The industry’s “garbage can” consists of a collection of choices searching for problems,
issues and appropriate decisions to attach themselves to. The idea is that people in the organization
dump problems and solutions into an imaginary garbage can and the outcome is a result of when a
solution randomly finds an appropriate problem. At times action is also taken without a plan, i.e.,
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without any stated intention or goal for those actions. A plan or an energy strategy does not
necessary change a practice or infrastructure but according to [13] can likewise reproduce what
already exists.

There are also different ways to manage organizations and lead change. In [14] the authors
describe two different paths to follow, namely method or result governance. The different methods
are described by an illustrative example. If the goal is to go from A to B, this location can be
reached in different ways. One is to run along a sandy beach, which will be a rather quick way. The
tracks in the sand will however also be washed away rather quickly, so it will not be possible for
someone to follow the same path. The result is that each person will need to find their own way to
B. The first path will then be based on all individuals solving the challenge and the burden to move
from A to B will be dependent on individual capacity and external conditions. This is a description of
result governance [5].

The second option is to construct a road. This will take a much longer time, and require more
effort and organizational capacity. However, when the road is finished more people will travel
easily from A to B and it will be possible to carry greater loads on the road [14]. Improved modes
of transport can be developed and more cargo carried compared to the first way described. This last
option is also less dependent on individual capacity and external conditions. This second option is
that of standardization and improvements, which can support others who want to repeat a behavior.
The second approach is method governance [5].

Result governance has the benefit that positive results can be achieved quite quickly, but then it
is hard to uphold a continuum in behavior or measures. By this method members in the group need
to achieve desired results on their own and solutions rely on individual approaches. Duplication of a
solution is also hard to achieve, and structural capital does not accumulate in organizations. The
organizational culture is not affected and if for example the leader changes job good results will not
persist [14].

Method governance (the road example) influences behavior by using a method leading to
standardization. It is possible by this method to influence how a group works. It establishes the
conditions for continuous improvements. Behavior modified in such a way often provide more
economically efficient results and creates conditions that make it possible to maintain or improve
the work [14]. The drawback with this approach is of course if the method developed is not
especially good or functional, as then the whole collective will follow the wrong path.

But in most cases it is also possible to improve methods, procedures and instructions. Unlike
result governance, method governance creates structural capital and, with the right leadership,
long-term improvement in group culture is possible [14]. This also reduces the risk of becoming
too dependent on one individual and her or his capacity.

In accordance with this we can conclude that it is important to work with structures and to
establish methods and procedures, which also is the idea with energy management systems. For an
organization to achieve ambitious energy efficiency goals, empowering individuals in an
organization to work on improved energy efficiency is as important, regardless of whether one
takes the perspective for example of implementing standards or a more top-down management
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perspective. The managers also need to adopt a transparent strategy for who can take responsibility
for what.

Another way to look at this is by applying transactional analysis (TA), which has its origin in
psychiatry [15]. The adoption of an energy strategy is a way to structure energy work in a
company. It is thus also a restriction of freedom to act for individuals and the organization. How
this restriction is communicated is vital for how the energy management system will work in
practice in an organization. Enforced measures are seldom looked upon with approval by
employees, making how the measures are communicated vital. When taking a transactional
analysis approach a communication strategy can be used that resembles peer-to-peer
communication. The employees should be informed of changes or new procedures before adoption.
They also should be given opportunities to provide their view on the changes. According to TA,
this increases the chances that the organization will accept a new structure.

Delegating responsibility is at the same time connected with a risk, a risk that a task for example
will be managed in a way that is not beneficial from a system perspective. On the other hand
change management and the need to handle risks are important parts of leadership. Improvements
in energy efficiency also include a certain degree of risk. A production manager that needs to close
down machines or replace equipment in the production line risks facing a period during which
production decreases. One strategy to handle this is to create stable systems, e.g., a flexible
machine that is easy to turn on and off. The person in charge of the energy management program
needs to encourage risk taking and support managers of production, quality, maintenance, efc.
when taking investments that in the short run risk having adoption problems. An organization
needs to accept a certain amount of risk. In industries with continuous production processes risk
has proven to be a frequently mentioned barrier for energy efficiency. Batch production is less
vulnerable, which is explained by the fact that a malfunction does not need to be as costly. In a
continuous production process on the other hand equipment malfunction may cost several hundred
thousand euros per hour [16].

The CEO of an industrial organization is most likely not the person responsible for an energy
management program, but delegating that authority is praxis. However, delegation of authority also
entails risk, even if of a slightly different kind. Delegation of authority may indicate that the top
manager is not interested in an issue. If a more junior co-worker takes responsibility, that person
may also lack power to advocate certain major steps necessary for improved energy efficiency. It is
crucial that the person in charge for the energy management program have a formal or informal
leadership position. At least a strong connection to the board of directors is needed [5].

There are good examples of successful leadership delegation. One example is when the CEO of
a large multinational company decided to establish an in-house energy management program. An
energy audit was conducted, which was followed by establishment of a group that met every
month. The CEO delegated authority to the person in charge of the physical plant (e.g., HVAC,
water and security system), but at the same time all managers were required to attend the meetings.
The CEO also always attended the meetings. This work inspired another manager for the melting
division to start working on energy efficiency. Quite soon several energy reduction measures were
successfully implemented and in the end the savings equaled the sum of all undertaken measures
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suggested by the energy audit. This case is a successful example of an organizational change,
where the CEO was able to empower individuals and mid-level managers to increase efficiency and

even revenues [5].
4. Industrial Energy Management in the Perspective of Situated Action

Yet another way to understand decision-making in organizations is to have a situated action
perspective [13]. When studying decision-making in this perspective, all activities are seen as
situated and impossible to predict. In this perspective decisions on improved energy efficiency are
made locally, in the practices where people meet, act and perform.

Imagine a meeting where the participants are supposed to decide on how to improve energy
efficiency in the organization. From an energy management standard perspective the outcome will
depend on existing policies, already decided goals and established procedures. From a situated
action perspective the outcome of a meeting is a much more open issue. Rather than depending on
a goal in a document or procedures in a standard it will be dependent on which actors participate in
the meeting. The actors attending a meeting will most probably not have memorized all policies,
standards and procedures that exist in the organization. They will base their input and contribution
to the discussion on energy efficiency on their culturally embedded understanding of how to act,
what choices are given in different contexts and what decisions seem to be suitable in different
settings. In this way the outcome of an energy efficiency decision will be dependent on which
actors participate on that occasion. If the meeting will be repeated but with totally new actors, then
the discussions at the meeting will differ and thus also the outcome. Financial managers for
example will discuss energy efficiency from their perspective which is different from say an HR
manager or mechanical engineer.

The decisions made during a meeting are also a result of group dynamics and the participating
actors’ mutual relationships. The participants in meetings take different roles, and the roles actors
have in one group will differ from their roles in another group. Actors take different roles, and in
this sense too roles are situated. How a discussion goes will then depend both on which actors
participate and also the mutual relations in the group. For that reason it is not unusual or even
strange that one actor can have one opinion at one meeting and then change opinion at another
meeting with another constellation of actors. The actor can simply have taken different roles at the
meetings or the discussions have taken different turns which make holding what seem like
opposing opinions by an individual very logical. The opinion must simply be understood in the
perspective of situated action.

Going back to improved energy efficiency as an example, one energy efficiency measure can be
interpreted as beneficial and valid in one situation while in another situation the same measure can
be dismissed as inappropriate [17]. It depends on the situation, what problems and solutions
become present in the discussion and what experience the involved actors have from energy
efficiency in general and the measure in particular.

Actions are also something that we constantly do and are not necessarily intentional, reflected
upon, or done to achieve a goal. According to Suchman, plans, for example, cannot be understood
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as instructions for targeted actions. Plans and strategies do not provide a solution for the problem,
they simply relate it.

At the same time there is existing knowledge that an energy management model is a formal
process, with its tools and procedures, which will have impact on the everyday work. Even if it is
impossible for plans or standards to predict actions they are still influential. Some ideas from the plan
or standard will interest many actors and be included in the discussions at meetings and integrated in
ongoing processes. Other ideas and standard will simply not attract interest from anyone and these
will not be made present at meetings or highlighted during a process, and these ideas will not have
any impact in practice.

Ideas and goals attractive to many actors will have a better chance of survival, because it will be
possible for these to be present on many occasions and at many meetings. Specific ways to handle
issues in support of these ideas will be developed into procedures and will eventually be
understood as the “right” way to do things. Ideas, working procedures, relations and roles that
many support and maintain over time will in this way become formalized in specific contexts. But
all this will not come automatically, but happen in situated actions. If an idea at the same time is
supported with great emphasis by a (strong) leader the chances for its implementation are high. It
seems vital to integrate this perspective into the discussion of how to improve industrial energy
management both in practice and in theory.

Also, to be able to capture how these formal energy management tools are translated and
changed, how phenomena are formalized and energy efficiency measures are shaped it is important
to follow how this is done and constantly negotiated in local practices. Improved energy efficiency
from this perspective is something that is done in interaction between actors and artefacts and it is
in this interaction that the scope of energy efficiency is defined and decided and its ingoing parts
are crystallized. It is also in this interaction that different actors have their roles set, as experts,
advisors or decision-makers, and where some issues or artefacts become “energy efficient” to its
characters. To understand energy efficiency in industry we need to understand not only energy
management systems and the industrial technical energy systems, but also equally importantly how
improved energy efficiency is achieved in situated actions.

5. Discussion

This paper attempted to provide further theoretical insights into the area of industrial energy
management. Even though the scope of the study has been industry, the theoretical implications are
generalizable to others sectors such as the transport sector as well. We conclude that the current
model for energy management systems, the input-output model, is insufficient for understanding
in-house industrial energy management practices as it does not fully take current scientific
understanding of people into account. By incorporating situated action and transaction analysis as
models to improve understanding of in-house energy management, we hope to have improved the
understanding a step further. Energy management and energy management systems are not the
same. Energy management demands leadership skills sufficient to be sensitive to employees’ ideas
and objections, but strong enough to dare to carry through ideas in the organization where people
are hesitant.
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By the incorporation of situated action and transaction analysis to the currently used
input-output model, an enhanced understanding about the complexity of energy management is
gained. In Figure 1, one example of such a revised model is given.

Potential for e nergy management using
a EnMS incl. top management, staff
involvement, formulated e nergy
strategy, etc

Potential for energy management usinga
EnMS incl. staff i nvolvement

Potential for e nergy management usinga
EnMS

Energy efficiency potential

Business as Usual
Figure 1. The energy efficiency potentials for various energy management approaches.

As illustrated in Figure 1, and which has also been elaborated upon by [1,3,5], it is clearly seen
that solely implementing an energy management system, i.e., a tool for improved energy efficiency,
will not deploy the extended energy efficiency potential, i.e., the energy efficiency potential outside
of technology implementation. Rather, successful energy management means setting a clear
strategy, having top management support, involving staff, etc.

We do not think it is possible to find a single energy management solution suitable for any
industrial company, but rather the idea is to find a reflexive model that can be adjusted from time to
time. An idea for such a reflexive model will contain structural elements from energy management
models with consideration for decisions being situated and impossible to predict.

Our findings have serious implications for energy and climate change mitigation policy design.
As stated in the introductory part of the paper, recent findings indicate a vast (often neglected)
potential for energy management practices, which is one of the underlying major motivations for
this type of policy. However, so far little attention has been paid to theoretical understanding of the
growing number of industrial energy and climate change mitigation policies that are now being
developed in different parts of the world. Our findings reveal that policies that have
implementation of an energy management system as its main component, despite its vast potential,
need to be sensitive to the persons implementing the management system.

For individual companies, our findings are key to understanding why some companies, despite
having management systems in place, fail to deliver high energy efficiency improvement figures,
while others do. In order to realize the vast potential for improved energy efficiency through energy
management, the leaders of an organization implementing an energy management system need to
be sensitive to the workers facing and carrying out the measures.

There is pressure from policy makers, the markets and internal processes behind the need for
energy efficiency measures. This pressure is captured by the management level and if the demands
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are in line with the management culture, the process can continue and measures to change behavior
and activities will be initiated. This might in turn affect how energy-related practices are performed
and whether this will lead to the expected results, for example, reduced energy use. If so, then a
positive spiral has been created. It is also possible that the measures and ideas cannot come through
existing cultures and get access to different situated actions. In such cases more interaction will be
needed with both employees and managers at the company and an awareness of the importance of
energy efficiency needs to be embedded in the culture.

This process can take more or less time, depending on whether the pressure for change is in line
with the values of the existing organization and how easy it is to change activities and behavior,
whether or not behavioral change leads to consistent change in practices, and, finally, whether or
not the results are as expected or whether the process will have to start again.
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Investors’ Perspectives on Barriers to the Deployment of
Renewable Energy Sources in Chile

Shahriyar Nasirov, Carlos Silva and Claudio A. Agostini

Abstract: In the last decade, the importance of exploiting Chile’s Renewable Energy Sources (RESs)
has increased significantly, as fossil fuel prices have risen and concerns regarding climate change
issues grown, posing an important threat to its economy. However, to date, the advancement of
Renewable Energy Technologies (RETs) in the country has been very limited due to various barriers.
For this reason, identifying and mitigating the main barriers that hamper the advancement of RETs
is necessary to allow the successful deployment of these technologies. Based on data collected from
a questionnaire survey and interviews conducted among the major renewable project developers, the
authors identify and rank the major barriers to the adoption of renewable energy technologies in
Chile. Our findings show that the most significant barriers include “grid connection constraints and
lack of grid capacity”, “longer processing times for a large number of permits”, “land and/or water
lease securement” and “limited access to financing”. Furthermore, we discuss the most critical
barriers in detail together with policy recommendations to overcome them.

Reprinted from Energies. Cite as: Nasirov, S.; Silva, C.; Agostini, C.A. Investors’ Perspectives on
Barriers to the Deployment of Renewable Energy Sources in Chile. Energies 2015, 8, 3794-3814.

1. Introduction

Chile is one of the fastest-growing economies in South America. From 1990 until 2014, Chile’s
GDP has more than tripled, which has led to reductions in the poverty levels from 38.6% in 1990 to
7.8% in 2013, reaching an energy access rate of 99% [1]. However, this ongoing dynamism in the
economy and the significant well-being improvement in the population has resulted in a steep
increase in energy demand, dragging the power sector into a critical situation due to a lag in the
energy supply. Currently, Chile urgently requires dealing with large energy needs for its growing
economy in a continuous and secure manner. The projection of the National Energy Commission (CNE)
of Chile shows that with energy consumption increasing at the current average annual growth rate of
6%, implying that the country needs to double its energy capacity by adding an approximately
15,000 MW additional installed capacity by 2030 [2], making it more dependent on external sources.
In addition, even though Chile is a minor contributor to global CO2 emissions (0.2%), the existing
upward trend in the CO2 growth rate—a 110% increases between years 1990 and 201 1—has raised
environmental concerns [1].

As aresult, the government has increasingly recognized the importance of deploying the potential
of Renewable Energy Sources (RESs) and now identifies them as an opportunity to address energy
security and fulfill environmental goals. Due to several geographic characteristics, Chile has highly
favorable conditions for the deployment of renewable energy generating plants, which was critical
in the decision of the Chilean government to include renewables as part of the solution to meet its
energy needs. At a glance, the country appears as the promised land for renewable energy developers:
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large amounts of primary resources and a growing demand with high-energy prices. In addition, it is
worth mentioning that Chile has very low tariffs for imported technology, reaching zero in most cases
due to free trade agreements, and prides itself on having an open and transparent economy. However,
despite the favorable conditions and the government goals, several obstacles still exist preventing the
implementation of renewable projects on even more significant numbers. As a matter of fact, renewable
energy projects with environmental approval reached 20,780 MW in 2014, but less than 10% of the
capacity of these projects (2050 MW) has materialized to date [3]. It is then difficult to clearly
understand why renewables do not seem to take off in the country as planned and there must be some
barriers slowing and stopping the advancement of renewables. The focus of this paper is to contribute
to the identification and description of the barriers to the development of renewable energy projects
in Chile.

The discussion of barriers to RES deployment is certainly an important issue given the fact that
most nations now strive to achieve higher shares of RES generation. While much has been said in
this respect about existing barriers in the context of various countries, mostly developed ones, no
related studies have been done about Chile. Even though barriers for the development and
deployment of renewable energies might be quite situation specific in any given region or country, we
believe that the identification of barriers from investors’ perspectives in Chile and the discussion of their
specific characteristics compared to other international experiences could provide valuable contributions
to the literature and to other emerging economies. One reason for this is that there are some potential
barriers that are specific to Chile and have not discussed in the literature. For example, the role of
mining concessions on land where there is a significant potential for some renewable energies and
the type of regulation for grid connection.

The methodology utilized in our study is based on a questionnaire survey (comprising quantitative
and qualitative data collection) and a series of semi-structured interviews (qualitative data collection
only). Personal interviews were conducted with various renewable energy developers to find out their
perspective on the barriers to the diffusion of Renewable Energy Technologies (RETs). The rest of
the paper is organized as follows: Section 2 provides a literature review on barriers to RES deployment.
Section 3 describes RETs in Chile and their status; Section 4 outlines the research methodology;
Section 5 presents results and discussions; and finally, Section 6 concludes the paper.

2. Literature Review on Barriers to RES Deployment

Despite remarkable progress of RETs over the past two decades, only a small fraction of their
potential has been deployed, especially in developing countries. This is due to the existence of several
types of barriers that influence penetration of RETSs, preventing them from competing in the
marketplace and achieving the necessary large-scale deployment. Significant research has already
been carried out on the existence of barriers that hamper the adoption of these technologies [4—7].
The barriers can be generally classified into the following broad categories: institutional and
regulatory barriers, economic and financial barriers, technical and infrastructure barriers, and public
awareness and information barriers. For example, Lehmann et al. [8] examined major barriers to RES
in EU member states from technological, economic, financial and institutional perspectives and
proposed different measures to address the associated barriers.



222

2.1. Legal and Regulatory Framework Barriers

The absence of a comprehensive legal and regulatory framework poses a substantial barrier to the
development of renewable energy. These mainly include the lack of a stable energy policy, lack of
confidence in RETs, absence of policies to integrate RETs with the global market, and inadequately
equipped governmental agencies. Byrnes ef al. [9] explicitly highlighted these barriers in the context
of Australia, adding administrative hurdles, delays in project approvals, and shortfalls in land
securement. Another frequently encountered problem for the implementation of RETs is the lack of
grid access regulation. Promotion of RETSs requires objective, transparent and non- discriminatory
criteria for grid access, however, it appears that the connection of these smaller scale technologies
are still frequently blocked by many local electricity systems [10]. Open access to transmission is a
significant challenge in the deployment of RETs. The existing electric regulations in many countries
does not facilitate open access even under a public transmission system and this usually has the
consequence of indefinite delays for new entrants. This is mainly explained by the existence of high
concentration and vertical integration between generation and transmission, where companies may
have incentives to block the entry of new market participants. Brown [11] also identified barriers in
technology transfer of RETSs, recognizing that barriers in various countries vary according to the
political characteristics. Furthermore, a research by Butler and Neuhoff [12] show how existing
renewable support mechanisms can be considered a regulatory barrier to renewable project
developers. For this purpose, they analyzed the major renewable energy promotional policies including
quota-based obligation and feed-in tariff systems in UK and Germany respectively. Based on
comparative analysis, they suggest that in terms of “regulatory and market risk”, the feed-in tariff is
much favorable than the quota-based obligations. However, in other study, Ciarreta et al. [13] finds
out that overall, feed-in tariffs can be considered as an effective instrument in the early stages of
development, in the long term, even though such a system can become an obstacle to developing free
market competition at the lowest production costs. For instance, due to a financially excessive burden
originated by a feed-in-tariff program, the South Korean government implemented a Renewable
Portfolio Standard in 2012, which replaced a feed-in-tariff program existing since 2002 [14].

2.2. Economic and Financial Related Barriers

Economic and finance related barriers act as a key stumbling block for the development of RET
projects in many nations. This problem is especially critical for small scale RETs, since they lack the
necessary guarantees to obtain funding and require high financial resources during the innovation
and invention stages of development [15]. For this reason, compared to conventional energy
production projects, RETs generally do not benefit from economies of scale. From a financial
perspective, RETs have longer payback periods and higher investment costs [4,16]. These
technologies not only have typically higher investment costs but are also, in some cases, considered
to be riskier investments due to technology and resource uncertainties compared to the ones of
conventional energy generation technologies. Mitchell ef al. [17] and Banos et al. [18] have pointed
out several diverse risks (e.g., performance and technical, contract risks, market risks) related to the
suitability, reliability and solvency degree of the renewable project developers that add to the high
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risk profile of renewable investments. Arnold and Yildiz [19] introduced a Monte Carlo Simulation
(MCS) approach to perform a risk analysis based on an entire life-cycle representation of
RET-investment projects. Their results show that compared to standard Net Present Value
estimation, MCS provides substantial value-added information with respect to the project’s risk that
is relevant for investors, lenders that would facilitate the feasibility of project financing. From another
perspective, Owen [6] indicated that RETs would be able to be financially competitive, especially
when compared to conventional plants, if the damage costs from combustion of fossil fuels were
internalized. However, these externalities are not yet internalized through taxation and/or charges on
energy generated from fossil fuels. This leads to additional costs which are not equal to the
opportunity cost of electricity generated from these resources.

2.3. Technical and Infrastructure Barriers

Besides the abovementioned bottlenecks, there are a number of technical and infrastructure
barriers that renewable project developers continuously face. The major technical barrier for the
renewable industry regarding network integration is associated with the wide variety of requirements
and standards, which vary from country to country [14]. Due to the intermittent characteristics of
RETs, the optimal balancing of energy systems requires a high level of technical bases for their
technological assessment. These include resource availability, magnitude, and system frequency.
Hall and Bain [20] report the lack of energy-storage technologies as an important technical obstacle
for electricity production from RES, which must be addressed through a significant technological
change. Most of the electricity systems were primarily designed for conventional technologies and
there exist an insufficient level of technical bases, in many cases even virtually non-existent, to
evaluate RETs. This restriction makes the integration of renewables much slower.

2.4. Public Awareness and Information Barriers

Lack of public awareness has been recognized as a major barrier in the deployment of RETs in
many countries [21-28]. The most common issues in this respect are insufficient knowledge
regarding both environmental and economic benefits, inadequate knowledge of RETs [21,22],
uncertainties about the economic viability of RES installation projects [4,23,24], and public
opposition due to a number of reasons including seascape impacts, environmental damage, and lack
of consultation concerns among local communities [25-28].

3. Renewables—Potential and Status in Chile

Historically, until the 1990s, electricity generation in Chile was 70%-80% based on hydro
sources [29]. However, in the first decade of the century, recurring and severe droughts and growing
demand obliged the Chilean government to search for external foreign fossil energy sources. The
discovery of cheap natural gas resources in the neighboring country of Argentina during the late 90s,
allowed the Chilean government to reach a long-term supply agreement with the Argentinean
Government and direct almost all energy investments in building new gas infrastructure networks
with Argentina [30]. The low cost of imported natural gas made combined-cycle plants more
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attractive compared to large hydro plants and coal. Consequently, traditional energy sources such as
hydro and coal plants decreased their investments in the energy matrix and were replaced by
combined-cycle gas plants. From 1995 to 2001, natural gas consumption from Argentina increased
fourfold accounting for nearly 80% of Chile’s total natural gas consumption [31]. However, since
2004, due to the introduction of price regulations that created significant domestic gas shortages in
Argentina, gas exports to Chile were practically halted, forcing generators to replace gas-fired
electricity plants with more expensive diesel and LNG sources.

As a result of an increasing energy demand, the rising costs of fossil fuel prices, the reductions in
the available capacity of hydro-plants, and some environmental concerns, the government started
slowly considering renewable energy sources. Chile is considered one of the most attractive countries
for the development of RES, mostly because its geographic location and diversity provides abundant
renewable energy resources. Particularly, a significant potential in biomass, hydropower, geothermal,
solar, wave and wind have not been exploited yet [32]. There are over 4000 km of coast exposed to
consistent and high Pacific swells which might boost wave energy, Southern Chile has significant
areas of wind potential, and the Atacama Desert in northern Chile has excellent conditions for solar
energy. The estimated potential of renewables in Chile is summarized in Figure 1.

The formulation of an explicit renewable energy policy in Chile only occurred a few years ago.
The separation of RES from conventional sources and technologies in the Chilean energy matrix was
introduced for the first time with the approval of Law No. 20257 in 2008 [33]. The law aimed to
promote the generation of electricity from RES, considering for this purpose the following main
renewable energy sources: biomass, small hydraulic energy (capacity is less than 20 MW),
geothermal energy, solar energy, wind power and marine energy. The original design of the
electricity system during the 80s together with the liberal economic tradition in the country, were the
major factors considered by the Chilean government to establish a quota-based obligation
(Renewable Portfolio Standard or RPS). According to the RPS, generators located in systems with
more than 200 MW, need to incorporate a total of 10% of electricity from RES into their energy mix
by 2024 [34]. As a transition period, between 2010 and 2014, generators need to start supplying at
least 5% of their production from RES, then this percentage rises gradually by 0.5% each year, to
reach 10% in 2024. This obligation is enforced as of January, 2010 for electricity generation by
renewable installations. The law also establishes a fine to be paid by generators when their
obligations are not met. The fine is approximately 28 US$/MWh and if the incompliance is repeated
within the following three years, it raises to 42 US$/MWh [33]. However, the opinion of several
experts is that, although the fine may seem significant compared to the marginal costs in the market,
it is still cheaper for some generation companies not to comply with the quota and pay the fine instead
of investing in RES [35]. In a recent modification to the Law No. 20257 [34], the government
increased the promotion of electricity generation by RES in the energy matrix by doubling its
renewable-energy target from the previous goal of 10% by 2024 to 20% by 2025. This new target
obviously provides an even stronger incentive for the development of the renewable energy industry.
To achieve the 20/25 target, a total of around 6500 MW of new renewable capacity should enter to
the grid in the next 10 years, which means an average of around 650 MW every year.
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Figure 1. Estimated Potential of RES in Chile. Source: [34] and the authors’ own elaboration.

Over the last few years Chile has witnessed significant interest from renewable energy developers
looking to expand and diversify their operations in Chile. From the first time with the approval of
the Renewable Law, Chile’s renewable sector received an accumulated investment of around
$6.7 bn between 2008 and 2013 (See Figure 2). Most of this investment has been made in wind,
small hydro and solar resources.

The installed power capacity in renewable energy has also increased greatly from 470 MW in
2008 reaching to 2050 MW in 2014 (see Figure 3). As of 2014, installed energy capacity from RES
has met and even surpassed the defined target. Moreover, renewable installed capacity added
940 MW in 2014 compared to 2013. RES is equivalent to 10% of the total capacity in the whole
power system. Wind power leads the RES installed capacity with 840 MW, representing 40% of the
share of renewables in the country. The rest of renewable technologies under operation are distributed
in 25% biotechnologies (500 MW), 17% small hydro (350 MW) and 18% solar (60 MW).
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Figure 2. Annual renewable energy investments in Chile between 2008 and 2013.
Source: [36].
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Figure 3. Evaluation of RES installed capacity in Chile between 2008 and 2014.
Sources: [34] and the authors’ own elaboration.

Even though the role and investments in renewable energy projects has increased in Chile over
the last few years, its magnitude is small given the large potential the country has. Despite some
improvements in the Chilean renewable industry, a serious number of projects under RES are still
waiting to enter the market. In particular, renewable energy projects with environmental approval
reached 14,500 MW in 2014. However, as can be seen in Table 1, only 1282 MW are under
construction, which raises the question about what the barriers are that prevent the deployment of
renewable energy projects in Chile and trying to answer that question is the goal of this paper.

Table 1. The status of Renewable energy projects in Chile in 2014.

Technology SIC + SING Under Construction (MW) Approved SEIA (MW)

Small Hydro 134 322
Solar PV 873 8,064
Solar CSP 110 760
Biomass 0 96
Biogas 0 1
Wind 165 5,195
Geothermal 0 120
TOTAL: 1,282 14,555

Sources: The data adopted from CIFES [34].
4. Research Methodology

The methodology utilized in the paper consists of two complementary methods: a questionnaire
survey (comprising quantitative and qualitative data collection) and a series of semi-structured
interviews (qualitative data collection only) with renewable project developers in Chile. The
methodologies used by Zhang et al. [37] and Reddy and Painuly [38] provided the basis for our
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survey design. Eleftheriadis and Anagnostopoulou [39] identified the major barriers faced by solar
and wind projects in Greece using a methodology similar to the one used in this paper.

The methodology for a questionnaire survey was split into two phases, which are described in the
following subsection. The questionnaire was developed for conducting an online survey of investors’
opinions concerning the barriers to the RETs in Chile. For this purpose, a selection of barriers and
market actors were completed first. Then, a preliminary list of barriers was tested in a small pilot
study to establish the extent to which the barriers found in the literature are applicable in Chile. This
was followed by the implementation of questionnaire survey. Finally, the data collection from the
online survey was complemented afterwards by five face-to-face interviews selected from survey.
The purpose of these interviews is to provide important insights based on investors' extended
opinions and experiences over the barriers they have faced in the marketplace.

4.1. Selection of List of Applicable Barriers in Chile

The findings from the previous section provide very useful insights about observed barriers in
various countries. However, it is important to underline that the reported barriers in the literature may
be very specific to a country or a region. In other to identify the barriers that are relevant for Chile,
we initially considered the most common barriers identified in the international literature and a
preliminary list of barriers was tested by a small pilot study to establish the extent to which the
barriers found in other countries were applicable in Chile. Opinions and experiences were collected
from experts with the goal of characterizing the most critical barriers, whom identified 18 barriers
that were all included in the survey (see Table 2).

Table 2. Selected barriers to the advancement of renewable energy in Chile.

Category Number Barrier
1 Market design problems, that obstruct the integration of renewables
2 High market concentration
3 Difficulty in Power Purchase Agreement (PPA) negotiations
Economic and 4 Unstable prices in the spot market
Financial Barriers 5 Longer economic recovery periods
6 Lack of modeling of externalities
7 Limited access to financing
8 High initial investment costs
9 Grid connection constraints and lack of grid capacity
10 Inadequate infrastructure to accommodate renewables
Technological and 11 Longer processing times for large number of permits
Infrastructure Barriers 12 Lack of regulatory framework for land securement
13 High risk of land speculation due to mining concessions
14 Lack of coordination among relevant institutions
Institutional and‘ 15 Lack of political stability
Regulatory Barriers
. 16 Local opposition to the development of projects
Public Awareness and . A :
Information barriers 17 Lack of dissemination and public awareness
18 Lack of necessary scientific and technical skills in the workforce
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In particular, the barrier dealing with “unstable prices in the spot market” is a common barrier as
there is no dedicated mechanism to place the renewable energy production other than the local spot
market. Chile also has significant barriers related to its infrastructure (especially, the transmission
infrastructure) because the centralized planning has a limited reach, leaving on private hands the
type, amount, and timing of the investment. The lack of maturity of the financial markets regarding
renewable technologies creates economic and financial barriers that take a special relevance in the
Chilean market. Something similar can be observed regarding the Institutional and Regulatory
Barriers as the regulatory energy institutions and the local regulation have not been modernized to
accommodate a variety of new technologies. In particular, Chile, as a mining country, has a direct
conflict between mining concessions and energy infrastructure deployment. According to the
literature review, this barrier is not present in other countries, probably because mining activity only
thrives in a handful of countries and where the geographic areas with potential for renewable energies
do not coincide with mining areas. Finally, the barriers regarding public awareness and information
are rather common with new technologies in countries with an empowered population.

4.2. Identification and Selection of Market Actors

The targeted population for the survey was primarily the group of renewable energy project
developers in Chile. A primary reason for this focus was the relatively small number of RET projects
that have been deployed to date in Chile, which makes it relevant to perform a robust analysis of
investors’ perspectives on barriers to investing.

All respondents were directly involved in the development process of one or more renewable
energy projects and were highly familiar with the barriers hindering the adoption in the country of
these new technologies. A range of methods was utilized to identify the potential participants for the
research. These included:

e Utilizing personal networks in industry
e Targeting attendees of relevant investment forums and conferences
e Approaching specific industry representatives directly

As a result, a total of 128 project representatives were invited to take part in the survey. The
representatives were categorized based on the different technologies they were involved with (See
Table 3). The possible technologies include: small hydro, wind, solar, biomass and geothermal. In
order to obtain meaningful results, with a confidence interval of 90% and a margin of error of
0.1 [40], at least 46 responses were required. In the end, a total of 60 project representatives
responded the survey. Table 3 provides a summary of the total invited respondents, required
responses to be representative and achieved responses for each technology.
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Table 3. Summary of respondents at the various renewable technologies.

Technology Total Actors  Required Minimum Responses Responses Achieved
Small Hydro 53 18.8 23
Wind 29 10.5 13
Solar 29 10.5 14
Biotechnologies 13 4.6 7
Geothermal 4 2.0 3
TOTAL: 128 46.4 60

4.3. Structure of the Questionnaire

The Quota Sampling Method (QSM) was utilized to carry out the descriptive analyses of the
survey data. QSM is one of the more rigorous non-probability sampling methods that ensures
representativeness by sampling individuals and guarantees to collect necessary information from
targeted groups. Essentially it aims to obtain a representative sampling from a not necessarily random
selection of individuals, where sampling continues until the quotas are achieved. In our study,
individuals correspond to renewable energy investors and developers [21,38,41,42] who were targeted
in the survey as the specific relevant groups [43]. One of the advantages of using a QSM is that it is
considered to be one of the most effective methods to receive a significant rate of responses [4,44],
given the particular difficulty that involves engaging the investment community for this purpose [45].
Another advantage of using quota sampling is that, it typically provides sufficient statistical power to
detect group differences or to investigate trait or characteristics of a certain subgroup [46]. Although,
QSM has been widely used in a range of research fields, there are several statistical problems inherent
in the QSM [47]. Since QSM draws nonprobability samples from each group under investigation, it
does not provide generalizable estimates of the target population or of subgroup differences within
the target population and potentially creates complications for statistical inference [48]. Another
problem with the quota method is that it uses proximity selection of subsequent respondent,
presenting problems to estimate sampling errors because of the absence of randomness. QSM is the
common practice of skipping eligible but absent respondents. This may potentially induce bias,
which would be especially problematic if the bias is amplified rather than reduced by a larger
sample size.

The questionnaire structure of our study is based on respondents’ opinions on the significance of
the different barriers to development of renewables in Chile. At the beginning of the survey, respondents
were provided with background information about the aim of the research, the structure of the survey,
and the list of the potential barriers. Next, the respondents were requested to rate the relative
significance of each barrier on a five-point scale [4,37]. In addition, they also had an option to write
down their comments and opinions regarding any rated barrier. The rates were from “5”, meaning
“extremely important” to them (indicating maximum impact on the development of the technology
if the barrier is mitigated), to “1”, meaning “least important” (least impact on the technology).
A no-response received a “0” score indicating that the respondent does not consider the given barrier
as an obstacle to the development of the renewable project.
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Let, rji denote the rate given by respondent i to barrier j (as described before, a score from 1 to 5
and n; the total number of responders for barrier j. Scores were added across all respondents for a

given barrier to calculate its average score:

5. Results and Policy Discussion

The answers to the questionnaire provide useful information about the relative significance of
each of the 18 barriers considered, which might guide the priorities in the policies considered by the
government to promote the implementation of RES projects.

The mean scores, variance and standard deviation for each of the barriers are summarized in
Table 4. The average score ranges from 4.35 to 2.45, with an overall mean of 3.47, implying that all
of these barriers are somehow relevant. The most significant barriers include “Grid connection
constraints and lack of grid capacity”, with the highest mean value of 4.35, followed by “Longer
processing times for large number of permits” (4.16), “Land and/or water lease securement (3.90),
and “Limited access to financing” (3.71). These top-critical barriers will be discussed further in the
following sub-sections. The detail discussion of the most critical barriers comes from face-to-face
interviews with investors where we gathered data on their extended opinions and experiences over
the barriers they have faced. The discussion is complemented by a literature review on identified
barriers in other countries, which allows us to compare our results to these studies.

5.1. Grid Connection Constraints and Lack of Grid Capacity

In Chile, the current connection system presents significant limitations, resulting in a complex
scenario and long delays for those who wish to invest in renewable generation. The connection
procedure to the distribution systems does not make a distinction between renewable and
conventional technologies.

Besides, the misalignment between planning and connection timescales is a critical issue
experienced by many generators wishing to connect to the distribution systems in the country. In the
opinion of interviewees, planning approvals go through long negotiations and can take an
unpredictable period of time. The evaluation of the feasibility and profitability of the renewable
projects then, depends critically on the distributors and there is little transparency and long delays in
the process. All these uncertainties have an impact on the cost and complexity of the connection
process and might prevent the implementation of a project, even if it is privately and socially
profitable to do it.
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Regulation in Chile mandates renewable generators to have a partial exemption for using the trunk
transmission system. This exemption is calculated based on the generator size: plants producing less
than 9 MW obtain full payment exemption and plants producing between 9 MW and 20 MW are
subject to a partial exemption [31]. However, although the legal framework for the energy sector
guaranties open access to any generator, in practice, access requests usually result in significant
complications and delays, especially for new entrants. The complications include delays in the
application process and excessive procedural requirements. This is mainly explained by a high
concentration in the generation market, which creates market power than can be used to prevent
entry, and also with vertical integration between some generators and transmission companies in
Chile, which creates clear incentives to block the entry of new market participants. In addition, the
absence of clarity on how the costs of connecting projects to the grid are shared between developers
and grid owners generates additional uncertainty and further delays.

Depending on the wide variety of regulatory designs, electricity system requirements and norms,
the grid connectivity concerns vary from country to country and in many cases even from utility to
utility. For instance, the UK adopted a regulatory support mechanism (the renewable portfolio
standard or RPS) that mandates grid operators to decide independently the optimal transmission
capacity needed to economically and effectively distribute electricity generated from RETs [49].
Since developers do not obtain a special priority grid access, grid connectivity always remained a
challenge and it was the cause of delays during several rounds of tenders. However, unlike in
Germany, developers are not confronted with the rules and risks like observed in the UK and Chile.
This is because under the feed-in tariff regime, the transmission operators have been mandated to
provide grid connectivity to the nearest substation. The costs transmission are borne by the
transmission system operators and charged to the federal grid agency of Germany [50].

5.2. Longer Processing Times for Large Number of Permits

Long and complicated bureaucratic procedures to obtain a large number of required permits have
also been a major obstacle to the development of RETs in Chile. The process of obtaining permits
and their requirements in Chile has a limited legal basis and it is not clearly reflected in any law or official
administrative requirement. Although project developers are aware in advance of the required permits
for a project, they lack the access to comprehensive information on how to obtain such permits.
The existing high level of bureaucracy in the governmental bodies also makes the overall process
excessively long and complicated, adding a significant risk to the project during the development
phase. Several authorities and different administrative levels within each authority are usually
involved in the process. As a result, in most cases, delays may exceed 700 days on average. Among
required permits, obtaining the environmental approval by the Environmental Impact Evaluation
System (SEIA) is the most critical one for renewable project developers in Chile. This is related to the
structural problems of SE/4 and the uncertainty about the required time needed to obtain them. According
to opinions of interviewees, this timespan may vary between 90 and 210 days, depending on the nature
of the projects. An extensive and time intensive set of application processes for renewable projects
have been widely covered in international literature, such as Mizuno [51] presented similar
experiences in Japan and relative different experiences in the state and municipal level from Australia
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were studied by Byrnes et al. [9]. In comparison to Chile, this procedure alone in various phases of
the SEIA takes 570 days in Japan [51].

5.3. Land and/or Water Lease Securement

The major source of unsolved difficulties comes from the fact that many of the renewable projects
(mainly hydro sources) have been submitted for approval to the SEIA in areas that are legally owned
or claimed by indigenous communities in Chile, in particular by the Mapuche community.
Historically, relations between indigenous communities and the Chilean government have been
marked by conflict, primarily because of the expansion of industrial projects on lands that are part of
their indigenous territory. Today, a common source of failure in the development of renewable
projects, in particular hydroelectric projects in Latin America, is the lack of legal frameworks and
adequate consultation with the directly impacted communities. Due to these reasons, various large
hydro projects such as Garabi in 2011 in Argentina, Belo Monte project in 2012 in Brazil, and Hidro
Aysen in 2014 in Chile, were all suspended [28]. The absence of compensation mechanisms to the
communities, indigenous or not, for the impact of the projects and the lack of basis to ensure that
surrounding communities can somehow explicitly benefit from the exploitation of these resources
(a lower electricity bill for example), are among the critical reasons for the failure of some projects.

A multitude of barriers related to obtain land securement have also caused the market to move
slowly. Major obstacles to obtain the use of land belonging to the state comes from the lack of a land
inventory, including a geo referenced map, showing the current status and rights over all territories.
Even for this purpose, submitting a request to the Ministry of National Assets can delay a project
approximately six months. In the case of private land, the main complications arise if the land has
numerous owners and the developer has to separately negotiate with each one of them. The risk of
leasing land from third parties for the development of the renewable projects remains also a serious
concern as an alternative. This is mainly because obtaining a mining concession for extensive
territories is a very simple and fast process in a mining country such as Chile. Given this fact,
speculators can request a mining concession with the sole purpose of trying to sell them to developers
of energy projects later on. Mining concessions give property rights only to the underground land,
which is not required for the installation of an energy project, but in the case of open-pit mines both
projects are incompatible. This problem has been also identified in Mexico, which reports similar
experiences as in Chile [52]. Many project developers have had the experience of purchasing land
from the legal owner and later discovering that people are living illegally on the land but claim it as
their own. Relocating these people has been difficult, expensive and time-consuming.

5.4. Limited Access to Project Financing

Due to the high levels of initial investment required by renewable technologies, access to
financing is crucial to the development of projects using such technologies. Financing of renewable
projects in Chile is new, developers have to spend a significant amount of time and effort in
convincing the local financial institutions that are not familiar with the technologies and find them
too risky. Therefore, considering a high risk premium associated to renewable energy in the domestic
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financial market, project developers face the problem of not being able to obtain funding from
financiers or getting more expensive options that might make the project unprofitable. In practice, the
financing options for renewable projects in Chile, particularly the role of microfinance sector, is very
limited. Financial institutions in Chile are still very immature in the renewable industry and they are
unwilling to finance large scale RE projects. To date, only a few projects have been able to obtain
loans from local banks.

One of the major obstacles for obtaining local financing is associated with the particular
characteristics of Chilean banks, including their conservative culture and a regulation that focus on
bank solvency after the 1982 economic crisis, the lack of experience in the evaluation of renewable
technologies, and the utilization of the “Project Finance” funding scheme [53]. High structuring costs
of “Project Finance” create an additional obstacle to access to funding. The fixed cost is applied to
all projects, independently of their investment requirements, which makes small-scale projects
relatively more expensive. Finally, respondents also emphasized the lack of suitable longer-term
financial incentives, as government subsidies or tax credits, as a major obstacle for the development
of renewable energy sources. Although the Chilean government has introduced several low-interest
loans, and also new instruments as guaranties through a government agency CORFO, which is in
charge of promoting economic development and innovation, especially in small and medium firms,
the respondents agreed that these measures are not sufficient to resolve the problem.

6. Conclusions and Policy Recommendations

Over the last years, a mix of high energy prices resulting from a severe multi-year drought, rising
costs of fossil fuels and a steadily increasing energy demand, have put significant pressure on the
Chilean economy to start looking into other sources of energy. On other hand, the country is endowed
with resources that create an enormous potential for the use of renewable energy. As a result, the
government has taken the first steps to significantly increase the role played by renewables in the
energy matrix. For this purpose a new law provided an attractive incentive by establishing a
renewable-energy target of 20% by 2025. However, the last trends in the development of renewable
projects in the country have shown that renewables did not take off as well as planned. The evidence
provided from a survey to developers shows that there are a series of barriers slowing and stopping
the advancement of renewables.

The paper presents the most important barriers identified from the survey and follow up interviews
conducted among the renewable energy developers and investors in Chile. The analysis of the results
showed that the top five barriers ranked by the degree of importance given by the interviewees are
“grid connection barriers”, “administrative hurdles”, “land and/or water securement problems” and
“limited access to project financing”. The analysis of each of these barriers provides valuable
references to the Chilean government, contractors and other investors. Mitigating the identified barriers
and creating further incentives remains a key challenge for the development of a major renewable
energy sector. In this regard, it is clear that the Chilean government should play a key role in
establishing additional incentive mechanisms and have a prioritized strategy to eliminate the main
barriers that slow or even stop the development of renewable energies in the country.
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As far as the need to reach the renewable-energy target of 20% by 2025, electricity grids will have
to be upgraded and expanded. In the case of Chile, connecting the two major electric systems (SING
in the north and SIC in the central region) that are currently separated would greatly enhance
diffusion of RETs. The reason is that the north of Chile possesses excellent renewable power
potential, especially for solar energy, and the largest part of the electricity demand—around
75%—is concentrated in the central region. Therefore, the connection between both systems would
allow the solar energy sources to reach the demand centers. Australia faces a similar problem due to
the remoteness of the solar energy sources and large initial investments are required in transmission
to exploit solar energy [9], but in the case of Chile this can be solved at a much lower cost.

In theory, the construction of transmission lines has significant economies of scale and
investments in constructing new transmission lines are considered to be very risky. To address this
constraint, establishing coordinated common transmission lines for renewable projects may solve
the problem and make the projects feasible. In addition, establishing a comprehensive
national transmission planning process, creating standard interconnection procedures, regulating open
access to transmission networks, strengthening pricing for transmission, are the most urgent measures
to be taken.

With respect to the need for more financial resources and access to funding, the Chilean
government must increase the accessible volume of public funding to the sector through different
channels. Although the state development agency CORFQO’s role in offering financial incentives
improves the situation, it is very unlikely that the different programs offered by CORFO become a
sufficient mechanism to completely solve the problem in Chile as the resources provided are very
limited and mostly target small firms. More capital injection through CORFO could play an active
role in addressing these financing gaps through new operational mechanisms and adapted
instruments. Besides, the government’s engagements in offering loan guarantees or issuing “green
bonds” for local and foreign commercial banks may help to mobilize long-term funding for promotion
of renewable sources. Furthermore, as a part of a government policy, it is important to encourage
energy-intensive industries in the country, especially the mining industry, to allocate funds for the
promotion of technological innovation and renewable pilot projects. As an alternative option, in the
initial phase of development, international financial institutions potentially may have also an important
role to play in financing clean energy projects and particularly in accelerating market linkages. The
investment flow from institutional investors may transmit a good sign of investor confidence and
experience to the local banks, which should facilitate the awarding of loans for further projects.
Additionally, monetizing positive and negative externalities and ensuring that they are included in
energy prices would encourage renewable projects to have a fair competition with conventional
sources in the market. This particularly important in the case of diesel, which is taxed at a very low
rate given the negative externalities caused by its use [54], and coal, which is not taxed at all. Given
that Chile does not have abundant coal reserves enact the corrective tax could be easier than in
countries which face the same barrier but are coal producers like South Africa [55].

Regarding the streamlining of bureaucratic processes for permits and land and/or water lease
securement issues, which is crucial to the deployment of RES systems, there is a compelling need to
implement a sound legislation to contribute considerably to the simplification of the processes.
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Furthermore, a clear and effective assessment methodology for SEIA studies should be established
and standardization of all procedures should be implemented such that all licensing authorities would
follow the same practices. This would avoid discretionary decisions for approving concessions and
would reduce uncertainty for investors. The experience of many countries shows that a key factor in
the successful development of a renewable project on territories where communities are against to
the project development lies in the direct consultation and negotiations with these communities. In
particularly, members of affected communities and the public in general should be given more of a
chance to participate throughout the assessment process. It is important to mention however, that in
the case of solar energy in Chile this might be a minor barrier compare to other countries, as the solar
potential is in large areas of desert where almost nobody lives.

When looking at different options to mitigate the barriers, Chile can benefit from international
experiences in implementing, policies that successfully reduce the barriers for renewable energies
deployment in many aspects. There are relevant lessons related to technical advances and cost
reductions resulting from large-scale market deployments of commercially mature RETs in
first-mover countries. In solving some of the problems of grid connectivity, Germany is a good
example of a country showing success with its strong and predictable policies and incentives that
have spurred similar policy initiatives in many countries [50]. Moreover, regulatory incentives
implemented in Australia have proved to be very effective and also an efficient way of eliminating
administrative hurdles [9]. Finally, well-designed financial support to develop RETs has been
fundamental in the success of market leaders, such as Spain, Germany and Japan [13,51].
Nevertheless, the application of successfully proven policies in other countries should be carefully
adapted to the Chilean market conditions and complemented by rigorous actions to develop and
improve the capacity of all local participants involved, including producers, regulators, the public,
and the finance community.

Regarding the limitations of this research, it is important to note that the barriers to the
implementation of renewables may vary across technologies and, therefore, some further analysis is
needed to identify, understand and mitigate the barriers by considering the nature of each technology.
It would also be relevant to further explore the role of the main barriers identified in this study, but
from the perspective of the government and the financial institutions. Finally, in the case of financial
institutions, it would be important to understand the role played in assessing the risk of each
renewable project by the type technology, the existing regulation in the electric sector, and the
administrative procedures required to implement a project.
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Carbon as Investment Risk—The Influence of Fossil Fuel
Divestment on Decision Making at Germany’s
Main Power Providers

Dagmar Kiyar and Bettina B. F. Wittneben

Abstract: German electricity giants have recently taken high-level decisions to remove selected
fossil fuel operations from their company portfolio. This new corporate strategy could be seen as a
direct response to the growing global influence of the fossil fuel divestment campaign. In this paper
we ask whether the divestment movement currently exerts significant influence on decision-making
at the top four German energy giants—E.On, RWE, Vattenfall and EnBW. We find that this is not
yet the case. After describing the trajectory of the global fossil fuel divestment campaign, we
outline four alternative influences on corporate strategy that, currently, are having a greater impact
than the divestment movement on Germany’s power sector. In time, however, clear political
decisions and strong civil support may increase the significance of climate change concerns in the
strategic management of the German electricity giants.

Reprinted from Energies. Cite as: Kiyar, D.; Wittneben, B.B.F. Carbon as Investment Risk—The
Influence of Fossil Fuel Divestment on Decision Making at Germany’s Main Power Providers.
Energies 2015, 8, 9620-9639.

1. Introduction

In late 2014, at the time of the Lima Climate Summit, Germany’s largest electricity provider,
E.ON, surprised the financial world with the spectacular announcement that the company would
shed all of its nuclear and fossil fuel assets and focus exclusively on renewable energy generation.
To do so, company activities will be split into two independent entities. From 2016, E.ON’s fossil
fuel and nuclear generation will be carried out by a new company called Uniper, while the original
E.ON will concentrate on renewables, electricity distribution networks and customer service [1].

This announcement shows that the once so successful business model of Germany’s electricity
giants is becoming increasingly outdated. Pressure from the government’s energy transition policy,
the German Energiewende, has had a drastic effect on company strategy and finance. This policy
renders nuclear power in Germany obsolete by 2022 and, more recently, has become a challenge
for energy production from coal. This latest initiative has prompted a discussion on reducing
emissions from the energy sector by 22 million tonnes of CO2 by 2020, which is equivalent to
shutting down about eight coal-fired power plants [2]. Furthermore, in order to reach its
Energiewende and climate objectives, the German government has set several targets that should
guide climate and energy policies up until 2050. By 2020, Germany is aiming to cut greenhouse
gas emissions by 40% compared to 1990 levels, which means a reduction of about 500 Mt COze.
Between 1990 and 2014, Germany reduced emissions by about 24.7% [2]. However, given that
over the past two years emissions have actually increased, the government plans to implement
additional measures such as a climate levy.
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As German energy giants have come under pressure from the government, the international
financial sector has become increasingly concerned about a potential carbon bubble. This
phenomenon is based on the notion that if the 2 °C global warming target is taken seriously by
international politicians, “no more than one-third of proven reserves of fossil fuels can be consumed
prior to 2050 [3]. This means leaving one third of proven global oil reserves, half of the gas
reserves and some eighty per cent of coal reserves in the ground between 2010 and 2050 [4]. As a
result, a large amount of fossil fuel companies’ assets would be ‘stranded’ and these companies
would be considered over-valued.

In this context, a recently published report from the Carbon Disclosure Project (CDP) analysed
sixteen European electricity companies to assess their future low-carbon potential. The ranking
focused on four key areas: carbon risk, renewable energy sources, coal exposure and water risk.
The German companies noted above were rated poorly, with E.ON ranked nine, EnBW ranked 12
and RWE ranked 13 (Vattenfall was not included). The main reason for their poor performance was
their high dependence on coal reserves and therefore high carbon cost exposure: a carbon price
rising to 18 Euros would make these companies extremely vulnerable, the report stated. Based on
their Earnings Before Interest and Taxes (EBIT) in 2013, 43% of RWE’s earnings would be at risk,
followed by EnBW (28%) and E.ON (18%). The CDP report argued that with climate policies
becoming stricter, carbon costs would increase, causing these companies to become an investment
risk [5].

The fossil fuel divestment campaign has emerged as an attempt to convince investors to rid
themselves of fossil fuel-based company shares in their portfolios. This has led to company
business models being questioned and branded unsustainable.

Given the most recent announcements by German energy giants to rid themselves of carbon
assets, we ask the research question: are key strategic decisions at the four largest German energy
companies being influenced by the global fossil fuel divestment campaign? Our answer is: “not
quite yet”.

Beginning with a methodology section showing that we base our insights on qualitative data
collected through interviews and participatory observation as well as publicly available statistical
data, we present a short overview of the fossil fuel divestment campaign in our findings section.
We then illustrate that four factors other than the divestment campaign are having greater influence
on the top level strategic management decisions at German energy giants. Our conclusions
summarise our findings and suggest that while the influence of the campaign on German electricity
companies may be less noticeable than in other countries, there is evidence that this could change
in the future.

2. Methodology

The findings presented in this paper are based on the triangulation of data. We used primary data
from expert interviews and participatory observations at two official company events to deepen our
understanding of the general attitudes that prevail at the examined companies. We used secondary
data provided by companies and government sources to underpin our arguments. In terms of the
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latter data, we extracted relevant figures and statistics directly from annual reports, official
sustainability reports and government data. These are featured in the paper.

The qualitative data collection took place over two years and enabled us to gain an insight into
decision making at the strategic level at the four German energy giants. The empirical work was
carried out in three phases. Firstly, a desk review study of official company communication was
conducted to establish the development of climate policy at the four companies and the companies’
relationships with external stakeholders. Secondly, a pilot of three interviews was completed, to
refine the questionnaire, gain a better understanding of the German electricity market and prepare
for the analysis of the expert interviews. Finally, seven expert interviews with representatives from
the four companies were conducted between August and October 2011. The interviews were on
average 60 minutes long, were fully transcribed and analysed using a summarising qualitative
content analysis. They covered the political situation in Germany, including the effects of the
Energiewende and the government’s promotion of renewable energy, and climate policy issues
within the company. All interviews and the participatory observation were led by the first author of
this paper. Much of the qualitative data forming the basis of this paper was published in an earlier,
extensive study of corporate climate policy but is available in German only [6].

3. Findings
3.1. The Fossil Fuel Divestment Campaign

Over the past months and recent years, several organisations, such as fossilfreeindexes.com, the
Carbon Tracker Initiative and the Stranded Assets Programme at the University of Oxford’s Smith
School of Enterprise and the Environment, have analysed the financial risk of fossil fuel
companies. A social movement called the fossil fuel divestment campaign has been encouraging
institutional and private investors to sell shares in companies that use fossil fuels in their energy or
industrial production. Investors at universities and churches have been at the forefront of the
campaign and now, this is becoming increasingly prominent among investment funds and banks.
Table 1 shows examples of institutions reacting to this call for divestment.

The movement originated with a call by Bill McKibben of the 350.org project, published in
Rolling Stone Magazine, to divest from fossil fuels. His 2012 article [10] argued that at current
levels of fossil fuel extraction, the human race will face hardship as the climate becomes
unpredictable and irregular. He asserted that carbon emissions from all known fossil fuel reserves
about to be exploited would play havoc with the climate. McKibben subsequently founded the
fossil fuel divestment campaign, which has become highly vocal in encouraging private and
institutional investors to divest. Although it may not yet be influencing companies directly, the
naming and shaming of oil, gas and coal-based businesses is stigmatising these firms. This could
adversely affect their lending rates and political influence [11].

This fossil fuel divestment campaign has since received support from the United Nations climate
secretariat [12]. The United Nations Secretary-General Ban Ki-moon declared at a press
conference: “I have been urging companies like pension funds or insurance companies to reduce
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their investments in coal and a fossil-fuel based economy to move to renewable sources of

energy.” [13].

Table 1. Examples of institutions implementing fossil fuel divestment [7-9].

Institution Year Amount Action
Divested
University of 2014 $21.4bn After a petition by the student-led organisation ‘Fossil
Stanford endowment Free Stanford” and the recommendation of Stanford’s
Advisory Panel on Investment Responsibility and
Licensing (APIRL), the Stanford Board of Trustees
decide against direct investments in coal mining
companies
Rockefeller 2014 $50bn In September 2014, the heirs to the Standard Oil fortune
Brothers join the campaign and divest a total of $50bn from fossil
Fund fuels
The Bank of 2015 - Warns insurance companies of “assets that could be
England left ‘stranded’ by policy changes which limit the use of
fossil fuels” [7]
The Church 2015 £9bn fund In May 2015, the Church of England announces, that it
of England (to divest will divest its holdings of £12m in thermal coal and tar
£12m from tar sands. The Church bans investments in any company
sands oil and that make more than 10% of their revenue from
thermal coal) thermal coal and tar sands
Norway’s 2015 Worth an The $900-billion fund does not officially affiliate with
Sovereign estimated the campaign
Wealth Fund $850bn; Coal Nevertheless, the fund establishes higher climate
divestment: change standards for companies in which it invests, and
about $4.5bn divests from more than 100 companies with
is being unsustainable business models [§]
discussed May 2015: announces that it will divest from
companies which generate more than 30% of their
revenue from coal
HSBC 2015 - Analyses the risks of stranded assets and concludes that

due to climate change regulation, as well as
technological advancements and innovations in
efficiency, the energy mix is expected to alter in the
coming years, “potentially resulting in further stranding
of high carbon and high cost fossil fuels” [9]

Coal assets form the highest risk as they face greater
regulatory risks, high emissions and substitution
possibilities [9]

Critics, however, claim that divestment campaigns, like the one described above or the Guardian
newspaper’s ‘Leave it in the Ground’ initiative, may be doing more harm than good. Critical
voices [14] note that shareholders, as the owners of companies, have the power to influence the
management of these firms. In other words, investment equals control. Divestment campaigns
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therefore “turn an inside voice that can demand that a company listen into an outside voice that a
company can easily ignore” [14]. Furthermore, Devinney [14] points out that divestment has no
influence on the ability to invest, as the shares that are sold do not affect a company’s cash flow.

3.2. The Campaign’s Influence on Germany’s Electricity Sector

For a long time, the majority of Germany’s power sector, or more precisely, Germany’s four
biggest power companies, relied on gas and particularly on coal. Two of the companies (RWE and
Vattenfall) relied heavily on lignite, the most COz-intensive fossil fuel, to help fulfil Germany’s
energy demand. To counterbalance their carbon account, these companies have recently based a
significant part of their portfolio on nuclear energy and have slowly started investing in
renewables. In the recent past, Carbon Capture and Storage (CCS) technology used to also be an
important technology option for the four companies, to reduce their CO2 emissions without giving
up fossil fuels. However, the future of this technology in Germany is now doubtful (for more
information on CCS in Germany, see e.g., [15,16]) and, in light of the German energy transition,
nuclear energy is no longer an option: The remaining nuclear power plants will be phased out
by 2022.

German electricity giants have recently taken high-level decisions to remove selected fossil fuel
operations from their portfolio of company activity. This corporate strategy could be a response to
the growing global influence of the fossil fuel divestment campaign. We find, though, that the
following reasons are more plausible in explaining this situation and why, at the moment, the
influence of the campaign might not be as strong as it is in other Western countries.

4. Discussion

The four companies examined here have recently taken high-level decisions to remove selected
fossil fuel operations from their portfolio of company activity. We summarise implemented and
scheduled plans briefly in Table 2.

These developments could be attributed to the divestment campaign, as they seem to be in line
with the campaign’s aims. However, we find that four alternative factors, which we call ‘influencers’,
have had more impact on company decision making than the fossil fuel divestment campaign.

Influencer 1: Electricity Prices

Several considerations have prompted these shifts in the business strategies of the four
companies, with the drop in electricity prices and subsequent fall in profit margins likely to be the
primary driver. The rising share of renewable energies, illustrated in Figure 1, puts wholesale
electricity prices under pressure, as the so-called merit order, which represents marginal supply
costs of different technologies, is shifted to the right [19].
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Table 2. The four companies’ decisions to remove selected fossil fuel operations from
their portfolio [17,18].

Company Decisions

E.ON e Plans to spin-off its fossil fuel and nuclear generation business in 2016 to a new
company, Uniper
e Focuses on renewables, electricity distribution networks and service for
customers under the E.ON brand

RWE e Decommissions several power stations (e.g., Goldenbergwerk, Westfalen C and
Gersteinwerk K2)
e Initiates the long-term mothballing of others (e.g. Gersteinwerk F+G and
Weisweiler G+H)

e Resolves several divestment decisions (selling off district heating sector of
Essent, RWE’s Dutch subsidiary, and RWE-DEA, the gas and crude oil
production subsidiary)
Vattenfall e Plans to sell the lignite generation plants and mines in eastern Germany
e Has already divested in a number of operations, such as its heat and electricity
network businesses in Poland and Finland
EnBW e Expands its divestiture programme to a total of €2.6 billion for the period from
2013 to 2015
e Plans to shut down 686 MW in fossil power plants in Southern Germany
(Marbach and Walheim) (As those power plants are deemed “system-relevant”,
the German Federal Network Agency (BNetzA) has prohibited their
decommissioning until 2016)
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Figure 1. Development of renewable energy share of gross electricity consumption in
Germany [20].

A study by Germany’s Institute for Future Energy Systems (IZES), on behalf of the German
Solar Industry Association (BSW-Solar), found that prices dropped despite power demand
remaining unchanged. Furthermore, there was an observable alignment between the peak and base
price, which used to be 20 to 25% apart. This was a direct result of the instalment of photovoltaic
panels which led to a reduction of the electricity price on the power exchange by 520 to 840 million
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Euro [21]. Figure 2 shows the overall development of the day-ahead price at the German power
exchange between 2002 and 2014.

€/MWh 2000 €/MWh 2436 €/MWh
750

500

250

-500 €/MWh

Figure 2. Weekly Day-Ahead maximum and minimum prices, Update: December 2014 [22].

Occasionally, the European Energy Exchange (EEX) even shows negative prices in times of low
demand, reflecting high amounts of inflexible power generation, which cannot be shut down and
restarted in a timely manner or at reasonable cost. “Frequent occurrences of negative prices in
many European markets signal the need for better integration of renewables into the power grid. On
a Sunday afternoon in mid-June wind and solar assured more than 60% of power generation in
Germany, resulting in negative hourly prices in the whole CWE region” [23].

The Fraunhofer ISE Institute revealed that in Germany, hours with low prices (<10 €/ MWh)
quadrupled between the first half of 2013 compared to the first half of 2012, and that hours with
negative prices have risen by nearly 50% [24]. They conclude that more flexibility is needed in the
conventional power plant complex for a successful energy transition.

As a consequence of this trend, these companies have been, and are still, losing money from the
operation of their conventional power plants. The new challenges, accompanied by the high
percentage of fluctuating energy sources, demand new business models and strategies (key words
are smart grids, load or demand-side management and electricity storage, as well as highly flexible
fossil-fuel reserve power). Critics often blame high renewable subsidies for overcapacity in the
market and decreasing electricity prices. A recent working paper from the IMF, however, puts this
argument in perspective, showing that fossil fuels are actually subsidised by a stunning $5.3tn. This
dwarfs global renewable energy subsidies, which are estimated at $120bn [25]. In fact, the IMF
notes that the abolition of fossil fuel subsidies globally would reduce CO2 emissions by more than
20% [26]. In Germany, subsidies for energy supply and consumption amounted to €21.6bn in 2010.
The German Umweltbundesamt, the federal environmental agency, which provided these figures,
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points out that as these subsidies have a market-distorting effect, they simultaneously increase the
need for renewable energy funding [27]. In Germany, renewable energies especially benefit
through the German Renewable Energy Sources Act which provides remuneration not as a subsidy
as such because it is not financed by taxes. Instead it is paid by every customer through a
Renewable Energy Sources Act EEG surcharge, which is included in the electricity bill (in 2014:
6.24 ct/kWh, in 2015: 6.17 ct/kWh) [28].

Influencer 2: Company Ownership

The carbon divestment campaign mainly focuses on publicly listed companies but of the four
companies examined here, only two, RWE and E.ON, are publicly listed and affected by the
campaign. EnBW is de facto publicly listed, but the equity is actually divided between
NECKARPRI Beteiligungsgesellschaft mbH (46.75% of the shares), which is 100% owned by the
state of Baden-Wiirttemberg (in south-west Germany) and OEW Energie-Beteiligungs GmbH
(46.75% of the shares), a coalition of regional corporations and municipalities. EnBW holds about
2% of its own shares.

A closer look at the privately owned companies, EnBW and Vattenfall, shows that their business
decisions seem to be in line with the divestment campaign’s aim: Vattenfall is planning to sell its
lignite generation plants and mines in eastern Germany, and EnBW has expanded its divestiture
programme to a total of €2.6 billion for the period from 2013 to 2015. EnBW is also planning to
shut down fossil fuel power plants. The reasons behind these companies’ decisions are generally
accepted to be government policy-related. The green-red coalition in the federal state of
Baden-Wiirttemberg is the driver for EnBW’s change of course and the Swedish government,
which owns Vattenfall AB, has prompted Vattenfall’s restructuring plans.

Influencer 3: Government Regulation

Electricity generation is a highly regulated policy field in Germany. The federal government has
mapped out its Energy Policy up to the year 2050 very precisely as can be seen in Figure 3:

Figure 3 shows that by 2020 renewables are to have a share of at least 35% in gross electricity
consumption, a 50% share by 2030, 65% by 2040 and 80% by 2050. For gross final energy
consumption, the targets are 18% by 2020, a 30% share by 2030, 45% by 2040 and 60% by 2050.
Compared to 2008, heat demand in buildings is to be reduced by 20% by 2020, while primary
energy demand is to fall by 80% by 2050. For greenhouse gases, a reduction of 80% until 2050 is
the target.

Renewables have formed an important part of German energy policies for more than two
decades. In 1991, Germany enacted the Grid Feed-In Law (German: Stromeinspeisungsgesetz,
StromEinspG) obliging energy companies to purchase electricity from renewable energy sources at
minimum prices. This law was replaced by the Renewable Energy Sources Act (German:
Erneuerbare-Energien-Gesetz, EEG) in 2000, which aimed to increase the share of renewable
energies in German electricity generation. The EEG was amended and revised in the years 2004,
2009, 2012 and 2014. The revised version of the EEG is a crucial part of the German energy
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transition, as it “aims to substantially slow any further rise in costs, to systematically steer the
expansion of renewable energy, and to bring renewable energy more and more to the market” [30].
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Figure 3. Long-term, comprehensive energy and climate targets set by the German
government in 2010 [29].

Under this energy policy, the four large German electricity companies have had to reinvent their
portfolio of activities as their nuclear assets and high shares of coal generation are incompatible
with the political vision. This is unlike the UK, that introduced a capacity market system, where a
payment is provided not only for electricity generation, but for the provision of reliable sources of
capacity [31]. Such a model is unlikely to be introduced in Germany, as “overcapacities currently
amount to roughly 60 gigawatts in the electricity market region relevant for Germany” [32]—Ilargely
due to the rising share of renewable energies. The share of nuclear energy in the gross electricity
production has already decreased from 22.2% (before Fukushima) to 15.8%. Over the same period
(2010 to 2014) the share of renewables has increased from 16.6% to 26.2% [33].

Although the capacity market is discussed in the Green Paper “An Electricity Market for
Germany’s Energy Transition” the option “Electricity Market 2.0, an optimised electricity market
that provides enough incentive for the maintenance of sufficient capacity is favoured. “According
to scientific studies, an optimised electricity market that allows undistorted price signals to reach
market participants, and is safeguarded by a credible legal framework, is possible without an
additional capacity market” [32]. In such a market the state is responsible for setting market rules:
“through their specific demand, the electricity customers are independently responsible for
determining the capacity level” [32].

With this amount of overcapacity, electricity companies lose their negotiation tactic of
threatening governments with withholding investments in the energy infrastructure.

Policy is an important stakeholder of the company, but the owner or shareholder of a company
still plays a significant role in business decisions. “Climate change has become one of the most
financially significant environmental concerns facing investors” [34]. This is especially true for the
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electricity sector because the investment pressure on companies “is increasing as investors express
their concerns about regulatory uncertainty and price volatility facing the industry” [34].
Roosevelt/Llewelyn point out that in recent years, investors have been the first to see the
opportunities of a new environmental era and were among the first to invest in sustainable energy
companies [35]. This trend is likely to continue: “As resource limitations, especially related to fossil
fuels, increasingly impinge on corporate performance, more investors will include a company’s
environmental strategy as a variable in their analysis [36].

Concerning shareholder involvement in business strategies—the inside voice as Devinney
frames it [14]-there are certainly institutional investors using their voice to demand sustainable
business decisions [37,38]. Schmidt/Speich reveal that at RWE’s 2009 general meeting, activist
shareholders warned the company of the financial liability of emissions trading and of the high
financial risk of involvement in Eastern European nuclear power plants like Belene.

However, it remains to be seen whether their influence is sufficient to bring about major
changes, such as a complete fossil fuel phase-out. A gradually greener investment and alignment
may be the result of shareholder activism, but a majority of shareholders might not support drastic
changes in the business model of their company. This is especially true for a company like RWE,
where municipalities are the largest single shareholder with more than 15% [39]. Municipalities
depend heavily on annual dividends. Nevertheless, the questioning of the business model of
electricity companies by an important shareholder like the Norwegian sovereign wealth fund might
influence and impact other funds as well [40].

Influencer 4: Domestic Energy Sources

Through the Energiewende, the German government decided to abandon nuclear energy while
maintaining high industrial output. The renunciation of coal, as proposed by the divestment
campaign and parts of the German policy with view to national climate targets, faces a strong
pro-coal lobby. Renewable energies amount to a quarter of Germany’s gross electricity
consumption yet lignite continues to be referred to as the only remaining domestic energy source in
Germany. There are two large lignite deposits in the Rhineland (RWE) and in Lusatia (Vattenfall).
Associated with this perspective is the national energy security agenda, as an energy self-sufficient
Germany will generate jobs and wealth especially in regions that already face economic decline.
Opponents of coal are facing powerful and diversified coal advocates, including not only the
electricity companies, but also unions, local politicians and concerned citizens.

Lignite is the most important fossil fuel domestic energy source. The strong global coal lobby
becomes even more vocal when political plans challenge lignite as a power source, just as it does
when a potential climate levy for old coal-fired power stations is discussed. RWE’s CEO Peter
Terium predicted that this proposal “will introduce a total exit from lignite in the short run. Not
only power plants, but also the associated open-cast mines and operations, would need to be closed
down.” As a result, “restructuring costs for the companies affected would run into the billions” [41].
A study commissioned by DEBRIV, the German association of all lignite producing companies and
their affiliated organisations, found that that 40,000 jobs could be at risk if coal was phased out in
Germany [42].
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One reason behind the idea of a climate levy on coal is the high specific emission factor of
lignite, which is listed in Table 3.

Table 3. Fossil fuel CO2 emission factor in the German electricity mix [43].

CO: Emission Fuel Utilisation Rate CO: Emission Factor Comparison CO:
Factor Related in 2011 Related to in 2011 Related to Emission Factor
FUEL/UNIT
to Fuel Input Electricity Electricity Electricity Mix
(g/kWh) Consumption (%) Consumption (g/kWh) 2011 (g/kWh)
Gas 202 52% 388
Hard Coal 339 38% 892 558
Lignite 404 35% 1,169

Of Germany’s ten power stations with the highest CO2 emissions, nine use lignite [44]. The
share of lignite in German electricity generation slightly increased after the first nuclear power
plants were decommissioned, not least because of the low COz certificate price under the European
Emissions Trading Scheme (EU-ETS) [44]. A letter from 80 municipal electricity companies
expressed their support for the plans of the Federal Ministry for Economic Affairs and Energy for
the climate levy. The letter referred to the pending structural change in the energy sector, as the
COz reduction targets have been known for at least eight years. “The national and European climate
protection targets can only be reached if, in addition to efficiency gains in the heating and transport
sector, electricity generation in Germany is largely decarbonised by 2050” [45].

Despite this support, the lobby for lignite is strong. The original aim of the Ministry for
Economic Affairs and Energy was to save 22 million tonnes of CO2 emissions but this target was
subsequently reduced to 16 million tonnes. The remaining 6 million tonnes of CO2 emissions ought
to be achieved using cogeneration power plants [46]. At the time of writing this paper, the
responsible ministry is planning to mothball some lignite power plants (in total 2.7 GW) in order to
keep them as a capacity reserve until 2020 [47], so instead of imposing an additional levy on these
power plants—the government’s original plan to help achieve international climate targets—the
electricity companies now receive a cost-based compensation.

This example illustrates the broad support from different actors for Germany’s most important
fossil fuel domestic energy source. The fossil fuel divestment campaign is therefore facing
resistance. NGOs, including Urgewald or Germanwatch, have faced similar obstacles in calling for
a complete phase out of coal. That said, the transition of lignite power plants into a capacity reserve
of limited duration can be viewed as a first step towards such a phase out.

5. Conclusions

In this paper we show that the current generation portfolios of the four largest German energy
companies are heavily based on the fossil fuels gas, hard coal and lignite. E.ON’s portfolio features
53% fossil fuels, RWE generates 76% of its energy from fossil fuels, Vattenfall 73% and EnBW
50% (see Table 4). In particular, the high share of energy generation from lignite, which is
considered the dirtiest fossil fuel, justifiably labels those companies as ideal targets for the
divestment campaign. Furthermore, the companies’ current business models do not seem fit for the
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pending challenge of climate change. Neither are they in line with the political agenda of the
German government.
Table 4 lists the structure of the power plant capacity in MW in Germany.

Table 4. Power Plant Capacity of the four German companies [48—51].

E.ON RWE Vattenfall EnBW
Gas 3887 (22%) 4411 (17%) 1707 (10%) 1191 (9%)
Hard Coal 4976 (28%) 5318 (20%) 2866 (17%) 4776 (35%)
Lignite 500 (3%) 10,291 (39%) 7767 (46%) 875 (6%)
Nuclear 5403 (30%) 3908 (15%) 771 (5%) 3333 (24%)
Renewables * 2104 (12%) 55 (3,107 **) (0.2%) 124 *#* (1%) 2632 (19%)
Pumped Storage, Oil, Other 1136 (6%) 2537(10%) 3511 *+%% (21%) 941 (7%)
TOTAL 18,006 (100%) 26,520 (100%) 16746 (100%) 13,748 (100%)

* Comparatively high figures for E.ON and EnBW: E.ON only lists “Hydro”, therefore these figures
entail pumped-storage power plants as well; EnBW lists “Storage/pumped storage power plants using the
natural flow of water” as Renewables; ** Renewables division, figure for whole RWE Group; *** Wind
and Biomass (Waste); **** Hydro power amounts to 2,880 MW alone, which are mainly pumped-

storage power plants.

Having said that, these companies have undertaken the first small steps to restructure: E.ON, for
example, is now focussing on renewable energy while Vattenfall is selling lignite generation plants
and mines in Eastern Germany. However, E.ON’s restructure could mean it avoids liabilities
should falling profits from fossil fuel and nuclear energy generation force its new company,
Uniper, into insolvency. Under the E.ON brand, the company can focus on future-proofed
renewable energy technologies but if the costs of decommissioning nuclear plants and nuclear
waste management are excessive, Uniper could become insolvent leaving the German taxpayer to
foot the bill.

In the most recent past, focussing on renewable energies has become an important business
strategy. One indication is the establishment of new subsidiary companies by the four businesses
examined here:

- E.ON Climate & Renewables (2007),

- RWE Innogy (2008),

- Vattenfall Europe New Energy GmbH (2007),
- EnBW Renewable Energies (2008).

Furthermore, these companies invest in renewable energy technology every year as part of their
overall investments as Tables 5—7 show.

In the past, Vattenfall has formulated rolling investment plans for a five-year period. The
company initially budgeted SEK 147 billion for the period 2012-2016 then in 2013 amended
investment plans to SEK 105 billion for the period 2014-2018 [65]. More recently, as markets have
become characterised by over-capacity in production and low prices, the company has decided to
limit its most recent investment plan to two years (2015-2016) and to invest SEK 41 billion over
that period, of which SEK 30.8 billion, or 75%, will be invested in electricity and heat production.
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A large amount will be invested in wind energy (SEK 9.1 billion), whereas investments in fossil fuel
production were determined several years ago under completely different market conditions [50].
The aim of the company is to reduce its CO2 exposure to 65 million tonnes of absolute emissions
by 2020 (in 2014 the CO2 emissions amounted to 82.3 million tonnes, in 2010 they totalled 94
million tonnes). To achieve this target, the company has a two-part strategy: the divestment of
fossil-based production and growth and investment in renewable production [50].

Table 5. E.ON—overall investment and share of investment in renewables [48,52—-56].

Year Investment (€ in millions) Renewables
2008 18,406 1484 (8%)

2009 8655 1031(12%)

2010 8286 1163 (14%)
2011 6524 1114 (17%)
2012 6997 1791 (26%)
2013 8086 1028 (13%)
2014 4633 1222 (26%)

Table 6. RWE—overall investment and share of investment in renewables [49,57-61].

Year Investment (€ in Millions) RWE Innogy
2008 5693 1102 (19%)
2009 15,637 733 (5%)
2010 6643 709 (11%)
2011 7702 891 (12%)
2012 5544 1093 (20%)
2013 4624 1083 (23%)
2014 3440 738 (21%)

Table 7. EnBW—overall investment and share of investment in renewables [51,62—64].

Year Investment (€ in millions) Renewable Investment EnBW
2009 4374.1 153.7 (4%)
2010 2327.9 536.4 (23%)
2011 1319.0 216.6 (16%)
2012 877.4 121.6 (14%)
2013 1108.3 316.5 (29%)
2014 1956.7 610.8 (31%)

Even so, these figures somewhat pale in comparison to the total investment in renewable
energies in Germany (see Figure 4). In fact, the lion’s share of installed renewable capacity in
Germany is not owned by the four energy giants. A study by Leuphana University of Luneburg,
commissioned by the Agency for Renewable Energies [66], assessed the ownership structures of
installed renewable energy production. Researchers concluded that the largest share (47%) of
installations was owned by ‘citizen energy’ (community or local ownership, citizen-owned power
stations and sole proprietors). An equally impressive 41% share was owned by what the study
called institutional and strategic investors—companies involved in industrial production processes or
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service providers. The study concluded that only 12% of installed renewable energy capacity was
owned by energy suppliers, including the four companies examined in this paper. Figure 5 shows
the distribution as put forward in the study.

30

Investments in billion Euro

o
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

- icity sector) (heat sector)

Figure 4. Development of investments in construction of renewable energy
installations in Germany [20].

Energy suppliers
12%

Total
installed

capacity 2012
Citizens and coops
73 GW ri

Institutional
and strategic investors

41%

Figure 5. Installed capacity of renewable energies in Germany in 2012 as per
property owner [29] * (* Coops stands for ‘energy cooperatives’: community-owned
renewables projects).

The current business model featured by the four companies examined in this paper is often
regarded as unsustainable and out of step with governmental climate targets. Furthermore, the
carbon content of the companies’ energy production is no longer only examined by governments and
monitored by non-governmental organisations, but now also evaluated by the financial sector [6].

In 2003, the German WestLB, a former regional state bank, published a study with the
title “Von Economics zu Carbonomics—Value at Risk durch Klimawandel” (From Economics to
Carbonomics—Value at Risk caused by Climate Change) in which it analysed the response of the
financial sector to expected climate regulation such as the Kyoto Protocol coming into force or the
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introduction of the European Emissions Trading Scheme (EU ETS). Organisations such as the
Carbon Disclosure Project (CDP), which discloses the greenhouse gas emissions of major
corporations, underline this interest. “When the financial services industry—which focuses like a
laser on return on investment-starts worrying about the environment, something big is
happening” [36].

In this paper, we have examined the influence of the fossil fuel divestment campaign on the four
largest German electricity companies. We found that four entirely different influencers were more
powerful in drawing attention to climate policies and their consequences at corporate board meetings
than the aims of the divestment movement. These influencers were: electricity prices, company
ownership, government regulation and domestic energy sources. We thus conclude that the campaign
does not currently directly influence decision making at the German energy giants enough to alter the
structure of the German electricity mix. Of course, our analysis provides only a snapshot and over time
this campaign may well gain more influence in Germany. There is already some movement in the four
big electricity companies towards renewable energy production. Up until a few years ago those
companies were able to pursue their business model with fossil fuels and nuclear energy alone, despite
Germany’s strong civil movement which has been vociferously against nuclear energy. With the new
social movement that is the fossil fuel divestment campaign another cause must be factored into
company business decisions.

The possible influence the campaign actually has will depend on global climate policy. The
consulting firm Mercer points out that: “It is clear from our survey that credible and consistent
climate change legislation and regulation is required to drive greater integration of climate change
into investment practices and to provide the major impetus for a shift from high carbon to low carbon
investment. Without strong climate policy that provides transparency, longevity and clarity for
investors, the revolution that is called for in transforming our energy systems will not be
possible” [67]. A first step, a “golden opportunity”, was described by the IMF’s fiscal affairs head
and former finance minister of Portugal, Vitor Gaspar [25]. He suggested taking advantage of low oil
and coal prices and phasing out subsidies of global fossil fuels, which would reduce the global CO2
emissions by more than 20% [26].
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Abstract: The European Union and its Member States are seeking to decarbonize their energy
systems, including the electricity sector and, at the same time, pursue market integration. However,
renewable energy (RE) deployment and the liberalization of the energy-only market have raised
concerns at the national level about the security of electricity supplies in the future. Some actors
consider the lack of sufficient investments in generation capacities a threat to supply security. As a
consequence, it was proposed that capacity markets solve these problems. The underlying
assumption is that the market design is the only determining factor for investments in security of
supply options. In this article, we question this narrow view and identify further determinants of the
investment decisions of electricity market participants. Based on the insights of institutional
sociology and economics, we understand the market to be a social institution that structures the
behavioural expectations of market participants. Derived from the theoretical conceptualization and
based on qualitative literature review and own work, we find four determinants for investment
behaviour beyond the formal market design: Material opportunities, strategic actor behavior and
identity, focusing events and discursive expectations about the future. With this perspective, we
discuss the introduction of a European Energy Union as a possible tool that might have a great
impact on the more informal determinants such as expectations about the future and the
construction of a European energy narrative.

Reprinted from Energies. Cite as: Ellenbeck, S.; Beneking, A.; Ceglarz, A.; Schmidt, P.; Battaglini, A.
Security of Supply in European Electricity Markets—Determinants of Investment Decisions and the
European Energy Union. Energies 2015, 8, 5198-5216.

1. Introduction

The European Union and its Member States are seeking to decarbonize their energy systems
including the electricity system. In order to achieve this goal, all European Member States have set
renewable energy (RE) targets and introduced several support schemes for renewable energy
deployment. However, no consensus has been reached regarding which specific energy transition
pathway to follow, which policies and remunerations schemes are needed, what timing is
appropriate and which responsibilities should rest on the EU and which on Member States.

Recent discussions focus on the introduction of capacity markets as a specific remuneration
scheme for installed capacity in order to meet EU energy policy targets. Capacity payments would
add to those for produced energy in order to make new generation capacities profitable or to keep
old ones in the market. Policy-makers mainly justify this new compensation mechanism at the
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Member State level, as there exists a perceived hesitation to invest in flexible capacities that could
lead to an insufficient level of electricity supply in the future when aging assets go offline [1,2].

Thus, various countries have already introduced national capacity markets, remunerating
generation capacity of different kinds of technologies including baseload capacities (see Figure 1).
This is motivated by differing arguments, which can also be found in the available literature. Some
authors [3,4] have questioned the ability of the liberalised energy-only market, in general, as a
means to provide the right signals for appropriate long-term investments. Others refer to the
changing needs of an electricity system driven by base-load, to a more residual load driven system
that addresses the variability characteristic of renewable energy, especially wind and solar [5,6]. In
this perspective, the increasing feed-in of variable renewable electricity with very low operating
costs is changing the spot market price formation results under the merit order regime, which
would call for a new market design to address these changes [7,8]. In contrast, some authors do not
see any need to change the system at all and question the threat of a future shortage [9]. Policy-makers
are thus confronted with conflicting ideas on how to stimulate the appropriate investment, and
which changes in the market design are needed to deliver the wanted energy security capability of
the system.

In this article, we broaden the perspective on how investment decisions in the electricity market
are taken. We thus challenge the narrow view of the market design, and accordingly capacity
mechanism, as being the only determinant for investments in security of supply options. Based on
the insights of institutional sociology and economics, we understand the market to be a social
institution that structures the behavioural expectations of market participants. In the following, we
discuss the investment behavior of electricity market actors in the context of uncertain, diverging
and sometimes conflicting strategic interests of different kinds of actors in European Member
States. As a result, we find four determinants for investment behaviour beyond the formal
market design.

The article is therefore structured in five parts. In the second section, we briefly describe the
European energy sector, review the literature about investment decisions in the electricity sector
and then present the theoretical foundation of understanding the electricity market as a social
institution. Derived from that perspective, in the third section, we elaborate on four variables that
have an impact on the investment decisions of market actors beyond the formal market design. In
the fourth part of the article, we will discuss whether the recently proposed European Energy Union
might be able to address these factors and if yes—How? Finally, we will discuss our results and
hint to further research needs. Although national policies and strategies differ across the EU, we
explicitly do not compare different remuneration schemes and market design options, but are rather
interested in other—more informal—factors that influence the investment decisions of market
actors. This should, on the one hand, point to the need for further research and on the other
hand, help policy-makers explore new approaches to stipulate investments in security of
supply capacities.
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Figure 1. Implementation of capacity remuneration mechanisms (CRMs) across
Europe as of June 2014 [10].

2. Investment Decisions in the Electricity Market
2.1. The European Electricity Market

Traditionally, electricity generation and distribution was a public domain executed by
governmental agencies or publicly owned companies in most European countries. Furthermore, the
electricity sectors were organized mainly nationally with very low regional interconnections. This
has changed with the liberalization directives of the European Union, the first in 1996 [11] and the
second in 2003 [11]. With the third energy package in 2009 [11] an ownership unbundling
obligation was introduced that led to a legal separation of generation and sales activities from the
transmission network. While investments in transmission networks remain highly regulated,
investments in generation capacities are not. Although the internal market for electricity was aimed
to be completed by 2014, today there are still several features of the market that lead to differing
electricity prices and investment conditions within Europe. These features include differing energy
policy targets and accompanying instruments across Member States, insufficient interconnector
capacities, and related weak intra-European physical integration and the characteristics of the
traded good electricity, such as the obligation to balance supply and demand at any time. Although
most of the liberalization policies have been implemented in all Member States, some deficits
mainly in the field of competition and actual unbundling remain. National electricity markets are
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still dominated by the successors of the former public utilities, distribution is still largely owned by
utilities and new market players are not properly rewarded to actively participate in the market,
thus, de facto, delaying market liberalization and the overall energy transition. In parallel to the
liberalization process, European countries agreed on RE targets and are currently increasing the
shares of renewable energy in their electricity mix. In view of this and despite of this, most
countries face public and expert debates about underinvestment into security of supply options.
Investments in renewable generation in 2013 account for 72% of total investments in electricity
generation, while only ten years before 80% of investments were made in conventional fossil fuel
capacities in the EU-27 (plus Norway and Switzerland). This is increasing concerns among energy
actors about the ability of the system to deliver the same level of security as in the past dominated
fossil fuel generation fleet.

2.2. The Market as an Efficiency Maximizer

While in regulated markets utilities are mostly paid on the basis of their costs and could
therefore expect a stable return from investments in new generation capacities, in a market system,
investment decisions have to be made under higher uncertainty [12]. For both systems, classical
economic theory describes investment decisions as a purely rational economic action that is
determined by economic factors and determinants such as for example price volatility [12,13],
risks [14,15], costs [16—19], etc., sometimes considering also regulatory and political aspects [20].
Some studies also take the behavior of market actors into account especially those analyzing the
strategic interests of power companies as well as the changing objectives and interests following
market liberalization [21]. A big part of the literature is purely quantitative and proposes a set of
economic assumptions and optimality functions to calculate efficient behavior. However, some
scholars also look at more qualitative factors. Masini and Menichetti [22] for example describe that
“the investors’ a priori beliefs, preferences over certain policy instruments and attitude towards
technological risk affects the likelihood of investing in RE projects” ([22], page 1). Generally, the
relatively young field of behavioral corporate finance research suggests that, due to various
psychological factors, managers as well as investors act at least partly irrationally [23]. For energy
efficiency investments of companies Cooremans [24] developed a model of the investment process,
stating that it is applicable to all investment decisions. In this model the choice between different
investments options, where the neo-classical perspective usually focuses on, is only one out of
several steps of decision-making and in reality may or may not be based on rational tools for profit
maximization like Internal Rate of Return (IRR) or Net Present Value (NPV). All steps are
embedded in a bigger societal (environmental) and organizational context [24]. A study for
the British Department of Energy & Climate Change [25] elaborates this model further defining a
space of four dimensions in which a company makes its choices: “material”, “regulatory-policy”,
“market” and “social-cultural”. In the literature regarding investment decisions in the electricity
market we find only limited research on issues that explicitly acknowledge the social context of
investment decisions and thus do not understand efficiency and profit maximization as main driver
of market decisions. In the next section we will use the theoretical concept of social institutionalism
and apply it to the electricity sector.
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2.3. The Market as a Social Institution

The market is understood here as a social institution that shapes the behaviour of actors in a way
that expectations about the market result can be made [26,27]. Institutions are seen as social
structures of meaning, as formal and informal systems of rules, which have an impact on the
behaviour of actors and thus, the social interactions among themselves. Social interactions are
enabled and facilitated by a common understanding of norms, language, identity and other patterns
of social action to reduce the levels of complexity and uncertainty. As a consequence, social order
is (re)produced by institutions [28-30]. Actors constantly evaluate their behaviour in the context of
others: “Actors seek to fulfil the obligations encapsulated in a role, an identity, a membership in a
political community or group, and the ethos, practices and expectations of its institutions” [31]. The
electricity market as a social institution can thus be understood as a set of formal and informal
rules, which shape the behaviour of actors. The course of action, identities and norms and as a
result, the corresponding social order is thus established. Social order is defined here as all formal
and informal rules that lead to the actual market result (not as the contingency of possible market
outcomes). The market result includes all decisions regarding investments, pricing, contracts.
These decisions are synonymic to what is called the behaviour of market actors later on. Market
participants are defined as all actors that could potentially make a technically defined contribution
to the security of supply. As the EU electricity markets are liberalized, these actors are mostly
private companies or cooperative bodies. The market result of the electricity market can thus be
understood as the total of all investment decisions in the market and their distributional
consequences determined by the social order of the market. This view reflects the common
interpretation of the market as a coordinating body between different participants in order to
exchange services and goods. However, decisions on these exchange processes are embedded into
a social, institutional-historical and cultural context [32]. The market as an institution therefore
(re)produces a certain social order, without which the coordination of complex economic activities
in the electricity sector would not be possible [26]. The market result (which is relevant here as a
certain level of security of supply), is thus conceived as the dependent variable reliant on the social
order and underlying rules. The set of rules that govern the market and coordinate the behaviour of
actors in a certain way can be both formal and informal [33,34]. While prices may be considered as
a central means of communication within the electricity market [34], market actors also inform
themselves about the market context in other ways, such as via modelling and calculation of future
developments. Formal rules in the current market are the regulatory framework of the remuneration
scheme, such as in the assignment of property rights and definitions of products and
responsibilities [33]. Informal rules include implicit factors that affect the market actor’s behaviour
such as the actor’s assumptions on the level and volatility of prices and quantities, the behaviour of
other market participants and the knowledge on the characteristics of the good and perception of
market actors’ own interests [32]. The electricity market is here limited to all factors that determine
investments in security of supply options from a market participant’s point of view. Other
economic and policy areas that are affected or closely linked to the electricity market are either left
out when they are not part of the technical or regulatory configuration of the electricity market
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itself, such as the financial crises or they are included into the broad categories of “expectations
about the future” or “focusing events”.

3. Factors that Influence the Market Result

In the following, we apply preliminary conceptual remarks on the market as a social institution
to the case of security of supply in European electricity markets [35]. We define the behaviour of
market actors as the dependent variable. If investments in flexible capacities are high enough, the
threat of insufficient security of supply in the future is diminished. Capacities for security of supply
in the electricity sector are defined here as the total of all investments in flexible options that are
available to the respective electricity market at a certain point in time. Flexible options can be
flexible generation capacities such as gas fired power plants, storage opportunities as well as
demand side flexibility. We identify five determinants that may have an impact on the investment
activity of a market actor: The current market design, the material opportunities in the national
system and in coupled systems, the market participant’s expectations about future developments,
the strategic interest and identity of a market participant and focusing events that may pose a shock
to the market, such as the Fukushima disaster. These variables are shown in Figure 2. We identified
these five variables by literature review, by working together with practitioners in previous projects
such as BETTER (http://www.better-project.net/), CLIM-RUN (http://www.climrun.eu/) and
within RGI (http://www.renewables-grid.eu/) and by applying the theoretical concept of
sociological institutionalism to the case of the electricity market. The market design variable is the
most accepted one, which is discussed in most scientific and political analyses [1,3-6]. The
material opportunities variable was identified by the work with practitioners within the above
mentioned projects, as practitioners generally do not focus on theoretical cases, but on real existing
ones and take real world settings into account. The market participant’s expectations about future
developments and the actor’s strategic interest and identity variables are derived from the
theoretical concept of sociological institutionalism that understands any type of actor as embedded
into a social order where non-formalized factors can be equally important as formal ones. The
focusing events factor is taken from the study of empirical cases in political science and according
to the literature [36—40].

3.1. Electricity Market Design

The electricity market design is an explicitly created regulation consisting of legally defined
rules for allocation, remuneration and the assignment of individual rights and obligations [41]. In
theory, a change in the formal regulatory system can initiate a behavioural change in the market if
specific cost-benefit ratios are restructured. This corresponds to calls for the introduction of
capacity mechanisms as a means to secure future supply [1,5,42—44]. While the currently discussed
proposals for new market designs within EU Member State countries differ from each other, they
all intend to induce a change in the market actor’s investment behaviour, either by introducing an
administratively fixed capacity or an administered price [45]. Previous practical experience has
shown that market design reforms did not always generate the intended effects or were created to
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achieve further political objectives such as saving jobs or keeping an industry alive. The
consideration of context-specific factors as well as the design of the capacity mechanism does
heavily influence the success or failure of the instrument [4]. Indeed, the global experience with
capacity markets is very different; in some cases capacity mechanisms were even removed again
because they didn’t significantly improve security of supply compared to a situation without a
capacity mechanism (e.g., New Zealand and Australia) [46]. Policy makers should therefore be
aware of the complex design details as well as other factors that may have an impact on the
behaviour of market actors before a capacity market is introduced.
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Figure 2. Factors that can influence investment decisions in the electricity market.
3.2. Characteristics of the Material Opportunities within the System and in Coupled Systems

In addition to the question of the formal market design, the material opportunities of the
electricity system have a significant impact on the behaviour of market participants. In the
electricity market, material opportunities are to be understood as the given technical equipment and
capacities of the power system and the impact of these characteristics on the quantities supplied
and the prices at any given time. Electricity markets are characterized by very long investment cycles,
both in terms of cost calculations for new investments as well as the break-even point of energy
infrastructure investments [47]. Conventional electricity generation capacities are also characterized
by high fixed costs and high dismantling costs. Unused power plants cannot be easily used for
other purposes or shipped elsewhere and are therefore typically characterized by high opportunity
costs of a low utilization rate. In particular, inflexible base load power plants have the potential to
hinder the market entry of flexible generation capacities after their depreciation, as they solely have
to return the variable costs and are only able to lower their generation load to a certain level [41].
The existence of negative prices and rising export shares of the electricity produced, e.g., in
Germany, are a result of these material opportunities in the system [48]. Power plants, which
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operate with higher-priced fuels such as gas power plants compared to lignite coal power plants,
are therefore urged out of the market when over capacities of base load power plants exist. If
market actors base their investment decision on the current market situation at this stage of the
investment cycle, they will perceive possible investments in additional capacity as unprofitable.

The beginning of the investment cycle is characterized by the construction of new generating
capacities. However, in the case of rising proportions of fluctuating renewable energy, there also
exists a high demand for flexible options to meet the growing amount of variable residual load
which could lead to high electricity prices in times of low wind and sun generation output [49].
This differs from those situations when numerous depreciated must-run units are still in place
hindering electricity prices to send out these scarcity signals. The behaviour of market participants
could therefore also change as a result of a modification in material opportunities. A large number
of base load power plants going offline—for example by reaching the maximum lifetime or due to
restrictive emission regulations—would massively increase the demand for flexibility options. This
is especially the case in a system with a high proportion of fluctuating renewable energy as a pilot
study commissioned by the Federal Ministry for the Environment 2012 calculated for
Germany [49]. Thus, both the peak load electricity price and the volume of the residual load would
significantly increase without the need to change the market design in case of discontinuation of
base-load power plants [50]. Depending on the phase of the investment cycle and on how the
material opportunities are set, market participant behaviour changes in relation to volume and price
of peak (residual) load.

Mechanisms and characteristics of coupled systems also influence results in the electricity
market [1,3,51]. For market participants involved in long-term investments, not only does the
market situation in the respective market matter, but also the characteristics of physically coupled
electricity systems that are thus able to provide electricity in shortage situations. The European
Commission is making strong efforts to increase and facilitate cross-border electricity flows in
Europe—And beyond—in its push for the implementation of the European internal electricity
market [52]. For example, if sufficiently flexible (pumped storage) capacities in Norway,
Switzerland and other electricity markets are available in coupled markets, or if this is at least
expected by market actors, it could lead to decreased investments in flexible options in a regime of
low electricity prices. Thus, the effects of coupled systems on security of electricity supply depend
on a variety of factors such as the quantity and price for available flexible power in coupled
systems, future interconnector capacities and market and grid regulations. Therefore, reluctance
among national market participants to invest in flexibility options can also be explained by a
perceived future possibility of coupled systems to satisfy demand in cases of domestic scarcity,
thus lowering the economic incentive for those investments.

3.3. Strategic Actor Behaviour and Actor Identity

Conflicts of interest and information asymmetry between relevant actors can also impact the
current market result [53]. In the context of the European electricity market, characterized by high
technical complexity, economic uncertainty and sometimes a lack of transparency in decision-
making, market actors may find a space to act strategically.
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Despite liberalisation and unbundling strategies implemented in the past, the European
electricity sector still exhibits oligopolistic features and is still largely dominated by operators of
inflexible large power stations from the traditional energy industry. Their business activity is
challenged by the politically desired transition to a flexible and mainly carbon-free generation park.
Large market players in particular, who would be most able to invest in capital-intensive, more
flexible capacities, could therefore have an interest in taking advantage of their influential position,
which results from the possession of large capacities and further resources [54]. Market relevant
information can be distortedly or selectively made public by major players in the market as to
facilitate the pursuit of one’s own interests in energy policy-making.

In view of the debate on the introduction of the so-called “strategic reserve” in Germany for
example, the European Commission’s Directorate-General for Energy communicated that there
exists a “risk [in that] companies deliberately over exaggerate their intentions and taking capacities
offline in order to make more profit” [55].

An undesired market performance can therefore also be interpreted as the result of a strategic
reluctance in investing in flexible generation capacities in order to put pressure on policy-makers to
shape the future market design in one’s own interest.

These perceived “one’s own” interests and responsibilities can differ widely depending on the
actor’s identity and network. Big oligopolistic energy producers with a long history in a specific
field may have other priorities and targets as small independent power producers feeding into the
grid and participating in the spot market. Publicly owned companies may follow other objectives
than profitability such as those with industrial, environmental and social aspects. But even
profitability targets can differ from each other depending on the shareholders’ base and interests.
For example, pension funds are seeking long-term stable returns on investments while others may
focus more on high dividends in the short-term. Also, the expected and perceived appropriate rate
of return can differ between actors depending on the discursive construction of a “successful”
company strategy and thus, the actor’s identity. Perceived responsibility for the functioning of the
electricity system and the position within the economic system and society are important aspects for
defining investment strategies.

3.4. Focusing Events

Investment decisions are also influenced by unexpected events, which make the concrete issue
salient and concentrate the attention of the public, policy-makers and market actors. These often
disastrous events called focusing events, are described as sudden and attention grabbing, lifting
issues on the political agenda and therefore as triggers to induce policy change [36], or at least to
open up “windows of opportunity” [37]. Moreover, the occurrence of a specific focusing event may
also have an impact on the strategic actor’s behavior and its success in co-shaping political
decisions [38] (p. 40).

One focusing event for the energy sector was the Fukushima reactor meltdown in 2011 [39].
As empirical findings suggest, an affected policy is only likely to change when non-institutional
interest groups or political parties are actively advocating this change [36,39]. This was certainly
the case in Japan, where a big protest movement sprouted and all reactors were shut down.
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Characteristically, focusing events generate ripple effects well beyond the immediate scope of the
disaster itself [40]. Next to Italy, Belgium and Switzerland these effects were notably visible in
Germany [39]. A grand coalition of all parties represented in the German national parliament
decided to finally phase out all nuclear power plants by 2022, after it just had prolonged reactor
run-time licenses one year before, arguing that nuclear energy is still needed for the energy
transition as a “bridging technology”. We do not want to address the reasons here (see for a
discussion e.g., [39,56]); it is however apparent how focusing events can influence the formal
market design on the one hand, but also societal debates and discursive aspects of the investment
decisions of market actors on the other hand. The utility company E.ON even announced the
intention to divest all its nuclear and fossil fuel assets [57]. It can be assumed that this strategy shift
is partly due to the formal change in nuclear policy but the decision also hints to more informal
aspects such as the company’s expectations about the future. In the following section, we argue that
discursive narratives are playing a role in decision-making. In this sense, the focusing event of
Fukushima would have weakened the narrative of a nuclear future in Germany to a point where E.ON
decided to (officially) not follow up on it any further.

It can be argued that another example of such a focusing event is the ongoing armed conflict in
Eastern Ukraine. In the past, in 2006 and 2009, the interruptions of gas exports from Russia to
Ukraine raised the question of the security of energy source supply to the EU [58,59]. These events
were perceived by some actors as a sign of the EU’s vulnerability. The political strife between
Ukraine and Russia started in late 2013 and developed into military conflict in 2014. Once again,
some market actors raised warning questions about the security of supply. Thus, these kind of
events directly have an impact on investment decisions as it changes risk assessments and may
effect profitability margins and even the feasibility of specific economic actions. Politically, the
former Prime Minister of Poland, Donald Tusk, and now President of the European Council,
introduced the idea of the European Energy Union as a reaction to these focusing events in 2014
(see Section 4 of this paper).

3.5. Uncertainties and Expectations

The expectations and actual investment behaviour of market participants are based on
calculations and assumptions regarding future policies, demand, supply quantities, the
characteristics of other market participants, resource availability and price developments. These
assumptions pertain to timeframes spanning decades and are characterized by a high degree
of uncertainty.

At the same time, market participants must constantly monitor the impact of current events, such
as for example, relative price changes in global markets. Whatever actor-specific consequences and
changes in expectations result from this, it is always dependent on the actor’s interpretation and
perspective. Due to limited information processing capacities of investment decision makers
towards, for example policy change, future threats and consumer preferences, they have to rely on
discursive narratives (discursive narratives constitute commonly shared patterns of perception and
structures that can lead to common experience and reduce complexity when coming to a common

understanding of and processing of new information. Discursive narratives give context to pure
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information to create an understanding of and to an issue and thus produce knowledge.
Contextualized information can be interpreted and empowers actors to make decisions [60].) in
order to reduce their individual uncertainty about future developments. Inter-subjective and
commonly shared stable expectations regarding for example, the learning curves of technologies
are crucial determinants of investment decisions. Authoritative actors (authoritative actors are those
that are able to explicitly and implicitly influence the behaviour of other actors without coercion or
pressure as they are attributed with particular expert knowledge. The knowledge of and decision
recommendations from these authoritative actors are considered by their addressees to carry a high
level of legitimacy, thus acknowledging the experts’ authority (similar to Max Weber’s concept of
power) [61,62])) contribute to discursive narratives and reproduce their narratives within
institutionalized stakeholder networks. This typically results in stakeholder group-specific
expectations regarding developments in the future [63].

This can be seen in the varying perceptions of stakeholders regarding the consequences resulting
from the nuclear energy phase-out in Germany. While predominantly representatives of local
producers were concerned about the decision to extend the lifetime of nuclear power plants in
2010, major power supply companies (PSCs) welcomed this [64]. These differing perceptions also
became apparent during the nuclear energy phase-out debates in 2011; municipal utility companies
announced an investment offensive in efficient and flexible generating capacity while other big
utilities started to sue the German government over the nuclear phase-out [65].

Based on the Social Construction of Technology (SCOT) approach [66,67], the technology
assessment of a certain stakeholder group goes hand-in-hand with how the group is economically,
ideologically and organizationally connected to that technology. Apart from economic interests,
worldviews and networks, social and ideological factors also play a role such as discursive
narratives about policies, prices, appropriate behavior and causal relationships between different
events. The possible impact these differing expectations may have on model assumptions in energy
and electricity market models (for example on the price of electricity or the electricity mix) was
made clear in a study conducted by the German Institute for Economic Research (DIW). In
particular, the overestimation of photovoltaic costs as well as the assumptions regarding carbon
capture and nuclear power technology within the Energy Roadmap 2050 and the European
Commission’s Green Papers has led to distorted results in scenario developments and potential
disincentives [68]. Conversely, a discursive change in contextual assumptions can also change
profitability assessment results regarding investments in flexible capacities. This is especially valid
for markets that are currently undergoing big systematic changes due to political targets and policies
that make business-as-usual model assumptions unreasonable.

4. The European Energy Union as a Means to Stabilize Expectations

In early 2015, the new Commissioner for Energy Miguel Arias Caiiete and the Vice-President of
the Commission Maro§ Seftovi¢ announced a framework strategy for the implementation of a
European Energy Union [69]. It aims at merging the already existing 2030 Framework for Climate
and Energy as well as the European Energy Security Strategy with a set of new measures into one
coherent strategy. Central points include the further integration of the internal energy markets and
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more coordination between Member States. Already in the rationale behind the communication,
two visions are expressed that are crucial to our context. The Commission illustrates “an integrated
continent-wide energy system where energy flows freely across borders, based on competition and
the best possible use of resources, and with effective regulation of energy markets at EU level
where necessary” [69] (p. 2). Furthermore, investors should get confidence “through price signals
that reflect long term needs and policy objectives” [69] (p. 2). Both points are fully in line with
provisions foreseen in the third energy package and which have not been yet fully delivered, thus
bringing possibly new energy into the implementation of already agreed policies.

Although the European Union only has limited competencies to shape the formal determinants
of electricity market participant behaviour (as for example changing the market designs and
introducing a European capacity market), it can play a crucial role in influencing the informal
determinants of market behaviour. For all four factors identified above, the introduction of the
Energy Union would have the potential to contribute to changes in investment behaviour and thus,
might help trigger the desired investments.

Firstly, within a European Energy Union material opportunities, as the physical characteristics
and capacities of the electricity system, could be better planned and publicly presented on a
European level so that market participants are able to assess possible changes in the physical
configuration of the market. This could not only deliver more transparency but also better planning
mechanisms because national vested interests will need to be discussed in a broader context.

Secondly, strategic behaviour to advocate capacity market mechanisms for national (energy)
industry objectives is less likely in a European approach due to a lower market share of actors in a
European system. Furthermore, a European Energy Union could challenge the previously national
oriented actor’s strategies and might create a more European frame of acting and thus help to
develop a more European energy identity of market actors in the long-term.

Thirdly, although it is not clear what effects focusing events would have, by having a European
Energy Union in place, it could be expected that the effects of focusing events are no longer solely
perceived and discussed on the national level, but on the European level as well, perhaps
contributing to the creation of a more European energy identity through a more European debate.
Furthermore, the focusing event of political instability and the armed conflict in the Ukraine is seen
as a pivotal motivation for the proposal of the Energy Union in the first place and thus is perceived
to address concerns which came up by the event itself.

Fourthly, contextual assumptions could be stabilized in a way that is politically agreed on due to
long-term credible targets and accompanying measures. Depending on the specific design of the
Energy Union, this undertaking has the potential to help overcome informal barriers in investment
calculations. To actually reach this target, the Energy Union would have to fulfil at least
two conditions:

a) The agreed targets and measures have to be concrete, transparent and credible. The
governance on how to achieve them should be in place to decrease risks and thus, lower the
risk premium. Due to renewable energy integration and economic and physical integration,
investment decisions toward long-term participation will strongly benefit from clarity and
transparency in the fast changing electricity market. Furthermore, targets and policies have
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to be agreed upon with a broad political consensus to also guarantee stability in different
subsequent political constellations, as in the case of the German and Swiss nuclear phase-out
after the Fukushima events.

b) A strong alignment between national policies and European targets needs to be developed to
deliver confidence in the implementation and the long-term commitment of Member States.
This alignment would avoid the multi-level governance trap [70] common to several areas
in European policies. Further clarity could be added by setting not only fixed targets for RE
generation but also for residual load.

In a nutshell, the European Energy Union could address the above mentioned informal barriers
to security of supply investments in several ways, but most importantly it could trigger public
debates on a European level and thus help to develop a grand narrative regarding the future
common market, challenges and socio-technical solutions, which currently mainly exist at the
national level.

5. Discussion and Conclusions

The perceived need to stimulate investment in flexible options and the surrounding public
debates have translated into a call for capacity mechanisms that has even led to the introduction of
capacity mechanisms in some countries. The underlying fear is that under the current market
conditions, too few investments in storage, flexible power plants and transmission capacity
expansions are being made. Some market actors consider the low prices and subsequent lack of
incentives to invest in security of supply options as a failure of the energy-only market. In this
paper, we have criticised the strong and exclusive link between the formal market design and the
present market results and identified other factors of market actor behaviour. Thus, additional
determinants apart from the market design can influence the behaviour of market actors.

Firstly, the material opportunities in the electricity system play a crucial role in the investment
decisions of market actors. A low market price can thus be rather understood as the result of
investment cycles when phases of over-capacity and insufficient capacity alternate. Incentives for
investments in flexible capacity can therefore be present within the existing market design under
modified material conditions. For example, less base load power plants in the case of high
proportions of fluctuating renewable energy would result in higher prices and amounts of residual
(peak) load and might made flexible options profitable on their own. Furthermore, market actors
are taking the developments and determinants of coupled systems into account as well as the
evolution of technologies when making their investment decisions. A lack in domestic investment
activity can therefore be seen as an expected and sufficient foreign provision of security of supply
options. Under these conditions, no domestic capacity mechanisms would be necessary.

Secondly, when it comes to capital-intensive investments in the energy sector, there is a
possibility that dominant market actors, which benefit from the status quo, may have an interest in
delaying investments in flexible options. A clear decision regarding the introduction—Or dismissal
of a capacity mechanism could bring an end to the possibility of strategically delaying investments
as a means of political pressure. Furthermore, the identity and perceived role in the market and
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society as a whole play an important part in defining the actor’s “own interest” and thus, the
investment strategy. Depending on the timeframe, the objectives of the company’s business and the
ownership structure, the definition of a “successful” investment strategy and subsequently, the
perceived personal interest of a company differs widely between market actors.

Thirdly, focusing events have a tremendous potential to the discursive context around specific
market decisions. Such events can change the political climate and development priorities by
concentrating the attention of the broad public and many stakeholders, which as a result can
influence the market actor’s long-term decisions and investments.

Last but not least, it is possible that market actors revert back to narratives when they are highly
uncertain about future developments. Following certain specific contextual assumptions, they
might expect that investments in flexible options are not profitable. Conversely, this means that a
change in market actor-specific contextual assumptions could stimulate investment. Policy-makers
might achieve this change in perception by agreeing on a concrete energy roadmap along with
credible targets regarding residual load and capacity development in base load power plants.

The Energy Union can play a crucial role in building up this credible narrative—Completely
lacking until now (besides RE and climate targets)—On the energy transition and the (market)
instruments that will support it. This narrative would have to be based on answers regarding the
discontinuity of technologies and provide an unambiguous pathway that addresses all aspects of,
for example, a possible fossil fuel phase-out. Accompanying a political and regulatory framework,
it would have to address the conflict between a marginal cost-based electricity market and an
electricity system with increasing proportions of RE electricity with almost no marginal costs. To
be credible, this grand narrative would have to be in line with communications and decisions on
other levels (national and regional) and other policy areas that are affected as, e.g., job market,
technology and innovation policies or fiscal policies. This might be facilitated when a great
proportion of stakeholders and policymakers from different levels and domains are informed, able
to participate, and agree to the process and accept its result.

But also intra-European learning on the formal side could constitute an outcome of a European
Energy Union. As the discussions on capacity mechanisms have evolved over time and moved
from being dedicated to base-load energy generation options to more flexible options, new
regulation proposals could be observed and evaluated by other Member States and a common learning
process could be facilitated.

However, a systematic and comprehensive empirical study on the social and discursive
determinants and other informal factors of market actor behaviour in the electricity market is still
pending. Such an undertaking could provide detailed insight into expectation formation, knowledge
production and thus, political actions regarding investments in security of supply. Having discussed
the points above, it can be said however, that evidence of an urgent need of capacity mechanisms is
equivocal. This of course in no way allows for the reversed conclusion: The formal market design
with its set of legal remuneration and allocation schemes is of course an important determinant of
investment behaviour; but it is not the only one. Thus, policy-makers can choose between different
measures addressing formal or informal determinants to stipulate specific behaviour in the
electricity market. We have substantiated that each of the five determinants discussed here may
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have an influence on investment decisions. Given the high levels of complexity and uncertainty,
policy-makers must carefully consider the pros and cons in order to prevent the risk of generating
unwanted disincentives. What specific instruments are available, at what cost, and the underlying
political acceptance of these measures cannot be answered here. However, in light of the existence
of several determinants of market actor investment behaviour, we do not see a compelling
reason to focus solely on the implementation of capacity mechanisms to secure the desired

investment behaviour.
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Temporal and Spatial Variations in Provincial CO; Emissions
in China from 2005 to 2015 and Assessment of
a Reduction Plan

Xuankai Deng, Yanhua Yu and Yanfang Liu

Abstract: This study calculated the provincial carbon dioxide (COz2) emissions in China, analyzed
the temporal and spatial variations in emissions, and determined the emission intensity from 2005 to
2015. The total emissions control was forecasted in 2015, and the reduction pressure of the 30
provinces in China was assessed based on historical emissions and the 12th five-year (2011-2015)
reduction plan. Results indicate that CO2 emissions eventually increased and gradually decreased
from east to west, whereas the emission intensity ultimately decreased and gradually increased from
south to north. By the end of 2015, the total control of provincial emissions will increase significantly
compared to the 2010 level, whereas the emission intensity will decrease. The provinces in the North,
East, and South Coast regions will maintain the highest emission levels. The provinces in the
Southwest and Northwest regions will experience a rapid growth rate of emissions. However, the
national emission reduction target will nearly be achieved if all provinces can implement reduction
targets as planned. Pressure indices show that the South Coast and Northwest regions are confronted
with a greater reduction pressure of emission intensity. Finally, policy implications are provided for
COz reductions in China.

Reprinted from Energies. Cite as: Deng, X.; Yu, Y.; Liu, Y. Temporal and Spatial Variations in
Provincial CO2 Emissions in China from 2005 to 2015 and Assessment of a Reduction Plan. Energies
2015, 8, 4549-4571.

1. Introduction

The international community has reached a consensus that global warming poses a serious threat.
Consequently, greenhouse gas reduction plans have been successively promulgated in the major
developed and developing countries. China, as the largest developing country, announced its program
to reduce future carbon dioxide (CO2) emissions during the 15th International Climate Conference
held in Copenhagen in 2009. Moreover, achieving a national reduction target of CO2 emissions
depends on how intra-national units implement their own reduction targets. Therefore, China
announced its 12th five-year (2011-2015) plan to reduce emissions in 2012, which explicitly
stipulated the reduction target for each provincial unit in mainland China. Both of these
announcements emphasized the decrease of CO2 emission intensity. The first target, which was
announced in Copenhagen, stated that the emission intensity in 2020 should be reduced by
40%—45% compared with the 2005 level. The second target, which was announced in Beijing, stated
that the emission intensity in 2015 should be reduced by 17% compared with the 2010 level.
Moreover, a binding reduction target was assigned for all provincial units in the second target.
Nevertheless, no clear total control target is set for the nation and individual provinces. The total
control of CO2 emissions should be calculated to have a more intuitive emissions reduction target.
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Understanding the amount of total control of CO2 emissions is necessary for each province during the
reduction period. This is the first issue discussed in this paper.

Calculating CO2 emissions, one of the main greenhouse gasses, has been an increasing concern
around the world in recent years. Research shows that the United States, China, the European Union,
Japan, and India are considered as major emitters of COz [1]. In 2006, China overtook the United
States as the world’s leading emitter of CO2 [2]. Historical emissions provided the foundation for
burden sharing of global CO2 emissions responsibility in the future. Cumulative emissions [3] or per
capita cumulative emissions [4] are adopted as the standard for burden sharing. The major emitters
need to reduce emissions while maintaining economic development. As a result, the future emissions
of these major emitters have become a research hotspot [5,6]. To calculate the CO2 emissions of each
province in the future, the emissions from previous years must be determined first. Many studies
have reported on China’s COz emissions because China is the top emitting country in the world [2].
Energy consumption especially from fossil fuel combustion is considered to be the main source of
CO: emissions. Carbon emissions from energy consumption usually account for more than 90% of
the total carbon emissions [7]. Previous studies have used several calculation methods for the
regional CO2 emissions. Many of them examined CO2 emissions from energy consumption instead
of total regional emissions. For instance, Zhao [8] used a bottom-up inventory framework to calculate
total annual CO2 emissions based on detailed provincial economic and energy data. Liu [9] used
energy consumption data to calculate China’s regional and sectoral greenhouse gas emissions,
including COz emissions. Wang [10] used energy consumption data to calculate provincial CO2
emissions from 1995 to 2011. Many examples used emissions from energy consumption in place of
regional emissions, both at the national [11] and intra-national levels [12]. However, the
manufacturing process of some industrial products also generates significant CO2 emissions. The
main raw material of the cement industry is calcium carbonate. The process of cement production
emits large amounts of COz, along with calcium carbonate decomposition and coal combustion.
Thus, some scholars began to consider CO2 emissions from regional cement production. For instance,
Xu [13] analyzed the changes in energy consumption and COz emissions in China’s cement industry
based on the typical production process for clinker manufacturing. Kim and Worrell [14] analyzed
carbon emissions from China’s cement industry from 1980 to 1998. Ke [15] estimated CO2 emissions
from China’s cement production from 2005 to 2009. Forests and green lands have the ability to
absorb and store COz2; This ability is called carbon sequestration [16]. From a regional perspective,
carbon sequestration should be considered calculating total regional CO2 emissions [17,18]. For
instance, Fang [19] used a biomass method to estimate forest carbon stocks in five East Asian
countries between the 1970s and 2000s. Guo [20] explored the spatial-temporal changes in forest
biomass carbon stocks in China between 1977 and 2008. Most previous studies on carbon emissions
in China considered only one aspect of the carbon emission accounting and focused on the national
level. The regional total CO2 emissions can be accurately calculated by considering all aspects of
regional emission accounting.

Allocation results at the national level were found in many previous studies that investigated
reduction targets or burden-sharing of COz emissions. For instance, Wei [21] allocated permits of
carbon emissions to 137 countries and regions on the basis of per-capita cumulative emissions.
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Chakravarty [22] presented a framework for allocating a global carbon reduction target among
nations. Some studies began to allocate the national reduction target to the industrial [23] or sectoral
levels. For instance, Chen [24] disaggregated China’s national CO2 mitigation burden at the sectoral
level. Some scholars recently studied the reduction burden-sharing of the inner regions of China, and
most of this research is based on the targets of Copenhagen [25,26]. Yi [27] developed a
comprehensive index and constructed an intensity allocation model for inner China provinces on the
basis of the Copenhagen reduction target. Few relevant studies have been conducted on the second
China reduction target in the 12th five-year (FY) period because most previous studies have focused
on the target in the national level [28,29]. The results of previous studies regarding China’s
intra-nation or provincial emission reduction targets often provide the future controlling intensity but
lack total emission control. This type of result is not a straightforward target. Central and local
governments operate with difficulty. China is currently developing based on its 12th Five-Year Plan
(FYP), which includes the second reduction target of CO: emissions. Thus, the present work
calculates a reduction plan, conducted from 2011 to 2015. A target to reduce emission intensity yields
pressure. Research on this emission reduction pressure is extremely scarce, and providing results at
the provincial level is difficult. Moreover, the provinces formulate development plans in detail,
setting the speed of economic growth. The second point of interest to guarantee the specific speed is
to identify the amount of pressure every province receives to control emissions. The final point to
consider is whether the national reduction target can be achieved if each province completes its own
reduction target.

This paper reports the intra-national provincial-level CO2 emissions of China. First, a more
accurate framework is used to calculate the provincial CO2 emissions from 2005 to 2010. Then,
the spatial-temporal variations of emissions and emission intensity are analyzed. Second, the total
control of provincial and national CO2 emissions in 2015 is calculated. Third, two new indices are
designed to assess the pressure of reduction for each province. Conclusions and policy implications
are provided in the last two sections.

2. Methodology
2.1. Calculation of Provincial CO> Emissions

The CO2 emissions of a province are mainly derived from energy consumption and the process of
cement production, as well as the process of removing CO:2 via sequestration by forests and green
lands. The provincial carbon emissions calculating framework was used in this paper (Figure 1).

Equation (1) was used to calculate the provincial CO2 emissions:

C=Co+C.— S (1)

where C is the total CO2 emissions of a province (million tons, Mt), C, represents the CO2 emissions
from energy consumption (Mt), C. represents the CO2 emissions from the process of cement
production (M), and Sy is the CO2 sequestration by forests and green lands (M:).

The guidelines of Intergovernmental Panel on Climate Change (IPCC) were adopted to calculate
CO2 emissions from energy consumption using the following equation [30,31]:
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o B X NCV X EF; X 0; X 44
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J

where E; is the amount of energy consumption j (tons or m? for natural gas), NCV is the net calorific
value (kJ/(kcalxkg)), EF; is the carbon emission factor of energy j (kg/GJ), and O; is the carbon

oxidation rate of energy j (default value is 1).

Regional CO, emissions Regional CO,
sequestration

. o Co

CO, emissions CO, emissions 2

sequestration of
forest and green
land

of energy of cement
consumption production

l J
Y

Regional net CO, emissions= CO, emissions-CO,
sequestration

Figure 1. Regional net COz emissions calculating framework.

IPCC guidelines and Zhai’s article [32,33] to calculate CO2 emissions from cement production
using the following equation:

C.=qXrXxe 3)

where q is the amount of cement (M), r is the proportion of clinker (%), and e is the CO2 emission
factor, which involves the three processes of decomposition of carbonate raw material, calcination
of kiln dust, and decomposition of organic carbon in the calcined materials. The three processes have
a total coefficient of 0.55 (tons per one ton).

Equation (4) was used to estimate the amount of CO: sequestration by forests and green
lands [34]. Green lands refer to urban gardens and green spaces that are evergreen and have the
absorption capacity of COz such as forests:

Sp = (Ar +4g) x as “4)
where Ay is the area of forests (hm?), Ay is the area of green lands (hm?), and a is the sequestration
coefficient, for the sequestration amount per hectare per year. The carbon sequestration by Chinese
forests has been estimated by many scientists. The sequestration amount per hectare per year is
indirectly provided by these reports. Using the sequestration coefficient is inevitable in calculating
the regional CO2 absorption in a certain year by forests and green lands. A significant difference
exists in the results of this sequestration coefficient (Table 1).

In the International Academic Symposium on Ecosystem Carbon Balance in 2005, Zhou precisely
calculated, for the first time in the international academia, that each hectare of forests absorbed
0.5 tons of net carbon a year. That is, each hectare of forest a year can absorb 1.83 tons of CO2. A
total of 1.83 (tons per one hectare) was chosen as the calculation parameter of sequestration
coefficient, which was also used in the article by Yu [40].
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Table 1. Sequestration coefficient of forests in China.

Carbon Sequestration Carbon Dioxide Sequstration
Soures ) )
(t/hm*/year) (t/hm*/year)

Ma and Wang [34] 0.61 2.24
Fang et al. [35] 0.53 1.93
Lai and Huang [36] 0.52 1.90
Zhou et al. [37] 0.50 1.83
Guo et al. [38] 0.39 1.42
Piao [39] 0.15 0.55

2.2. Forecasting Total Control of CO:2 Emissions

The emission intensity of COz is usually defined as the unit of GDP emissions [29]. According to
the definition of emission intensity, Equations (5-8) was used to forecast the future emissions of
each province:

Gi
= %op, %)

where [; is the emission intensity (tons per 10,000 Chinese yuan, t/10* CNY) of province i, C; is
the CO2 emissions (M) of province i, and GDP; is the GDP of province i (CNY).

The total control of emissions in the target year is equal to the intensity in the target year multiplied
by the GDP in the target year, which is expressed as follows:

¢l =1t x GDP} (6)

where C} is the CO2 emissions of province i in target year t, I} is the emission intensity of province
i in target year t, and GDP} is the GDP of province i in target year t.

The emission intensity of the target year is calculated by the reduction plan, and the GDP of
the target year is calculated by the economic growth setting as follows:

If =1 x(1-4) ()

GDPf = GDP? x (1 + G)*™° (8)

where 0 is the base year, t is the target year of forecasting, If is the emission intensity in the target
year of province i, I is the emission intensity in the base year of province i, G; is the economic
growth rate of province i (this value is generally fixed according to the annual economic
development), and A; is the intensity controlled target of province i in the 12th national
reduction plan.

Given that the country is composed of provinces, the amount of national CO2 emissions is equal
to the sum of all provinces, as with the GDP. The national emission intensity of the target year can
be calculated according to the definition of emission intensity. Unlike the base year national intensity,
whether the national reduction target in this period can be achieved or not can be known. From
the 12th FY from 2011 to 2015, according to the national reduction plan of China in this period,
the base year is 2010, and the target year is 2015, which is expressed as follows:



288

_ %G 9
5. GDP, ©)
GDP! = GDP? x (1 + Gy)*™° (10)

where [ is the national intensity of CO2 emissions, C; is the CO2 emissions of province i, GDP; is the
GDP of province i, F is the completion of the national reduction target (%), I° is the national base
year intensity, I* is the national target year intensity and A is the national reduction target of emission
intensity in this period, which is 17%.

2.3. Assessment of Reduction Pressure

This study designed two indices to reflect the pressure of reduction for each province. One index
is designed by forecasting future emissions based on historical emissions. The other one is based on
the comparison of emissions over the same length of time; we choose 2010-2015 and 2005-2010.

2.3.1. Index of Forecasting Based on Historical Emissions

A logistic curve fit model of provincial CO2 emissions is established based on the time sequence.
The logistic equation is written as:
1

x = —
7 ¢+ aqebt

(11)

where x, represents the CO2 emissions of one province in year t, and a, b, and c are parameters of
the logistic model. All of these parameters are estimated by statistical software Origin 9.0. Then,
the index is designed as follows:

D; = xj2015 _ C]-2°15 (12)

where D; represents the pressure of province j (Mr), x7°° is the prediction value of CO2 emissions
of province j in 2015, and 6}2015 represents the emissions of total control by the reduction plan

described in Section 2.2. A larger index corresponds to greater pressure.
2.3.2. Index of Same Length of Time

The ratio of the actual variation of CO2 emissions in 2005-2010 and control variation in 2010—
2015 is the index of reduction pressure. Expressed as a percentage to make the index more intuitive,
the equation is written as follows:

(02010 _ C_2005)
P=—t 7 __2x100% (13)
J 2015 2010
(€71 = ¢7)
where P; represents the pressure of province j; Cjzoos and C j2°1° are the emissions of province j in years
2005 and 2010, respectively; and Cj2°15 is the total control of emissions of province j by the

reduction plan.
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3. Study Area and Data
3.1. Study Area

Mainland China has 31 provincial-level administrative units, including 22 provinces, four
municipalities (Beijing, Tianjin, Shanghai and Chongqing), and five autonomous regions (Guangxi,
Ningxia, Tibet, Xinjiang, and Inner Mongolia). The study area comprises 30 provincial-level units
of mainland China, except Tibet. In addition to missing related data, Tibet has China’s lowest CO2
emissions. The 30 units are referred to as provinces.

The provinces are divided into the following eight economic regions: (1) Northeast: Liaoning,
Jilin, and Heilongjiang; (2) North Coast: Beijing, Tianjin, Hebei, and Shandong; (3) East Coast:
Shanghai, Jiangsu, and Zhejiang; (4) South Coast: Fujian, Guangdong, and Hainan; (5) Middle
Yellow River: Shaanxi; Shanxi, Henan, and Inner Mongolia; (6) Middle Yangtze River: Hubei,
Hunan, Jiangxi, and Anhui; (7) Southwest China: Yunnan, Guizhou, Sichuan, Chongqing, and
Guangxi; and (8) Northwest China: Gansu, Qinghai, Ningxia, and Xinjiang. This division is the latest
regional classification officially provided by the Chinese government. The distribution of the eight
regions is shown in Figure 2. For a long time, significant differences in the economic development
levels have existed among the different regions of China because of the historic suffering and causal
localization in districts. The North Coast, East Coast, and South Coast regions have higher levels of
economic development, whereas the Northwest and Southwest regions are relatively backward.

3.2. Data sources and Description

Three aspects of data sources are involved in calculating the CO2 emissions. The first aspect
of energy consumption data and the net calorific values of each type of energy are obtained from
the China Energy Statistic Yearbook [41-52]; the data include eight types of energy consumption in
30 provinces and each type of energy calorific value. The second aspect of cement production data
is obtained from the China Statistical Yearbook [52—70]; The data included cement production in
30 provinces. The third aspect of forests and green lands data is obtained from the China Forestry
Statistical Yearbook [71-88]; The data include an area of forests and green lands in 30 provinces.
The parameters in the IPCC guidelines of greenhouse gas emissions are used to calculate CO2
emissions. The proportion of cement clinker from industry report in recent years is used. All
parameters for calculating CO2 emissions are not listed in this paper. Moreover, the data on economic
development setting are obtained. The data are found in the 12th FYP of each province. There are
expectations and control of future economic development (Figure 3). The annual GDP figures of
30 provinces are obtained from the China Statistical Yearbook [52-70] and converted into
comparable prices with the 2010 figure. In the section on assessment of reduction pressure, the data
on historical emissions of provinces from 1995 to 2012, which were calculated by the method of
provincial CO2 emissions, were used.
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Figure 2. Eight-region division of the study area.
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Figure 3. Target setting in 30 provinces (a) China’s economic growth target in 12th FYP.
(b) China’s CO2 emission reduction target in 12th FYP.

Provinces with a traditionally high economic level, such as Beijing, Shanghai, Zhejiang, and
Guangdong, set a relatively low growth economic speed. The central and western provinces generally
lag behind those of eastern China because of uneven development of the regional economies.
In Figure 3a, the high setting growth provinces are nearly all in central and western China. The data
from China’s 12th FY work programs were used to control greenhouse gas emissions. This work
plan is the only existing intra-national reduction plan for CO2 emissions in China. The country and
each province have their own COz emission reduction targets (Figure 3b). According to this plan, the
national COz emission intensity should decrease by 17% in 2015 compared with the 2010 level. This
target is spread into 30 provinces and incorporated into the development planning of each province.
Unlike the economic growth setting, provinces in the high economy level (for instance, Tianjin,
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Jiangsu, Shanghai, Zhejiang and Guangdong) are bonded with high reduction targets of emission
intensity. The targets of the Middle Yellow River and Middle Yangtze River are consistent with
the national target which has a rather low reduction target in the Northwest and Southwest regions.
The reduction targets of Hainan, Xinjiang and Qinghai, as the lowest in all provinces, are
significantly different.

4. Results and Discussion
4.1. Composition of Provincial CO2 Emissions

The results of taking 2010 as an example to illustrate the composition of the three aspects in
the calculation of provincial CO2 emissions are shown in Figure 4. According to the results,
energy consumption remains the main source of CO2 emissions, accounting for more than 90% of

CO2 emissions in a province.
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Figure 4. Three aspects of provincial CO2 emissions.

The emissions from energy consumption are very close to the net provincial emissions. However,
differences exist between the calculation results of regional emissions from pure energy consumption
and the computing framework that is proposed by this paper. In some provinces, the emissions from
cement production cannot be ignored. Figure 4 shows that, the amounts of emissions from cement
production are evident in Hebei, Jiangsu, Shandong, Guangdong and Sichuan. In Guangxi, Sichuan,
Shandong, Hunan, and Chongqing, the proportions of emissions from cement production are greater
than 10%. According to the historical and statistical data, these provinces are the main cement
producers in China. Although the amount of CO2 sequestration is not obvious in most provinces,
Inner Mongolia, Heilongjiang, Guangxi, Sichuan, and Yunnan are exceptions. The absorption by
forests and green lands is also close to 10% of the emissions in 2010. Cement production and forests
cannot be ignored to accurately calculate regional CO2 emissions.
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4.2. Temporal and Spatial Variations of Provincial COz Emissions

The years 2005 and 2010 were chosen to analyze the variation in provincial CO2 emissions.
These two years represent the start and end years of China’s 11th FYP. The data can better reflect
the differences in CO2 emissions over the past development stage. The temporal variation of CO2
emissions is shown in Figure 5a. The temporal variation of emission intensity is shown in Figure 5b.
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Figure 5. Temporal variation in provincial CO2 emission (a) Variation of emissions in
2005-2010; and (b) Variation of emission intensity in 2005-2010.

The national emissions were calculated by summing the emissions from each province. The
national emissions are 7778.35 million tons (M) in 2005 and 11,623.04 Mt in 2010. The national
growth rate of CO2 emissions in this period is nearly 50%. The gap in CO2 emissions is clear among
the provinces. The maximal provincial emission is dozens of times higher than the minimal one. The
province with minimal emissions in 2005 is Hainan. Qinghai is the province with minimal emissions
in 2010. Shandong always has the highest emissions in these two years. Hainan had the fastest growth
rate of emissions because it had a low emission base in 2005 and a requirement of economic
development during this period. Beijing and Shanghai had the lowest growth rate because these two
metropolises paid more attention to controlling carbon emissions. Between these two years, the CO2
emissions of most provinces indicated significant growth, with growth rates of more than 60% or
even close to 100%. The national emission intensity is 3.91 tons per 10,000 CNY (t/10* CNY) in
2005 and 2.66 t/10* CNY in 2010. The decrease rate of the national emission intensity is nearly 32%.
The emission intensities at the national and provincial levels exhibited dramatic decreases in this
period. Only Hainan’s intensity increased, and its decrease rate is indicated in Figure 5b as a positive
value for convenience. Shanxi and Ningxia have the highest emission intensities at 14.10 and 12.74
in 2005 and 7.71 and 8.28 in 2010, respectively. They also had the most significant decrease in
emission intensity but still maintained the highest intensity in 2010 of mainland China. Between
these two years, the emission intensity of 29 provinces obviously decreased. The decreases were
from 20% to 40%.
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The variation in spatial distribution is also obvious. The unified grouping rules of emissions and
emission intensity were adapted to different provinces into four groups, reflecting variations in time
and space. Each group differs by 200 Mt in emissions and 2 t/10* CNY in emission intensity.
The distribution results are shown in Figures 6 and 7. The emissions of east China in 2005 and 2010
are the highest, decreasing gradually from east to west. The emissions of the provinces around
Beijing, which belong to the North Coast region, are significantly higher than those of the other
provinces. Moreover, Guangdong is one of the provinces where emissions are higher in 2005 and
2010. The emissions of the North Coast and Middle Yellow River regions are the highest according
to the rule of the study area division in 2005 (Figure 6a). The previous two regions and East Coast
are the highest in 2010 (Figure 6b). The CO2 emissions of provinces in the North Coast region from
2005 to 2010 are becoming much higher than those of the other regions. This distribution of CO2
emissions is more evident. Hebei and Shandong became the top two provinces with more than 800
Mt emissions. Other provinces, such as Xinjiang, Sichuan and Guizhou in the Southwest and
Northwest regions, obviously increased their emissions during this period.

The emission intensity of northern China is the highest in both 2005 and 2010. Unlike emissions,
the distribution of emission intensity rose from south to north in both 2005 and 2010. The provinces
in the South Coast and East Coast regions have the lowest emission intensities. Although these
provinces have high emissions, they also have high GDPs. A rule indicates that poor and backward
provinces have higher emission intensities.
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Figure 6. Provincial emission distribution (a) CO2 emissions in 2005; and (b) CO2
emissions in 2010.

The Northwest, Middle Yellow River and Southwest regions have the highest intensities of CO2
emissions in 2005 (Figure 7a). The obviously high intensity in 2010 (Figure 7b) was distributed in
the Northwest and Middle Yellow River regions. From 2005 to 2010, the intensity decreased for
every province, except Hainan, mostly because of the rapid growth in GDP and the low level of
energy utilization efficiency. The emissions in Hainan grew faster than its economic development.
Shanxi and Ningxia in central mainland China are clearly the two provinces with the highest emission
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intensity. The overall spatial-temporal variation of CO:2 emissions in 2005 to 2010 can be
summarized as follows: the emissions increased over time with a decreasing pattern from east to
west, and the intensity decreased over time with a rising pattern from south to north.
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Figure 7. Provincial emission intensity distribution (a) Emission Intensity in 2005;
and (b) Emission intensity in 2010.

4.3. Total Control of Emissions in 2015

Based on the reduction plan in the 12th FY of China, 2015 was set as the target year and 2010 as
the base year. According to the model of forecasting CO2 emissions in Section 2.2, the total control
in 2015 and increments during the 12th FY of CO: emissions were calculated. The results are
presented in Table 2 which includes the total control target of CO2 emissions in 2015. This target
was compared with the emissions in 2010 (Figure 8a).

The CO2 emissions of each province in 2015 are still increasing compared with those in 2010.
The provinces that have high emissions in the base year still have high emissions in the target year.
Shandong, Hebei, and Shanxi are the top three emitting provinces. They will emit more than
1000 M: emissions in 2015. The increment distribution of CO2 emissions in the 12th FY is shown in
Figure 8b. The increments are different among the provinces. Shanxi accounts for the maximum at
375.39 Mt, and Qinghai accounts for the minimum at 23.39 M:. All provinces, except Shanghai, have
20% or even more than 50% growth in the 12th FY. Beijing, Shanghai, Zhejiang, and Guangdong
are slower growth provinces in terms of CO2 emissions. The high economic development levels in
these regions force them to pay more attention to controlling CO2 emissions. They have gradually
limited their dependence on fossil energy contour carbon energy. By contrast, Hainan, Qinghai,
Shanxi and other poor western and central provinces need to maintain a high growth of emissions
at the present stage. On the right side of Figure 8a, a higher growth rate from Chongging to
Ningxia is shown. Provinces in this range belong to the west China region, which lags behind in
economic development.



Table 2. Provincial total control and increments of CO2 emissions.
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Emissions in

Increments in

Emissions in

Increments in

Province 2015 (M)  12th FY (M) Province 2015(M)  12th FY (M)
Beijing 175.15 29.78 Henan 857.87 186.11
Tianjin 276.22 82.72 Hubei 534.22 134.57
Hebei 1095.54 207.02 Hunan 429.94 108.30
Shanxi 1084.70 375.39 Guangdong 736.11 113.77
Inner Mongolia 899.53 291.89 Guangxi 250.35 65.29
Liaoning 975.60 269.54 Hainan 93.42 36.45
Jilin 379.06 119.92 Chongqing 263.46 87.31
Heilongjiang 493.52 160.14 Sichuan 552.87 172.61
Shanghai 333.79 53.33 Guizhou 364.85 118.39
Jiangsu 987.63 230.54 Yunnan 321.42 82.41
Zhejiang 568.46 90.82 Shaanxi 529.89 167.63
Anhui 469.95 118.38 Gansu 265.12 86.03
Fujian 32431 80.22 Qinghai 63.30 23.39
Jiangxi 260.57 74.26 Ningxia 207.15 67.22
Shandong 1488.18 308.65 Xinjiang 405.60 122.63
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Figure 8. Provincial variation in CO2 emission (a) Temporal variation of emissions in
2010-2015; and (b) Increments of emissions in 2010-2015.

COz emissions and emission intensity were classified by the same group rules in Section 4.2
(Figure 9). The distribution of CO2 emissions in 2015 is similar to 2010 and 2005 (Figure 9a). The
overall distribution indicating that east China has higher emissions than west China has not changed.

The North Coast and Middle Yellow River regions remain those with the highest emissions. The one

obvious change is that the emissions of more provinces are over 800 Mt. The distribution of these

high-emission provinces indicates that Beijing is a center of expansion. Moreover, Guangdong in the

South Coast is now in the top emissions group. The Middle Yangtze River represents the region of

higher growth in emissions for this period. Hubei, Hunan, and Anhui belong to this region. Many

provinces in central and western China have significant emission growths, including Shanxi and
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Henan in Middle Yellow River and Sichuan and Xinjiang in western China. The emission intensities
of all provinces have decreased because the reduction plan in this period focuses on decreasing the
emission intensity. The distribution is high in the north and low in the south (Figure 9b). Although
the emission intensity is expected to decrease significantly after the provinces execute their own
reduction targets, previous high-intensity provinces still have higher emissions than the others.
Ningxia, Xinjiang, Inner Mongolia, Guizhou, and Shanxi are the best representatives of the provinces
and still belong to the higher groups with intensities. Conversely, Gansu and Hebei no longer belong
to the higher groups with intensities of 4-6 t/10* CNY. The Northeast, North Coast, East Coast, South
Coast, and Middle Yangtze River regions belong to the lower-intensity groups. Emissions and there
intensity are predicted to show large changes in their time and space after the reduction plans.
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Figure 9. Provincial emissions and emission intensity distribution (a) CO2 emissions in
2015; and (b) Emission intensity in 2015.

Based on the same assumptions described in Section 4.2, the national CO2 emissions and emission
intensity in 2015 can also be calculated. The results show that the national emissions are 15,687.76
M and intensity is 2.24 t/10* CNY. If fully in accordance with the national emission reduction target
compared with the 2010 level, the national emission intensity needs to decrease to 2.21 t/10* CNY
and the national emissions to 15,464.42 Mt. The national emissions increased by nearly 4000 Mt
compared with the level in 2010. According to the definition of completion of the national reduction
target, the end result is 92.95%. The national emission intensity decreased by 15.80%. This value is
extremely close to achieving the national emission reduction plan.

4.4. Assessment of Reduction Pressure

The CO2 emissions of every province were forecasted in 2015 using historical emission data from
1995 to 2012. These historical data on emissions were all calculated by the model described in
Section 2.1. The forecasting values of 2015 and D index results are shown in Table 3.



Table 3. Forecasting emissions in 2015 and D index.
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Province Forecasting D Index Province Forecasting D Index
Value (M) (M) Value (M) (M)
Beijing 140.29 —34.86 Henan 715.48 —142.39
Tianjin 27291 -3.31 Hubei 533.75 —0.47
Hebei 1068.03 —27.52 Hunan 349.23 —80.71
Shanxi 762.57 -322.13 Guangdong 738.64 2.53
Inner Mongolia 917.59 18.06 Guangxi 394.00 143.65
Liaoning 830.40 —145.21 Hainan 79.65 —-13.77
Jilin 323.14 —55.91 Chongqing 245.63 -17.83
Heilongjiang 404.04 —89.48 Sichuan 407.03 —145.84
Shanghai 295.52 —38.27 Guizhou 344.96 -19.89
Jiangsu 917.04 —70.59 Yunnan 258.07 —63.35
Zhejiang 507.38 -61.07 Shaanxi 557.72 27.83
Anhui 467.23 -2.72 Gansu 250.64 —14.49
Fujian 327.92 3.61 Qinghai 88.80 25.50
Jiangxi 227.08 —33.49 Ningxia 314.20 107.05
Shandong 1257.30 —230.88 Xinjiang 632.04 226.45

Logistic curves effectively describe the historical CO2 emissions of each province. A difference
exists between the forecasting value and total control value in 2015. According to the definition of
index D, a positive value signifies that the total control emissions are less than the forecasted value,
which indicates that total control is not adequate to normal development demand. A greater value D
indicates greater pressure. Xinjiang, Guangxi, Ningxia, Qinghai, Shaanxi, Inner Mongolia, Fujian, and
Guangdong are expected to have reduction pressure. These provinces are distributed in the Northwest
and South Coast regions in mainland China. By comparing the provincial increments of CO2
emissions in the 11th FY and 12th FY, the P index was calculated. A ratio of 50% was used as group
rule for classification, and the P value was used to classify four groups. The distribution result is
shown in Figure 10.

P value that is greater than 100% indicates that the control increments of emissions in the 12th FY
are less than those at the 11th FY level. A greater P value corresponds to greater pressure to reduce
emissions. The reduction plan in the 12th FY is difficult to produce. Zhejiang and Guangdong are in
the first group of pressure, and they belong to the East Coast and South Coast regions, respectively.
Hebei and Shandong in the North Coast region; Shaanxi, Henan and Inner Mongolia in the Middle
Yellow River region; Hubei and Anhui in the Middle Yangtze River region; and Fujian and Hainan
in the South Coast region are in the second group of pressure. The second group of pressure also
includes Xinjiang and Guangxi, which belong to the Northwest and Southwest regions, respectively.
The same groupings were found in the results of index D and P calculation. Xinjiang, Inner Mongolia,
Shaanxi, Guangxi, Guangdong and Fujian have greater reduction pressures in the 12th FY. The South
Coast and Northwest China regions have a greater reduction pressure of emission intensity.
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Figure 10. Distribution of P index.

The verification of the predictions is attempted based on the latest available data on provincial
emissions in 2012. Provincial emission intensity is calculated in 2012 to estimate their completion
of reduction plan compared with the level in 2010 (Table 4).

Table 4. Provincial completion of reduction plan in 2012 and incompletion before 2015.

Province Completion Incompletion Province Completion Incompletion
in 2012 before 2015 in 2012 before 2015

Beijing 19.15% -1.15% Henan 14.92% 2.08%
Tianjin 16.63% 2.37% Hubei 9.67% 7.33%
Hebei 6.47% 11.53% Hunan 11.13% 5.87%
Shanxi 7.06% 9.94% Guangdong 10.09% 9.41%
Inner Mongolia —2.98% 18.98% Guangxi —11.01% 27.01%
Liaoning 9.78% 8.22% Hainan —2.34% 13.34%
Jilin 11.00% 6.00% Chongqing 14.04% 2.96%
Heilongjiang 8.03% 7.97% Sichuan 18.95% —1.45%
Shanghai 12.70% 6.30% Guizhou 4.11% 11.89%
Jiangsu 4.38% 14.62% Yunnan 13.46% 3.04%
Zhejiang 12.69% 6.31% Shaanxi -0.22% 17.22%
Anhui 10.02% 6.98% Gansu 3.99% 12.01%
Fujian 8.15% 9.35% Qinghai —17.48% 27.48%
Jiangxi 9.18% 7.82% Ningxia —13.72% 29.72%
Shandong 9.13% 8.87% Xinjiang —11.44% 22.44%

As of the end 0f 2012, Beijing and Sichuan had completed their reduction targets. Some provinces
whose emission intensity reached a higher level than those in the 2010s are Qinghai, Ningxia,
Xinjiang, Guangxi, Inner Mongolia, Hainan, and Shaanxi. Therefore, before the end of 2015, they
faced great pressure to complete their reduction targets. Moreover, Fujian, Guangdong, Gansu, and
Hebei had to decrease their emission intensity to nearly 10%. From 2013 to 2015, a greater reduction
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pressure is basically concentrated in the South Coast and Northwest China regions. These calculation
results are consistent with those from the aforementioned two pressure indices.

5. Conclusions

A new computing framework was proposed to calculate provincial CO2 emissions from 2005 to
