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EXECUTIVE SUMMARY 
How quickly times change! When this study was conceived and planned in the latter 
stages of 2011 the “shale gas revolution” was just hitting its stride, the United States had 
not risen to the top of the world’s oil producers and ceded its position as the world’s 
leading oil importer, as it will soon (Zhdannikov 2013). This is a dynamic period in the 
energy manufacturing sector, because, not only has the rise in the price of oil driven non-
traditional hydrocarbon reserve exploitation, but solar, wind, and biomass energy 
conversion systems have also been undergoing rapid innovation and larger scale 
deployment as this report will reveal. 
For renewable energy generation to be competitive with traditional fossil energy in the 
short to medium term, 5-20 years, will require system innovations at many levels, not just 
in manufacturing technology. For example, the cost of photovoltaic (PV) panels has 
dropped significantly in the last five years. However, this has revealed that other system 
elements, such as customer acquisition, permitting, and installation costs must also be 
driven down to make PV power competitive (Ardani et al. 2012). Large wind turbines are 
often best located in places that are remote from population centers, requiring new power 
lines and grid management systems. Wide scale deployment of renewable power, 
coupled to solar and wind resources that are inherently variable, may be hampered by a 
lack of large scale electricity storage options. Therefore, systems engineering, and 
particularly comprehensive systems modeling, have a vital role to play in ensuring that 
system elements outside of the direct conversion of renewable energy sources are 
identified for innovation, and their interactions should be included as part of the design. 
Innovations in both the traditional hydrocarbon energy sector and the renewable sector 
have been driven by different national policy environments. In the United States, the 
revolution in production of oil and natural gas liquids has been driven by a strong 
entrepreneurial culture among smaller companies. They have been able to exploit 
unambiguous mineral property rights, an open access pipeline infrastructure, and a 
mature exploration industry base. In Europe, the wide scale deployment of solar and wind 
power has been driven by government policies that set aggressive targets for renewable 
power generation, provide subsidies for installation and tariff support, and disfavor or ban 
nuclear power. In Asia, a variety of governmental structures, rapid economic growth, 
enormous variation in population densities and sophistication, combined with new 
environmental awareness lead to a bewildering array of drivers for technological change. 
The complex local, regional, national, and international social and political environments 
are a backdrop to the research programs that are described in this report. It is clear that a 
systems view of energy manufacturing must embrace the policy dimension, and that 
systems engineering must strengthen its inclusion of these views. 
What has this study revealed about the status of worldwide research and education for 
renewable energy manufacturing? First, in education, Europe has established mature 
degree granting programs to educate the next generation of professionals in renewable 
energy, and these programs have a systems component. This reflects the structure of 
European higher education, where the entry degree is now at the master’s level and a 
five-year program is the norm. This allows for a general engineering education over the 
first three years, leading to a non-terminal bachelor’s degree, followed by a two-year 
program, maybe at a different institution in a different country, that specializes in a topic 
such as renewable energy. This same level of educational maturity for renewable energy 
programs is not common in the United States, although there are specific programs at 
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certain institutions that are developing this capability, such as the Wind Energy Minor at 
Iowa State University (Iowa State 2013). 
Second, the manufacturing of renewable energy is likely to vary considerably in different 
countries, and to be highly dependent on whether a grid or distributed energy generation 
system is in place or evolves. This diversity of research objectives and resulting inventions 
was very apparent in the study. The prime example was India, compared to nations with 
existing sophisticated grids. Research in energy system manufacturing will reflect the 
overall configuration of these energy systems. For example, in India there is likely to be 
significantly greater need for small scale biomass-to-energy converters, wind turbines, 
and photovoltaic systems where the emphasis is on ease of operation and maintenance 
(“appropriate technologies”) rather than efficiency. The development pathway of countries 
will shape their research needs. For another example, a more urbanized, high density 
population may not be suited to distributed generation, but will have greater opportunity to 
utilize combined heat and power systems. A smaller, high-population-density population, 
as in Singapore, will not be using domestic biomass as a core energy resource, which is 
more suited to the United States, but not to India, where competition for biomass 
resources is already high. The national cultural aspects of the technology cannot be 
ignored in any system solution and hence the research that will support it. 
Third, several of the programs visited were exemplary. Here we might highlight the 
Fraunhofer Institute in Freiburg, the Danish Technical Institute, and University of Uppsala. 
All had strong industrial collaborations and hands-on activities that had systems thinking 
embedded into the research programs, their evaluation, and overall objectives of reducing 
system cost and improving system performance. These programs were engaged in 
systems engineering, without necessarily using formal systems tools, models or 
technology. However, the approaches to design problems could be strengthened. Often 
no formal methods for reasoning and decision making under uncertainty were used, and 
more appreciation of problems with decision making in groups would be beneficial. The 
latter is a provably difficult area of decision making that transitions into game theory. The 
general absence of these considerations within renewable energy manufacturing research 
groups is an opportunity for systems engineering to improve outcomes. 
Overall, there is much to be positive about regarding renewable energy manufacturing 
and the role that systems engineering must play in its successful development. The truly 
hard questions of systems engineering and collective decision making under substantial 
uncertainty in a dynamic environment are embedded in designing renewable energy 
technologies that mesh with existing energy infrastructure. Hence we can make progress 
on these important questions in a field that has truly significant implications for our 
collective, global future. The Times They are A-changin’. 

Matthew Realff 
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CHAPTER 1 

INTRODUCTION 
Matthew Realff 

BACKGROUND 
An important challenge of the 21st century is the development of clean and renewable 
energy supplies. There are many candidate technologies including: wind, tidal, 
geothermal, nuclear, solar, biomass and direct conversion of sunlight, air, and water to 
hydrocarbon fuels. Each has been demonstrated at scales ranging from laboratory to 
prototype. However, to have a significant impact on world energy supplies, they must 
undergo scale-up by orders of magnitude. This demands systems engineering at a level 
never before achieved. Thus, the main purpose of this study is to examine the current 
state-of-the-art of systems engineering and systems engineering education to determine 
what research and pedagogy are needed to prepare the nation to meet this challenge. 
While the manufacturing and energy sectors have traditionally been separate and distinct, 
they are likely to merge over the next few decades with the emergence of clean and 
renewable energy supplies, as the generation of renewable energy requires a shift from 
resource recovery to manufacturing. Not only will this trend address the nation’s energy 
supply needs and protect the environment, but it also holds the potential to more than 
double the size of the U. S. manufacturing sector, creating tens of millions of new jobs. 
However, the rate at which these sectors merge is strongly dependent upon the 
economics of renewable energy alternatives. These in turn depend on the degree to which 
alternative energy systems can be designed, optimized and integrated into the overall 
energy supply network. This need for system optimization and integration is what drives 
the demand for better systems engineering. Indeed, systems engineering is likely to be 
the driving factor in manufacturing competitiveness for clean and renewable energy 
supplies, and it may have a very significant impact on the nation’s balance of trade. 
An accurate evaluation of the status of systems engineering requires an assessment of 
current practices on a worldwide basis. Although broadly based, this assessment focuses 
on the status of systems engineering in support of clean and renewable energy sources 
that appear to have high potential to replace nonrenewable fossil fuels. The assessment 
was accomplished through visits to institutions around the world identified as having 
developed the most advanced capability for systems engineering. These visits helped 
identify the worldwide strengths and gaps in systems engineering capabilities and the 
efforts being made to close those gaps, particularly in academia. Finally, the study 
identifies actions that the U.S. might employ to take the lead in the development of 
systems engineering for energy manufacturing, and to take or maintain the lead in 
systems engineering education. This will better position the U.S. to both train an 
engineering workforce and to provide the underlying academic research needed to lead 
the nation and the world into an era of secure and abundant energy supplies. 



2 1. Introduction 

Bibliometrics shows the skyrocketing interest in renewable energies—from 798 papers in 
the Science Citation Index in 2008, to 2176 just four years later. Using a simple filter, the 
U.S. leads the world in R&D on renewable energies. It published 1639 papers in the last 
four years, which was about the same as the next three countries combined: China (632), 
Germany (587) and England (579). Thus there are plenty of opportunities to learn from 
research overseas. 

BASELINE WORKSHOP 
A preliminary “baseline” workshop was held at NSF on April 30-May 1, 2012. The 
workshop speakers presented an overview of the research activities in North America, as 
a prelude to studies abroad. The workshop revealed that, although substantial research 
has been accomplished, there was much to be done. It was also clear that there was 
much to be learned abroad--other nations have been making rapid progress (Realff 2012). 
The workshop speakers and their topics are listed below: 

• Panel Introduction and Overview of the Study, Matthew Realff, Georgia Tech 
• A Systems Approach to Green and Renewable Energy, Paul Collopy, U. of Alabama 

at Huntsville 
• Biofuels: Directly and Indirectly Tapping into Solar Power, Wayne Curtis, Penn State 
• Physics is Just the Beginning, Abhijit Deshmukh, Purdue 
• Systems Engineering Challenges: Manufacturing Clean and Renewal Energy 

Sustainably, Delcie Durham, U. of South Florida 
• Lithium-ion Battery Manufacturing for HEV/EV, Tae Hyung Kim, U. of Michigan 
• Systems Analysis of the U.S. Electric Power Sector, Paul Denholm, DoE 
• Manufacturing, Energy, and Sustainability, Thomas Edgar, U. of Texas 

(teleconference) 
• Engineered Surfaces for Efficient Energy Harvesting and Utilization, Kori Ehmann, 

Northwestern U. 
• Virtual Design & Manufacturing Analysis—System of Systems, Gil Weigand, ORNL 
• Decision Making Under Uncertainty, Ali Abbas, U.of Illinois at Urbana-Champaign 
• The Value of Interdisciplinary Energy Education, Marilyn Brown, Georgia Tech. 
• State of Practice of Model-Based Systems Engineering (MBSE), Sandy Friedenthal, 

Object Management Group 
• MBSE Supports Integrating SEEM Analysis, Leon McGinnis, Georgia Tech. 
• Trends in Process Systems and Manufacturing, Phillip R. Westmoreland, North 

Carolina State U. 
• Educating for SEEM, Stephen J. Sutton, U. of Maryland 

SCOPE OF THE STUDY 
The purpose of this study was to gather information on the worldwide status and trends in 
systems engineering as applied to renewable energies. Because of this broad scope, it 
was sponsored by all the divisions in the NSF Engineering Directorate: CMMI, CBET, IIP, 
ECCS, and EEC, plus the ENG head office. The study panelists gathered hands-on 
information on programs for system engineering and its education component abroad that 
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can be used by the U.S. Government to guide its own programs. This report intends to 
critically analyze and compare the research in the United States with that being pursued in 
Asia and Europe, to identify opportunities for collaboration, and to suggest ways to refine 
the thrust of U.S. research programs (the study was called SEEM for short: systems 
engineering for energy manufacturing). To obtain the intended benefits, this study focused 
on a range of issues in which the R&D occurring abroad will best inform our own 
government programs and the research community of the challenges, barriers, and 
opportunities. The study panel developed and refined the scope of the study, with the 
guidance of the sponsors. The scientific areas of focus for this study included: 

• What is the position of foreign R&D in systems engineering for clean energy 
manufacturing relative to that of the United States? 

• What are the barriers and gaps in achieving economic energy from renewable 
sources, and what can be learned about these from overseas R&D? 

• What are the major innovations and emerging ideas that are worth exploring here in 
the United States? 

• What are the opportunities for international collaboration to tackle bigger technical 
challenges by combining complementary resources and strengths? 

PRIOR WORK AT WTEC 
With core funding and management from the NSF Directorate for Engineering, WTEC has 
conducted more than 70 international R&D assessments. Other U.S. Federal agencies 
have also provided funding for various WTEC studies: DOD, DOE, several institutes at 
NIH, NIST, and most other NSF directorates. Recently, panels of experts assembled by 
WTEC have assessed Asian and European R&D in nanotechnology, catalysis by 
nanostructured materials, simulation-based engineering and science, and converging 
technologies. Full text versions of the final reports are available free at http://wtec.org. 
WTEC also compiles cross-cutting findings to help evaluate national positions in science 
and technology; a recent example is (Shelton and Leydesdorff 2012). 

METHODOLOGY OF THE STUDY 
A panel of experts (Table 1.1), nominated by sponsoring agencies, conducted this study, 
by using the WTEC methodology of peer reviews of research abroad, and by visiting the 
sites of the research institutions and researchers who are noted for the most advanced 
work. 

Table 1.1. Panelists and their affiliations 
Panelist Affiliation 
Matthew Realff (Chair) Georgia Institute of Technology 
Jian Cao Northwestern University 
Paul Collopy University of Alabama, Huntsville 
Wayne Curtis Penn State University 
Delcie Durham University of South Florida 
Ryne Raffaelle Rochester Institute of Technology 
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The study was organized at a kickoff meeting at NSF on April 30, 2012. The panel was 
divided into two subgroups to cover more territory. WTEC staffers accompanied the 
panels to help solve problems. Group A consisted of Realff, Raffaelle, and Durham, 
accompanied by Huband. Group B consisted of Collopy and Curtis , accompanied by 
Deshmukh and Lewison. The European site visits (Table 1.2 and Figure 1.1) took place 
during Oct. 6 -13, 2012. The Asian site visits (Table 1.3a and 1.3b and Figure 1.2) took 
place during Jan. 27 - Feb. 1, 2013. On the Asian trip Cao went instead of Durham, 
Foland replaced Huband, and Ali replaced Lewison. 

Table 1.2. Sites visited in Europe 
Country Site 
Group A: 
Denmark Danish Technical University, Lyngby 
UK University College London 
UK Imperial College, London 
Denmark University of Alborg 
Denmark Vestas Wind Systems, Arhus 
Germany Helmholtz Association, Berlin 
Germany Fraunhofer Inst., Surface Engineering, Berlin 
Germany Fraunhofer Inst., Solar Energy, Freiburg 
Group B 
Spain University of Almeria 
Switzerland EPFL 
Germany Technical University of Munich 
Sweden KTH, Stockholm 
Sweden University of Uppsala 
Netherlands Technical University of Delft 

 

Table 1.3(a). Sites visited in Asia by Group A 
Country Site 
China Shanghai Jiao Tong University 
China GE Global Research, Shanghai 
China Institute of Engineering Thermophysics, Beijing 
China Institute of Process Engineering, Beijing 
China NSF of China, Beijing 
Korea Samsung, Seoul 
Korea KEIR, Daejeon 
Korea Yeungnam University 
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Figure 1.1. Map of sites visited in Europe. 

 

Table 1.3(b). Sites visited in Asia by Group B 
Country Site 
India TERI, New Delhi 
India  Solar Energy Center, Gwalpahari 
India  Delhi Centre for Energy Studies  
India  IIT, Department of Social Sciences 
India  IIT, Mumbai 
India  CSTEP and Indian Institute of Science, 

Bangalore 
Singapore Energy Office, SERIS 
Singapore A*Star 
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Country Site 
Singapore Singapore University of Technology & Design 

 
Figure 1.2. Map of sites visited in Asia. 

The results were presented in a public workshop at NSF in Arlington, Virginia on March 
14, 2013. The workshop was webcast and placed in an archive; a link is posted at 
wtec.org/SEEM/. The full text of this report will be posted for free downloads at wtec.org 

OVERVIEW OF THE REPORT 
In Chapter 2, Ryne Raffaelle discusses photovoltaics. Chapter 3 is on biomass to biogas 
and bioenergy by Wayne and Matthew Curtis. Delcie Durham and Jian Cao have 
contributed Chapter 4 on manufacturing issues. Matthew Realff wrote Chapter 5 on wind 
energy systems. Paul Collopy wrote Chapter 6 on systems engineering, and systems 
engineering education. The Executive Summary by Matthew Realff at the beginning 
contains the key conclusions. 
Appendix A contains short bios of the panelists; Appendix B has the detailed trip reports 
from Europe; and Appendix C has those from Asia. A glossary of abbreviations and 
acronyms is given in Appendix D. 
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CHAPTER 2 

SOLAR ENERGY AND PHOTOVOLTAICS 
Ryne P. Raffaelle 

Abstract 
This study was performed was during an extraordinary period in the history of solar energy, 
arguably the most dynamic ever experienced by this segment of the renewable energy landscape. 
For example, while the production, deployment, reliability, and power being produced by 
photovoltaic (PV) solar cells were reaching record levels, more new cell performance world records 
were achieved than ever before, and prices were at an all-time low. Moreover, the market was also 
experiencing bitter international trade wars and an unprecedented oversupply. PV companies were 
going bankrupt at rates never before seen. However, the study found a remarkable worldwide 
consensus on what was required to continue the growth of this field in terms of research, 
education, training, and the construction of a mature appreciation of the need for and the use of 
systems-engineering thinking. 

INTRODUCTION 
Most of the sites visited had some connection to the solar energy industry. Although many 
aspects of renewable energy production and distribution were being studied at the various 
sites, it was clear that the enormous potential related to solar energy in particular was 
being recognized. The majority of attention was focused on flat-panel PV energy 
conversion in comparison to concentrated photovoltaic (CPV) or solar thermal energy 
production (Figure 2.1). There was a consensus that large-scale solar thermal and CPV 
plants would have a place in future energy generation portfolios, especially in places of 
low land costs and large amounts of direct sunlight (i.e., Gobi desert, North Africa, Spain, 
Desert southwest of the United States). However, certain remote locations must also deal 
with the problems associated with distribution. Some solar thermal approaches hold the 
added consideration of energy storage and thus present some interesting opportunities. 
Nevertheless, the vast majority of the solar energy activities observed in the study were 
related to PV, and thus form the majority of this chapter. 
Of this PV related activity, much research and development attention was directed 
towards new materials and thin films approaches to PV energy production. Chief among 
these were copper indium gallium diselenide (CIGS), copper zinc tin sulfide (CZTS), and, 
to a lesser extent, organic photovoltaics (OPV). However, considerable effort was still 
being directed at the more established and commercial crystalline-silicon products. 
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(a) 

 
(b)  

(c)  

(d)  
(e)  

(f)  

(g)  
(h)  

(i)  

Figure 2.1. Various approaches to capturing solar energy. 

(a) PV cell schematic, (b) Si PV cell, (c, d) PV modules and array, (e) PV 
concentrator array, (f) solar thermal schematic (g) solar thermal trough, (h) 
solar thermal array, and (i) solar thermal plant. 

GROWTH THE WORLDWIDE PV INDUSTRY 
The attention being paid to PV worldwide is understandable given the explosive growth in 
the industry (Figure 2.2). The global production exceeded 32 GW in 2012, and it is 
estimated that PV is now a $300 billion business. In addition, the PV market has been 
growing at over a 50% compounded annual growth rate for over a decade, and in 2011, 
deployment grew by over 100% in both the United States and worldwide. Although 
worldwide deployment slowed slightly in 2012 due to the worldwide economic slow-down, 
PV deployment still grew by an astonishing 76% in the United States in 2012, exceeding 
most predictions. 
Of course, with this growth in deployment, the amount of solar energy being delivered is 
growing commensurately. In fact, Germany produced a new world record of 22 GW 
(189.24 GWh) produced on May 25th, 2012. The United States also reached a watershed 
moment in March of 2013 when 100% of the new energy on the U.S. grid came from solar 
power, according to the latest data from the U.S. Federal Energy Regulatory Commission 
(FERC). 
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Figure 2.2. Worldwide PV production per year from 1990-2011 (Source: GTM 

research). 

PV MATERIALS SYSTEMS 
Crystalline silicon continues to dominate the type of PV being deployed worldwide and 
accounts for approximately 85% of the market. Thus, the attention seen around the world 
for its continuing improvement is justified. However, a number of other materials systems 
are also now being deployed at scale. Primary among these is cadmium telluride (CdTe). 
In terms of R&D activity, however, there appeared to be more attention devoted to CIGS, 
presumably due to the fact that those laboratory cells have achieved higher efficiencies 
than CdTe cells. There may well be some advantages regarding availability and the 
handling of materials although both systems do have their challenges. Roll-to-roll 
production of amorphous Si still receives a fair amount of attention from the various PV 
institutes. In addition, the potential for thin films for material utilization, production cost, 
and the use of low-cost flexible substrates that would be suitable for building-integrated 
photovoltaics (BIPV) was recognized across the site visits. There was a strong desire to 
move away from glass substrates and to eliminate cover glass, but also the recognition 
that considerable R&D will be necessary before such devices are ready for large-scale 
commercial deployment. 

Worldwide PV Manufacturing 
Contributing to the explosive growth of the PV marketplace recently is the emergence of 
China as a major producer of PV. China alone accounts for over 45% of worldwide 
production of PV, and together with Taiwan, accounts for 66%. Although manufacturing 
capacity did continue to grow in both Germany and Japan (two of the other traditional 
manufacturing leaders), their market shares have continued to decline. 
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Figure 2.3. PV production by country vs. time (Earth Policy Institute (EPI)). The U.S. 

market share is also shown. 

Worldwide PV Deployment 
While this study was being performed, Germany and Italy continued to dominate the 
international deployment of PV. The deployment activity in China received the most 
attention, however. This was not surprising considering that deployment in China had 
grown by 470% in 2011. China jumped from being ranked 7th in the world in PV 
deployment in 2010 to 3rd in 2011, and even exceeded the United States. Nevertheless, 
deployment in the United States still grew dramatically. In 2012, the United States 
accounted for over 10% of the worldwide market as compared to less than 5% in 2010. 
France also showed dramatic advances. Conversely, Spain fell out of the top ten, after 
leading the world only a few years earlier. 

PV EFFICIENCY IMPROVEMENTS 
Another development in the PV industry at the time of the SEEM study was the rate at 
which new, world record cell performance was being demonstrated across almost every 
material system. Many systems had demonstrated no improvement at all for years. It was 
hard to determine whether the excitement in the market was driving the research, or the 
research was driving the market. It was likely a little bit of both. New cell efficiency records 
were demonstrated for multi-junction concentrator III-V (> 44%), 1-sun multi-junction III-V 
(>35%), thin film GaAs (>29%), thin film Si (>20%), thin film CdTe (>18%), thin film 
amorphous Si (>13%), thin film copper zinc tin sulfide (CZTS) (> 11%), dye-sensitized 
solar cells (DSSC) (>11%), and organic photovoltaics (OPV) (>10%). Improvement in cell 
efficiency translates through the entire value chain of a PV system. This improvement in 
both the commercial and pre-commercial materials systems will help the market both now 
and in the future. 
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Figure 2.4. Top ten PV producers by country in 2011 (Solar Buzz 2013). 

PV RELIABILITY 
A very important factor of this study was the sustainability of the new renewable energy 
systems being developed and deployed; as a result, the economic aspects of the 
technology received much attention. For large-scale energy systems, the economic 
payback must be amortized, often over considerable periods of time. Thus, system 
reliability was a consideration that merited investigation. 
The standard warranty in the PV industry is 80% of the beginning-of-life (BOL) 
performance after 25 years. This obviously requires a degradation rate of less than 1% 
per year. The chances are extremely good (i.e., 98%) that if it is a crystalline Si array 
manufactured after the year 2000, it will meet the warranty. In addition, even thin films that 
had a somewhat more challenging time meeting their warranties when they first started 
being deployed have demonstrated an excellent track record since 2000. 
There was concern raised over the value of warranties available today in the PV 
marketplace. With the current market volatility, the value of warranties has decreased 
significantly. That is, what good is a warranty if the company goes bankrupt? Also, serious 
questions have surfaced about the quality control of the large number of arrays from 
China. This seemed to cast a pall over the otherwise remarkable reliability of the industry. 
New warranty models were also being presented at the time of this study. Variable 
warranty rates (i.e., longer warranties with higher rates) and third party warranty options 
started to appear. The issue of warranties is also convoluted with new, third-party 
financing options which are also beginning to appear in the market (i.e., rent-to-own, 
lease, buy-back options, etc.). 
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Figure 2.5. Photovoltaic Record Cell Efficiencies Chart (NREL 2013). 

 
Figure 2.6. Published degradation rates for 1360 installed PV systems (NREL 2013). 
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PV PRICING 
Improvements in performance, increased competition, economies of scale, and global 
oversupply have all combined to dramatically decrease the average crystalline silicon 
prices. Prices dropped by over 40% in 2011 alone (Figure 2.7). Prices declined around 
$3/Wp in 2009 to almost $1/Wp by the end of 2011. Large differences do exist between 
prices for residential, commercial, and utility-scale deployments. Unfortunately, there was 
concern that the prices were being artificially deflated by manufacturers who sold below 
cost (i.e., 5-10% below spot price), perhaps to drive competitors out of business. That 
being said, PV prices continued to decline during the course of this study, and predictions 
are fairly uniform regarding the continuation of this trend. 

GLOBAL MARKET 
PV is a global marketplace. All the companies and organizations visited are connected to 
other organizations all over the world. The United States stands in an interesting light in 
this context. Its technical leadership is held in high esteem, especially through the heritage 
of the Solar Energy Research Institute (SERI), now the National Center for Photovoltaics 
at the National Renewable Energy Lab (NREL). Additionally, although the U.S. commands 
just a small percentage of worldwide PV manufacturing, and thus its deployment has 
trailed many other regions, the U.S. is still viewed at an “800-pound gorilla.” Such is still 
the case, even after the tremendous build-out in both manufacturing and deployment. The 
consensus is that although lack of manufacturing and installer base and poor regulatory 
environments in the United States have limited deployment, this is likely to change. The 
U.S. market is seen as big prize on the horizon, and the expectation is that manufacturing 
in the United States will be a force to be reckoned with once this market truly opens up. 

 
Figure 2.7. Crystalline Si solar cell spot prices versus quarter for 2009-2011 (GTM 

Research 2013). 
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The PV market was in turmoil during the time of this study. SolarWorld had just filed suit 
against Chinese PV manufacturers for dumping on the world market. The International 
Trade Commission voted 6 to 0 in favor of the petition. The U.S. Department of 
Commerce applied tariffs (24%-36%) on Chinese panels (made with Chinese cells), 
specifically targeting the two largest manufacturers Suntech and Yingli. Suntech 
announced shortly thereafter that it would cease panel production in the United States. 
Then, after an unsuccessful bid to restructure their debt, Suntech declared bankruptcy 
earlier this year, ending speculation that the Chinese government would rescue them. 
China reciprocated by launching its own probe into polysilicon price fixing by the United 
States. 
The European Union also launched its own investigation into dumping by the Chinese PV 
manufacturers and threatened to block the sale of the German-owned Q-Cells to the 
Chinese. The net result of much of this turmoil is that a large number of PV companies 
have gone out of business or have been acquired. For example, Hanwha Group from 
Korea acquired both Q-Cells from Germany and Solarfun from China. 
The PV industry reached a peak of approximately 340 companies worldwide in 2011. 
Nearly 100 of these companies had gone out of business by 2012. Forbes predicts 
another 180 panel manufacturers will go out of business by 2015. Against this backdrop of 
closure, international competition, and consolidation, the effects of the exploding market 
were seen everywhere during this study. Large PV systems were a common sight in many 
of regions visited by the WTEC panel (Figure 2.8). 

SYSTEMS ENGINEERING 
There was considerable appreciation of the need for a systems-engineering perspective 
by the PV industry professionals interviewed. Much of the success of the industry to date 
was credited to this type of thinking. This included the manufacturing scale-up required to 
transition from bench cell devices to the automated production of MWs of cells and arrays, 
and to the deployment and operation of a 50 MWp solar energy power plant. The days of 
a singular focus on solar cells have passed. Certainly there is much fundamental research 
being done on cells, including attempts to develop new and improved materials, however, 
even this is now being conducted with the understanding that it is a piece of a much larger 
system—realistically, a system of systems. As it turns out, the cell—and even the 
module—are no longer overarching considerations when it comes to cost (Figure 2.9). 
Rather, more attention is now being directed toward the balance of systems. The 
components of the overall system now represent a substantial fraction of the PV value 
proposition and thus present a great opportunity for improvement (Figure 2.10). 
The need for this broad understanding, derived from a systems-engineering perspective, 
for PV is underscored when considering all the issues that can influence the ultimate 
deployment. Many of these issues also explain why there has been such volatility in not 
only the PV marketplace, but in the renewable energy marketplace more generally. For 
example, grid issues (stability, right of way, etc.), feed-in-tariffs, net metering, portfolio 
standards, tax incentives and subsidies, legislative whims, entrenched special interests, 
no nukes, not-in-my-back yard (NIMBY), and cheap natural gas were topics that came up 
in most of the discussions at the sites visited. 
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(c)  (d)  

(e)  (f)  

Figure 2.8 Large solar installations around the world. 

(a) 53 MWp PV power plant Lieberose near Cottbus, Germany, (b) GCL 
Poly built 20 MW plant in China, (c) 23.2 MWp MEP Solar Lucainena de 
las Torres PV power plant, Andalusia, Spain, (d) 11 MWp Martifer solar 
array in Caltagirone, Sicily, Italy, (e) Jo-Town Kanokodai, Kita, Kobe, 
Japan, (f) Conergy’s 24 MWp Sin-An solar park in South Korea. 
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Figure 2.9. Balance of PV system cost compared to module price over time expressed 

as global installations (Navigant Consulting 2013). 
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Figure 2.10. Balance of system components for crystalline Si and CdTe. 

Markup on all materials (module, inverter, BoS) included in ‘Installer 
Overhead & Profit. Costs assumed were Residential $0.89/WDC, 
Commercial $0.55, Utility (fixed) $0.31 and reflects inventory costs 
(interest during construction), contingency (NREL 2013). 

The value of systems-engineering thinking was also seen as growing in importance. Early 
adoption markets in Japan and Germany (where small scale residential deployments 
dominated) were considerably simpler and more straightforward than the much larger 
scale and more competitive markets of the future (Figure 2.11). On one hand, the future 
deployment of PV will likely be in areas with considerably more sunshine than Germany or 
Japan (Figure 2.12). On the other hand, these deployments may bring some additional 
distribution and additional system challenges. 
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(a)  

(b)  

(c)  

Figure 2.11. Residential PV in (a) Japan plus (b) and (c) Germany. 

Systems-engineering training had clear value for, and applicability to, the PV industry. 
With international trade wars dominating the industry, worldwide PV oversupply, and PV 
companies failing at a record rate, the case was made that people who could understand 
the “big picture” and provide solutions to industry-wide challenges were essential to the 
industry’s growth. Solutions to the lack of reliable policy and established codes and 
standards were also necessary if solar energy was going to be able to compete with 
cheap fossil fuels. 
Solutions are also needed for the intermittency of supply and resource to load distribution 
challenges. Finally, the need for systems thinking was underscored by the realization that 
many of the challenges related to continued cost-reduction and growth in deployment are 
non-technical in nature and require a completely different set of skills than those normally 
associated with a traditional science or engineering discipline. 
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(a)  

(b)  

(c)  
(d)  

Figure 2.12.  Solar resource maps for (a) Japan; (b) Germany; (c) United States; and 
(d) China. 

GLOBAL UNDERSTANDING OF THE ISSUES 
Nearly all the sites understood the range of these challenges, both technical and non-
technical. A remarkable consensus was reached for research, education and workforce 
development, and governmental policy. To the question “What are the current challenges 
in conducting systems research for the manufacture of PV systems?” invariably the 
answers given addressed the need for better materials (i.e., Earth abundant, Earth 
benign) and high speed (roll-to-roll) manufacturing. However, this was always followed by 
the acknowledgement that “they cannot be developed without considering the entire 
system”—a definite sign that systems-engineering thinking has taken hold in the industry. 
The “availability of a baseline process” was the most common response to the question 
regarding the key technical barrier to the tremendous scale-up of PV manufacturing 
required to make a dent in the world’s energy supply (Figure 2.13). 

http://grid2.cr.usgs.gov/ms_demo2/swera/china/template.html?map=/edclxs25/www/ims/mapfiles/unep/china.map&program=/cgi-bin/mapserv&root=/edclxs25/www/htdocs/UNEP/ms_demo2/swera/china&map_web_imagepath=%2
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Figure 2.13. A standardized process and academic lab PV production lines (Helmholtz 
University 2013). 

Support for formal systems-engineering training appeared to be growing across the sites. 
Traditionally much of the training has been provided through “hands-on” activities and 
research, but many new programs with more formal systems-engineering curricula are 
now being introduced. These curricula are valuable to both academic and industrial 
sectors as students are interested in such training, and jobs for individuals with those 
skills are available. Although formal systems-engineering curricula were not well 
established at many of the universities visited, the systems-engineering culture was strong 
in the more PV-specific curricula (i.e., Fraunhofer, Yeungnam) (Figure 2.14). 
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(a)  (b)  

Figure 2.14. Research training at (a) Fraunhofer ISE and (b) Yeungnam University. 

One of the greatest differences between the United States and the rest of the world exists 
in the area of governmental policy. Obviously, many of the countries have very different 
political systems, approaches to the free market, and the role of subsidies and policies for 
renewable energy than does the United States. Those at every site noted how important 
government policy was to academic success, industrial progress, and energy sector 
transformation. The most striking difference between the United States and the rest of the 
world was the way in which the universities, national labs, and industries interact. Cultural 
partnerships between academia, industry, and government appeared much stronger in 
both Europe and Asia than they do in the United States. In Europe and Asia, there exists 
a healthy understanding of the shared responsibility for education and training across all 
sectors. Many of the programs that were presented would likely not be successful in the 
U.S. due to the issues of intellectual property and conflicts of interest that simply do not 
exist elsewhere. 
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CHAPTER 3 

BIOMASS-2-ENERGY 
Wayne R. Curtis with Matthew S. Curtis 

BACKGROUND 
From the perspective of the developed world, biomass as an energy source is often 
viewed as unimportant. However, biomass is a major player worldwide when traditional 
biomass uses, such as heating and cooking, are considered. The Food and Agriculture 
Organization of the United Nations (FAO) report (Martin et al. 2012) ascribes 10% of the 
world’s 2008 primary energy supply to combustible renewables and wastes. This is an 
amount three times higher than all other renewable energy sources combined. The 
International Energy Agency (IEA 2012) placed “traditional biomass” at about 6% (roughly 
half of total renewables) of the world’s 2010 primary energy use. Despite the skyrocketing 
energy demands of the world, primary photosynthesis is still estimated to capture energy 
at a rate more than six times the current world energy usage rate. An analysis conducted 
by the Department of Energy estimated that 30% of current U.S. liquid fuels could 
potentially be replaced by more sustainable biomass resources (DOE 2005). 
Biomass includes wood and agricultural byproducts as well as much societal waste that is 
employed in expanding efforts of “waste-2-energy”. However, essentially no biomass goes 
unused on this planet. It includes a dead tree that accommodates cavity-dwelling birds, 
organic material that is returned to agricultural soils, and the biomass that fuels the geo-
cycles that consume the vast quantities of methane on the bottoms of our lakes and 
oceans (which would otherwise escape as a greenhouse gas) (Elliott et al. 2011, Knittel 
and Boetius 2009). Thus, the use of biomass for energy production represents a 
displacement of biomass use from its current roles. 
Many different human applications of biomass for energy production were observed 
during site visits, as follows: 

• Direct Fuel: Cook stoves (TERI, Delhi); pelletized fuel and burners (Fraunhofer, 
Straubing) 

• Biogas: Landfill systems (CSTEP, Bangalore) anaerobic digesters (TERI, Delhi) 
• Syngas: Heat Pipe technology (TU-Munich), distributed power production (TERI, 

Delhi) 
• Bioethanol: Corn ethanol (Fraunhofer, Straubing) 
• Biodiesel: Fuel crops (Fraunhofer, Straubing); Palm oil (KIER, Daejeon) 
• Advanced Biofuels: Syngas fermentation (INEOS, Geneva) 
• Algae Biofuels: Photobioreactors, (Almeria), IIT (Bombay), Offshore systems (KIER, 

Daejeon). 
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In addition to these foreign sources, the baseline workshop for this study included 
descriptions of U.S. technology. 

BIOMASS AS DIRECT FUEL 
The FAO has estimated that 90% of the world’s direct use of biomass for heating and 
cooking comes from wood fuel. As pointed out repeatedly during our site visit to India, 
there are more than 300,000 people living in rural India (and roughly one-fifth of the 
world’s population) who lack access to electrical power. The sheer scope of traditional 
biomass use means that small improvements in technology represent a huge potential 
market. As much as 90% of per capita energy use still falls into this simple necessity of 
cooking food as in some African countries (Martin et al. 2012). 
In addition to the difficulty of estimating its magnitude, biomass to direct fuel is not readily 
tracked in terms of investment and implementation. One can find statistics on increased 
sales of pellet stoves or community adoption of district heating, but an individual’s 
decision to use a fireplace to minimize other home heating methods is not readily 
quantified. In this section we draw attention to initiatives that show how technology is 
impacting the biomass as direct fuel category, and is thus affecting a large fraction of the 
world’s human population, environment (deforestation) and general quality of life (food, 
health, warmth). 

United States - Direct Fuel 
Community district heating is not common in the United States, which is not likely to 
change since it is not compatible with sprawling suburban communities. However, there 
are myriad home heating companies that produce biomass burners to integrate into 
various heating modes including: recirculation of hot water, forced hot air, and the use of 
fireplaces. Pelletized fuel provides a renewable alternative to coal burners with higher 
energy density and reduced ash compared to wood. Figure 3.1 shows the Energex 
pelletizing plant in Port Royal, PA. The push towards renewable fuels and waste-2-energy 
has spurred extensive development of pelletized fuel from energy crops as well as wood. 

 
Figure 3.1. Energex pelletized fuel plant, September 2013. (Courtesy of the authors.) 

Pelletized fuel (Pellet Fuels Institute 2013) illustrates how the biomass to energy paradigm 
inevitably involves a competition for biomass among different developing technologies. Pelletized 
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fuel benefits from lumbering operations and associated waste, but U.S. pulp, paper, and lumber 
companies have become increasingly adept at reducing emissions waste and using cellulosic 
“waste” in composite building materials and other commercial products (Bird and Talberth 2009). 
However, many of these pulp and paper companies still have tremendous biomass loads sent to 
wastewater treatment facilities, and increasing air quality standards for “waste” burners are forcing 
the shutdown of many existing incineration and heat recovery operations. 

Americas (non-U.S.) - Direct Fuel 
The use of biomass for direct fuel depends largely upon the climate, with Canada having a 
far greater need for heating, and Brazil having large quantities of sugarcane bagasse for 
industrial applications. Canada has taken advantage of its forest resource, including 
lumber mill waste, to implement wood-fired community district heating, such as the plant 
at Charlottetown, Prince Edward Island (RETScreen.a 2009), which yields both heat 
energy from waste and 1.2 MW of electricity. The use of biomass for heat applications is 
particularly logical where heating requirements are located in close proximity to biomass 
processing such as kiln drying of lumber, as has been implemented in 1997 by Opeongo 
Forestry Service, in Ontario, Canada (RETScreen.b 2009). 
Sugar production has a large heat requirement for concentration and crystallization. The 
need for both process heat and bagasse disposal is an obvious match for industrial direct 
biomass firing (Adams, Whitehouse, and Maples 1978). Since fermentation of cane juice 
(~20g sucrose/liter) to bioethanol takes place with only minimal concentration, the 
alternative use of bagasse is heat for distillation. The potential for converting some of the 
sugar-cane cellulosic material to ethanol illustrates a systems-level competition for the use 
of biomass. 

Europe - Direct Fuel 
The supply of biomass for direct fuel used in Europe ranges from the desert shrub in 
southern Spain to the vast forests of Scandinavia. In 2012, northern European countries 
produced a total of 9.2 million m3 of wood fuels, whereas southern European countries 
produced only 2 million m3 (FAOSTAT 2013). The general availability of electricity, 
including hydroelectric, in the north is reflected in the predominant use of electricity rather 
than biomass for cooking. Similarly, the use of wood for cooking is generally not common 
in urbanized or “developed” countries. 
Specific Site Visit Notes. The Fraunhofer laboratory at Straubing, Germany has a 
research initiative related to the testing of pelletized fuels. This included a high bay facility 
with numerous instrumented pelletized fuel burners to provide information on reducing 
emissions associated with the use of these fuels (see the Straubing site visit report in 
Appendix B). 

Asia - Direct Fuel 
In the modern cities of Asia, the use of direct fuel is rare, but in rural, sparsely populated, 
and agricultural communities, it is still dominant. Other major factors are availability and 
low cost. Use of direct biomass for cooking is usually a last resort when the options of 
electricity or natural gas are not available. So-called marginal and unused lands are often 
a source of biomass for cooking. If these lands were to be placed into production to create 
biomass for other renewable applications (e.g., bioethanol), the competition between 
these two biomass applications could become a social issue. 
Although Africa was not part of the current study, its use of biomass for direct fuel is 
particularly noteworthy. In combination with population growth and regions that are 
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relatively arid, the issue of deforestation is critically important. As with rural India, the 
implementation of efficient cook stoves (e.g., Figure 3.2) represents a simple 
technological advance that could have tremendous social and environmental impact. 

 
Figure 3.2. Cook stove design improvement lab, TERI, Delhi. (Courtesy of W.R. 

Curtis.) 

Specific Site Visit Notes. During the WTEC panel’s visit to Delhi, it was 
uncharacteristically cold. Each night there were groups of people huddled around small 
fires on the side of the street. The haze that persisted throughout the day was a constant 
reminder of the importance of direct warmth provided by fire. At the Solar Research 
Center, which is outside the city, it was noted that solar availability in India is substantially 
impacted by the dust and smoke particulates which reduce the effectiveness of 
photovoltaic systems. 

BIOMASS TO SYNGAS 
The production of syngas from biomass (and coal, which achieves higher yields) has been 
utilized for over a century. Conceptually, the production of syngas involves adding 
sufficient heat to biomass to drive off the excess oxygen as CO2 and create a combustible 
gas mixture of carbon monoxide and hydrogen: 

  Biomass + heat → CO + H2 

Much of the technological advances of syngas generation have come on two fronts: 

• process designs to keep the concentrations of CO and H2 high and separate from 
other diluting gases 

• reducing tar and soot that result as the complex biomass mixture is thermally 
degraded 

Since the production of syngas requires heat input, the basic process designs reflect a 
need to achieve combustion of the biomass for heat, while keeping the byproducts of that 
combustion separate from the syngas product. In one process design, there are two 
separate chambers with heat transfer between them (e.g., TU-Munich “heat pipe” 
gasifiers). Alternatively there can be two chambers in which the different reactions are 
separated and the biomass is moved between the different chambers along with the heat 
(e.g., Battelle dual fluidized beds). 
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United States - Syngas 

There was considerable early work on syngas generation in the United States, such as 
the dual fluidized bed system that was taken to a demonstration scale (Feldmann, Paisley, 
and Appelbaum 1984). However, these efforts have diminished relative to other countries, 
likely due in part to the U.S. abundance of natural gas. 
Gasification is a relatively mature technology, which is utilized as a subsequent feedstock 
for combustion to generate electricity, conversion to liquid fuels, and even syngas 
fermentation. Thus, there are companies with extensive experience in providing 
commercialized processes. For example, Synthesis Energy Systems (SES 2013) has 40 
years of experience in the development of a fluidized bed system. 

Americas (non-U.S.) - Syngas 
A major hurdle to the use of biomass-derived syngas for efficient electrical energy 
generation has been the formation of tars and associated particulates (Han and Kim 
2008). This problem has reportedly been overcome through the use of plasma technology; 
full scale versions of this technology were being implemented in 2012 by Plasco Energy 
Group (PEG 2013). The plasma technology breaks down the tars to smaller more 
combustible gas mixture as a reliable feedstock for engines generating electricity. 

 
Figure 3.3. The Plasco-Ottawa garbage-to-syngas plant (courtesy of W.R. Curtis). 

Another Canadian company, Nexterra (Nexterra 2012), has extensive commercialization 
experience with syngas systems. In Sept. 2012, a combined heat (3 MWth) and power (2 
MWel) syngas system was installed on the University of British Columbia’s Vancouver 
campus. This group is also implementing a syngas steam generation system that utilizes 
wood processing residue (Kruger 2013). 
Syngas generation capacity is exceedingly low in Central and South America (NETL 
2013). There is considerable bagasse biomass available from sugarcane; however, heat 
generation for bioethanol and its original use in evaporation of sugarcane juice in sugar 
mills appear to account for current bagasse use for heating without resorting to syngas 
conversion. 

Europe - Syngas 
The production of syngas for subsequent use in electrical power generation has been 
under development for many years, including integration with short-rotation biomass 
production farms. One economic process analysis examined various engine and turbine 
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options (Bridgwater 1995). Tar contamination of engines seems to be a major contributor 
to the delay in major implementation of this technology. 
Fluidized-bed technology demonstration projects have been connected to the grid for over 
a decade; an example is in Guessing, Austria where wood chips are used as feedstock 
(Pröll et al. 2007). The major issues associated with expansion of biomass gasification are 
the low energy values, ash, water content, and higher carbon-to-oxygen stoichiometry. 
Higher thermal efficiency can be indirectly met by building syngas systems in conjunction 
with district heating, a strategy that suits compact European towns. This arrangement is 
particularly useful if it is integrated with a collection of waste for fuel within that same 
district. Community scale operations of 5 to 20 MWth of power make sense, particularly in 
northern Europe where colder climates simplify the use of district heating (Difs et al. 
2010). 
Air Liquide in France (Air Liquide 2013) has many decades of experience in syngas 
processing (primarily from coal). With the acquisition of Lurgi, the company has entered 
the market with a syngas generator that uses oxygen to minimize dilution of the syngas 
product with nitrogen (which occurs when air is used). In April 2013 a joint project with the 
French Alternative Energies and Atomic Energy Commission (CEA) was launched; they 
began developing the high-pressure oxygen combustion process for syngas. CEA will 
provide the systems engineering support for the biomass supply chain, biomass 
processing, and high-pressure injection into the oxy-burner. 
Cortus Energy (Cortus Energy 2013) in Sweden is commercializing a biomass-based 
syngas production process designed to produce a low-tar syngas that is not diluted with 
nitrogen, and does not require added oxygen. The process was demonstrated at the 5 
MW scale in 2013, and a 12-year contract to supply energy to the Nordkalk Limestone 
Processing Company has been signed. Outotec (Outotec 2013), a 100-yr-old Finnish 
company with extensive experience in fluidized bed biomass gasifiers, is also working on 
a syngas project; extensive experience with biomass is claimed, with production up to 50 
MWel. 
Advanced Plasma Power in the U.K. (APP 2013) is using plasma technology to break 
down the tar in syngas. A demonstration plant has been operating in Swindon since 2008 
to provide sufficiently clean syngas for direct use in gas-engine electricity generation. 
Specific Site Visit Notes. Substantial improvements to gasification technologies continue 
as demonstrated through impressive pilot-scale efforts at TU Munich. In the “heat pipe” 
reactor (HPR) design, heat transfer between the chambers is facilitated by hollow rods in 
which the melting and condensing of heat exchange salts facilitate the movement of heat 
from the combustion chamber to the syngas chamber. The CO2 and H2O from the 
exothermic biomass combustion, as well as the diluent N2 gas that comes from use of air 
in the combustion, are kept separate from the endothermic formation of syngas. Members 
of the WTEC panel also observed operational testing of biomass feeding technology and 
a “falling film” biomass gasifier (see the TU-Munich site visit report in Appendix B). 

Asia - Syngas 
India has made major efforts to utilize syngas as a way to provide renewable energy to 
remote villages (Palit, Malhotra, and Kumar 2011). Simpler gasifier designs have reduced 
efficiency and/or “contamination” of the syngas with diluting N2, and considerable issues 
of soot and tar accumulation. Maintenance costs could preclude implementation where 
labor costs are high, but in India inexpensive labor can be used to manage frequent 
brown-color maintenance. In addition, India has an existing distributed manufacturing 
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base that allows not only for regional manufacturing of small syngas systems by small 
companies, but also facilitates the regional adaptation of these technologies. The 
development of syngas generation in India has been supported by major academic efforts 
(Sharma 2011). Since the downdraft syngas design produces less tar, it may be the better 
option for decentralized power, even if it has reduced efficiency compared to more 
sophisticated designs. 
Specific Site Visit Notes. The development of distributed small-scale power generation 
based on relatively simple (and somewhat less efficient) biomass-based syngas systems 
by the TERI group has a potentially synergistic fit with improvements in the production of 
biomass energy crops. A goal of syngas-generated renewable energy is to provide 
sufficient power (about 10kW) for dispersed regional refrigeration to help food production 
and distribution. Unlike India, Singapore’s abundance of natural gas (and associated 
world-class plants for conversion of methane to liquid fuels via the Fischer-Tropsch 
process) provides tremendous capacity for electricity generation based on gas turbines. 
The comparative paucity of land and strict limitations on transportation systems make 
syngas from biomass or any other use of biomass for energy largely irrelevant in 
Singapore. 

BIOMASS TO METHANE (ZEROTH GENERATION BIOFUEL) 
The biological conversion of biomass to methane is typically termed biogas (renewable) to 
distinguish it from natural gas (fossil), but there is otherwise little difference in the end use 
as a fuel. It is also possible to produce methane from syngas, creating synthetic natural 
gas (SNG). It is worth noting that biogas can replace compressed natural gas (CNG), 
which is extensively used for transportation. CNG-powered three-wheel vehicles are 
common in India and China. In the United States, there are 112,000 compressed natural 
gas (CNG) vehicles, ~13% of 14.8 the million worldwide (AFDC 2012). In contrast, more 
than 60% of the CNG fleet in Sweden runs on biogas (NGVA 2012). 
Since methane is produced “spontaneously,” it can be readily implemented at scales from 
household generation to colossal scales in wastewater treatment plants. The biological 
production of methane illustrates the ability of organisms to effectively shuttle the energy 
from carbohydrates to a fully reduced carbon (Deppenmeier and Müller 2008). The 
production of methane from organic matter follows different pathways, with an important 
one being via acetate: 
  Biomass → CH3COOH + CO2 
  CH3COOH → CH4 + CO2 
In addition to raw biomass, reduced carbon compounds such as formate or methanol can 
be used. These alternative sources may either be in the biomass feedstock or produced 
by a consortium of organisms from a suitable feedstock. 
The theoretical maximum efficiency of energy capture from biomass energy content to fuel 
value of methane may be as high as 85% (Pöschl, Ward, and Owende 2010), although 
thermodynamic and process inefficiencies will necessarily reduce the recoverable energy 
(Deublein and Steinhauser 2008, p. 90). A critical aspect of this process is the transition to 
gas phase, which allows for passive separation and direct use with minimal or no 
processing. This process can be implemented in sealed anaerobic cement tanks, and 
even landfills serve as gas production “bioreactors.” There is tremendous flexibility for 
substrate composition, as well as no need for aseptic processing. Methane is routinely 
produced as part of many wastewater treatment processes in anaerobic digesters. There 
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is no need to market or transport biogas since it is typically used on-site for pumping or 
blowers for aerobic processes of the overall wastewater treatment process. 
Small-scale biogas use for cooking, like direct use of biomass for cooking, is difficult to 
track. Tens of millions of households using biogas and community-scale biogas facilities 
exist in Asia. Since the use is largely local, such biogas production may often not be 
counted when agencies attempt to estimate primary biomass–to-energy use. 

United States - Methane 
Methane from waste is incentivized by low (or negative) feedstock costs, as well as the 
existing infrastructure to gather trash and sewage. Municipal wastewater treatment 
facilities represent a large opportunity for methane production, as shown by facilities such 
as Deer Island, Boston (Figure 3.4). For such wastewater treatment applications, the 
energy produced is often used locally for pumping and gas compression. This production 
of energy helps to underwrite the energy costs associated with the overall treatment 
process that includes energy-intensive aerobic processes (Dufresne et al. 2010). In terms 
of manufacturing and systems engineering for implementation, the wastewater treatment 
industry is a difficult field for introducing new technology due to regulations. Also the focus 
on community-sponsored disposal is not conducive to new technology implementation 
(Jack McWhirter 2013). In addition, the overall systems analysis approach to waste is 
hampered by the separate legislations that have segregated environmental regulations 
into land, water and air (Tchobanoglous, Burton, and Stensel 2002). Finally, much of the 
U.S. wastewater treatment infrastructure—particularly in small communities—was 
subsidized for the purpose of improving water quality (Rose and Goldstein 1977). With the 
Federal government delegating this role to local communities, technology development 
has focused on incremental advances intended to increase capacity and comply with 
ever-increasing EPA regulations rather than to create energy. 

 
Figure 3.4. Wastewater treatment facility at Deer Island, Boston Harbor, highlighting 

egg-shaped methane digesters (courtesy of W.R. Curtis.) 
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Landfill gas (LFG) represents a unique issue and opportunity for biogas production. The 
capture of LFG mitigates its release to the atmosphere where its molar GHG potential is 
estimated at 23 times greater than CO2. Thus, the use of LFG for energy has tremendous 
environmental benefits. The LFG captured in the United States amounts to 2.6 million tons 
of methane per year; it is largely used for electricity and heat generation at scales of 0.3 to 
4 MW (Themelis and Ulloa 2007). Current landfill gas capture rates may represent as little 
as 10% of the current world potential. In 2013, there were 621 LFG energy projects in the 
United States, accounting for roughly 25% of the major municipal solid-waste landfill 
operations. 
In October 2013, “swamp gas” was commercialized by Clean Energy (Clean Energy Fuels 
2013). Due to tax incentives, this LFG under the trade name REDEEM® is available at the 
same cost as fossil natural gas (Cardwell 2013). The EPA has responded to this by 
suggesting that advanced biofuel RINs be granted for LFG or electricity generated from 
landfill gas used in electric cars, as a means of “accounting” for this production in the 
Renewable Fuel Standard (RFS). This illustrates the increasing interchangeability of 
energy in different markets as the pursuit of more efficient energy use creates diverse 
solutions. 
The EPA estimates that the potential for livestock biogas systems (greater than 8000 
farms are of sufficient size) could produce about 13 million MWh. This is roughly 
equivalent to three average sized U.S. coal-fired power plants. In 2002, the Dairy Power 
Production Program was undertaken to examine biogas generation implementation in a 
group of California farms (Western United Resource Development 2009). In terms of a 
systems analysis, the study tested three different configurations, and it was noted that the 
major implementation issues facing the ten different installations were highly unique, 
making it difficult to develop standardization. Benefits were also broadly variable and 
specific, such as largely eliminating propane use for hot water production in cheese 
processing. 

Americas (non-U.S.) - Methane 
Biogas installations in Central and South America are a relatively new development and 
are mimicking the small scale (2-10 m3) found in Asia. In June 2012 the Export-Import 
Bank of the United States loaned $48.6 million to a Brazilian biogas project, marking the 
bank’s first financing transaction for biogas reclamation and development. 

Europe - Methane 
The development and use of biogas is far more developed in Europe. The concept of 
centralized biogas production was developed in the 1980s in Denmark and formalized 
with the PROBIOGAS Initiative (University of Southern Denmark 2007). This has evolved 
into the “Energy4Farms” Initiative, which uses rather sophisticated implementation 
assessment tools such as the “biogas calculator” (Energy-4-Farms 2013) to obtain 
investment and projected productivity estimates for various biomass inputs. 
The U.K. and several other EU countries tabulate operational information for anaerobic 
digestion facilities online. The UK 2011 report cites 214 facilities with a capacity of 5 
million tonnes/year to produce 170 MW of electricity (WRAP and NNFCC 2011). Two 
facilities are sufficiently large to inject biogas into the methane distribution grid. 

Asia - Methane 
In the 1970s, China began to use initiatives that also aimed to reduce the environmental 
impact of waste. By standardizing design, the units were reliable, and simple designs such 
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as the “China dome” were installed in more than six million homes. These biogas units 
evolved to community-level cooperatives that use biogas for cooking and electricity 
generation. They have a systems level perspective that includes all aspects of community 
productivity (e.g., animal production/waste, sugarcane, silkworms on mulberry plantings, 
fish farming). 
India biogas production systems are similarly small in scale and simple, yet effective. An 
estimated 2.5 million units at the small farmer scale (5 m3 digester volume) were 
estimated to be in operation. Improved health due to avoidance of smoke has been noted 
as an unforeseen benefit, since dried dung is otherwise used for cooking and heating. 

BIOMASS TO BIODIESEL AND BIOETHANOL (FIRST GENERATION BIOFUELS) 
Bioethanol and biodiesel are both tied to agricultural production, which has made them the 
focus of food-versus-fuel debates (WTO 2011) as well as undermined their economic 
feasibility. 
Biodiesel: Biodiesel is most commonly produced by a simple transesterification of 
storage lipids (vegetable oil or animal fat): 
  R1-OH + R2-COOH → R1-O-CO-R2 + H2O 
While the alcohol used in biodiesel production could be ethanol to yield a fully biologically 
derived biodiesel, it is usually methanol. This is because of the lower cost of methane-
derived methanol and reduced issues for hygroscopic absorption of water. Most of the 
water in this vegetable-oil biomass source is naturally removed in the field—a contribution 
of solar energy to biodiesel production that is rarely considered. Water removal does 
become a critical factor for algae-derived biodiesel. The chemical conversion can be 
carried out in many ways, and there have been many attempts to improve the process, 
but the difficulty from a systems perspective is that the feedstock is greater than 95% of 
the fuel cost, which limits the opportunities for technology to significantly change the 
economics of fuel production. 
In the United States, there are mandated production levels of biodiesel, whereas in the EU 
the most recent political decisions have been to reduce production derived from food plant 
feedstocks. There are opportunities for conversion based on waste oil from food 
processing, but these have additional complications compared to processing from virgin 
vegetable oils. Biodiesel can also be produced from algae, which is discussed separately 
below (Goodrum and Geller 2005). 
Bioethanol: First generation bioethanol is produced by fermentation of sugars derived 
from starch or directly from cane or beet sugar. Like biodiesel production, the production 
of ethanol is a relatively simple biological conversion of stored energy that is 
accomplished readily because ethanol is the natural final electron acceptor of anaerobic 
respiration. 
C6H12O6 → 2∙CH3CH2OH + 2∙CO2 
In contrast to biodiesel, ethanol is produced as a dilute solution because accumulation is 
limited by toxicity to typically below 15% by volume ethanol. Therefore, a major aspect of 
production economics for starch ethanol depends on the distillation and recovery costs of 
the ethanol product (McAloon et al. 2000). Of particular relevance to the present study are 
the large scale systems analyses that have examined the overall energy ratio (ethanol 
energy output/energy inputs) and greenhouse gas (GHG) emissions, taking into account a 
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more complete product life cycle including fertilizer, agricultural production, and water use 
(e.g., Wang et al. 2012). 

United States - Ethanol 
The United States is the largest producer of bioethanol at 25.2 million gallons; there was a 
mandate for production of 13.2 billion gallons for 2012. It is estimated that 40% of the U.S. 
corn crop in 2012 was used for corn ethanol production, but one-third of the mass (and 
value) was returned to the animal feed market as dried distiller grain. 
Production of either ethanol from starch (corn) or biodiesel from transesterification of fatty 
acids (soy/waste oil) are established technologies that benefit considerably from subsidies 
and government policies. Corn ethanol capacity in the United States is now 13.3 billion 
gallons (AFDC.a 2013). By comparison, biodiesel is estimated at only 1.3 billion gallons 
(EIA 2013). 
Initial studies by the USDA in 1995 indicated that the energy ratio was only 1.34 
(indicating only a 34% increase in energy outputs), but these were updated in 2008 to 2.3 
in part by accounting for energy in the production of the distiller grain, which is sold as 
animal feed (Shapouri et al. 2010). 

United States - Biodiesel 
The annual production of biodiesel in the United States was 1.1 billion gallons in both 
2011 and 2012, accounting for roughly 1% of U.S. liquid fuel use. The EPA mandated 
production for 2013 was 1.28 billion gallons (AFDC.b 2013). Annual production can be 
translated to acres of soybeans based on about 50 bushels/acre. This means that the 
acreage used for biodiesel production in the U.S. is roughly 8.6 million, or more than more 
than 90% of the current soy production in Iowa. 

Americas (non-U.S.) – Brazilian Ethanol 
Due to the availability of land for growth of sugarcane and the high energy output ratio for 
bioethanol production (compared to starch ethanol), Brazil has the most mature market for 
fuel ethanol. The mandatory blend level of anhydrous ethanol was increased to 25% in 
May 2013 (Wang et al. 2008). One of the most interesting drivers of Brazilian bioethanol is 
likely to be the status of policy mandates around the world. If increases in biofuel blending 
are implemented to keep pace with future biofuels targets, and the implementation of 
cellulosic biofuels lags behind expectations, then Brazilian sugarcane ethanol might 
become an export commodity. 

Americas (non-U.S.) - Biodiesel 
There has been considerable growth in biodiesel production in Canada and in South and 
Central America, with a large fraction for export. While the present WTEC study had the 
mandate to examine systems engineering, a review of the status of first generation 
biofuels colliding with government policy mandates for unproven biofuels production 
technologies illustrates how systems-level thinking needs to be applied to the decision 
making process. 
Argentina was the world’s leading biodiesel exporter in 2012 (GAIN 2012), but it is now 
facing EU tariffs for ”dumping” as well as dealing with U.S. import regulations associated 
with land-use-change certifications within the U.S. Renewable Identification Number (RIN) 
system’s Federal mandate (AFDC.c 2013). In 2010, Brazil increased its blend mandate 



36 3. Biomass-2-Energy 

from B2 to B5, with an associated increase in production. In addition, BioVerde is currently 
constructing large production facilities (BioVerde 2013) to supply markets in Europe. 

Europe – Ethanol/Biodiesel 
EU bioethanol production of 1.2 billion U.S. gal is just under 5% of global production. 
According to the European Biodiesel Board (EBB 2013), 2011 EU production was 
reported as 2.7 billion U.S. gal biodiesel/year (more than twice the output of the United 
States in the same year). It is interesting to note that the production rates in Europe are 
just over 25% of the installed production capacity, reflecting a considerable number of 
plants that are not running due to high feedstock costs. While rapeseed oil is still the 
dominant domestic feedstock, 25% now comes from imported palm oil, illustrating how 
international land use change is driven by the EU renewable use policy. 
Specific Site Visit Notes. An emphasis on biodiesel as a renewable fuel in Germany was 
evident at the Fraunhofer Straubing facility, where there was an extensive biodiesel 
processing area, as well as an adjacent farm equipment testing bay. The biofuels 
demonstration plots outside this facility featured sweet sorghum and rapeseed, as well as 
a variety of other energy crops as part of the outreach and educational mission. In 
addition, as noted in the site visit report, a bicycle-based seed grinder demonstration had 
just been unloaded from its use for outreach/demonstration at Oktoberfest festivities. 

Asia - Ethanol/Biodiesel 
The development of bioethanol and biodiesel in Asia is diverse and far too complex to 
attempt to summarize, therefore, only a few highlights are provided. 
Bioethanol blending is being used in several provinces in China while a close watch is 
kept on grain prices. The primary concern for China is food security. 
Indonesia has developed into the world’s largest producer of palm oil as a feedstock for 
food and biofuels. The environmental impacts are considered by some to be devastating, 
resulting in a government moratorium on cutting of primary forests until 2015. 
India’s bioethanol production in 2009 was less than 1% of U.S. production, but was still 
fourth in the world. Despite having a biofuels policy in place for a decade, the Indian 
government has continued to defer on any mandate to initiate the E5 blend on the way to 
an E20 target by 2017. This appears to be largely due to lack of availability of feedstock, 
and competition with food and alcohol industries that control sugarcane and molasses. 
For the production of biodiesel, India is examining the use of the pongamia tree for its 
ability to grow on extremely marginal land. An initiative to develop this industry was 
undertaken by the Indian government, which distributed millions of sapling trees to 
farmers to plant on the borders and margins of land as a future cottage industry for 
biodiesel. IndianOil (IOCL 2013) is undertaking plans for jatropha, pongamia, and castor 
bean plantations on hundreds of millions of acres and has formed a joint venture 
(IndianOil-CREDA Biofuels Ltd.) to develop the biomass-2-energy market. 
Specific Site Visit Notes. Hosts in Korea outlined its strategic initiative to cooperatively 
develop palm oil production in Malaysia as a source of biomass feedstock in response to 
its own lack of land for biofuels development. This approach will likely be subject to 
international scrutiny of land use in Indonesia related to environmental impacts of biofuels 
development strategies and policy. 
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BIOMASS TO ADVANCED BIOFUELS (SECOND GENERATION BIOFUELS) 
Although the terms “advanced” or “second generation biofuels” may conjure images of a 
wave of technologies that are better than first generation technologies, these are in fact a 
wide array of incremental developments. The energy initiatives surrounding the “oil crises” 
of the 1980s provided much of the foundation for current and advancing technologies. 
Wars have also pushed energy technology development beyond the conservative 
economic boundaries of peacetime. 
It is hard to pin down the topic of second generation biofuels due to the broad scope of 
advancing technologies. Virtually every discipline that has connections to biomass 
appears to be working on biomass-2-bioenergy (production, ag/forestry, conversion, 
environmental, etc.) Many “new” technologies are revisited technologies that now have 
the experience of the first generation fuels to build upon. Advances in molecular biology 
have changed the playing field for biological and genetic engineering options for fuels, and 
advanced materials have changed catalytic processes. 

Thermal Conversion of Biomass to Liquid Fuels 
Thermochemical routes to the production of fuels from biomass have the tremendous 
advantage of achieving deconstruction of biomass without the enzymatic specificity 
required by biological conversions. The chemical reaction based on dry biomass can be 
viewed crudely as: 
 C1.4O0.7 → CH2 + CO2 
A fundamental issue is the rather high oxygen content of biomass, which results in 
substantial carbon loss, which can be solved by adding hydrogen to remove oxygen via 
water. 
The production of liquid fuels from biomass is a logical extension of the wide range of gas-
to-liquid (GTL) technologies, of which the Fischer-Tropsch (FT) process is an established 
technology that can be viewed as the conversion of syngas to high molecular weight 
hydrocarbons. However, this technology is most efficiently implemented at a refinery 
scale, where the resulting complex mixture can be processed using refinery infrastructure 
designed for fossil fuels. The scale and dispersed nature of biomass production require 
much smaller scale technology (Zhang 2010). Companies such as Rentech (2013) are 
commercializing biomass-2-liquid fuel processes based on a syngas intermediate. The 
U.S. company Velocys (2013) is developing a “micro-channel catalytic technology” to try 
to achieve a smaller scale of production. There are commercialization efforts in biomass-
2-syngas-2-fuel liquids, such as SynGas Technology (SynGas 2013). 
Syngas can also be converted to methanol as an intermediate to higher molecular weight 
liquid fuels. Recently two companies (Sundrop Fuels 2013 and PGE 2013) have 
reportedly leveraged this route starting with biomass-2-synthetic fuels via methanol, 
although it is evident that low-cost natural gas is very important in their business models. 
Pyrolysis oil is a less chemically defined process that involves heating biomass while 
excluding oxygen, and then collecting the condensing liquid. In addition to producing a 
range of chemicals that vary widely in molecular weight and oxygen content, considerable 
water and CO2 are produced. The process is characterized by very rapid heating followed 
by rapid cooling to prevent loss of the liquid fraction to further cracking or polymerization. 
The thermal degradation of wood to produce liquid fuels has many different permutations. 
These are referred to as direct liquefaction (lower temperature/higher pressure) or 
torrefaction (carbonization) and are often distinguished from gasification (Behrendt et al. 
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2008). Since pyrolysis technologies are directly dealing with the complexity of biomass, 
these are now advancing under the heading of “green natural gas,” but commercialization 
is less aggressive and is hindered by the increased availability of natural gas. 

Syngas Fermentation 
The formation of syngas is a thermochemical means to gasify biomass for subsequent 
use as a combustible gas. Since the gas contains highly poisonous carbon monoxide its 
primary fate is direct combustion. However, there are organisms that can use carbon 
monoxide as a carbon source, as well as use the associated hydrogen in syngas for 
chemical reduction. Under anaerobic conditions, ethanol can be the final electron 
acceptor, as it is for the fermentation of sugar. The model organism for this metabolism is 
Clostridium ljungdahlii (Munasinghe and Khanal 2010). Biomass to syngas fermentation is 
reportedly able to capture 70% of the energy in the biomass (Hoogendoorn and van 
Kasteren 2011). 
As recently as 2011, a review described the concept of syngas fermentation to ethanol as 
“immature technology” (Mohammadi et al. 2011) and yet in 2013, INEOS Bio successfully 
implemented a full scale demonstration plant in Indian River, Florida with support from the 
U.S. DOE (Figure 3.5). 

 
Figure 3.5. NEOS Indian River facility, Florida. 

The Indian River facility is a joint venture between INEOS Bio (INEOS 2013) and New 
Planet Energy (2013). It was declared online for commercial scale cellulosic ethanol 
production in July 2013. The initial operation is utilizing biomass primarily from citrus trees 
that have been killed by recent disease, but there are plans to start soon to use municipal 
solid waste. 
Additional commercial players in syngas fermentation include LanzaTech (2010), which is 
working on the development of alternative fuels including second generation biofuels 
(isoprene, isopropanol and methyl-ethyl ketone) as building blocks toward a variety of 
specialty chemicals. Coskata (2013) has a similar focus on syngas fermentation, but 
includes methane as a non-renewable feedstock due to its availability, low cost, and ease 
of conversion to syngas. 
A hybrid thermochemical-biofermentation has been developed by ZeaChem (2011), in 
which the biomass is depolymerized to acetate, which is catalytically converted to an ester 
that is then converted to ethanol. The advantage of this process is that it eliminates the 
fermentative production of CO2 and associated yield loss and emissions of GHG, resulting 
in high carbon and energetic yield. 
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Cellulosic Ethanol 
Cellulosic ethanol is a particularly promising source of bioenergy because cellulose is 
abundant globally, and the conversion technologies are similar to those used traditionally 
for corn and sugarcane ethanol. Unlike starch (e.g., corn) and sugarcane, however, 
cellulose does not compete directly with food uses, and may even provide a use for 
agricultural wastes such as corn stover and for plants grown on marginal lands. Several 
companies, including INEOS Bio, DuPont Danisco, Abengoa, BlueFire Renewables, Poet, 
Fiberlight and Mascoma, are working to demonstrate commercial-scale cellulosic ethanol 
production. 
On the other end of the biofuels investment spectrum are some of the world’s largest 
energy companies. BP, while not seeking commercial scale currently, has a dedicated 
facility in San Diego, California for R&D of biofuel microorganisms and manufacturing 
processes. In addition, the company operates a demonstration facility in Jennings, 
Louisiana that can produce 1.4 million gallons of cellulosic ethanol per year. Interestingly, 
both BP and Shell have invested relatively heavily in sugarcane-based biofuels in Brazil. 
In contrast, Chevron, which joined with Weyerhaeuser to produce forest-product based 
biofuels (gasoline replacements), has essentially halted their work due to a lack of 
financial incentive. 
Efforts outside the United States include China Resources Alcohol Corporation, M&G–
Chemtex in Italy, and Inbicon in Denmark, which have commercial scale facilities in 
operation. Very little data is available concerning operation of these processes; although 
Inbicon reports better than expected yields. 
In the United States it is clear that governmental policy is an essential component for the 
successful deployment of biofuels. The Renewable Fuels Standard (RFS2) provides an 
incentive for companies to enter the cellulosic ethanol market. Some companies even 
have dedicated web pages and public outreach campaigns (Fuels in America 2013), to 
address the necessity of the RFS. Others have supported pushback against the RFS, e.g. 
some of the large energy companies have apparently scrapped much of their bioethanol 
commercialization plans. In Europe, efforts are much more fragmented and less 
systematic than in the United States. As might be expected, this has arguably resulted in 
much less EU progress toward development of commercial-scale cellulosic biorefineries. 
Finally, it is necessary to understand what factors are limiting the successful deployment 
of cellulosic ethanol. In 2012, the cost of cellulosic ethanol was still projected to be 40% 
greater than that of corn-based ethanol (Voegele 2013). One of the greatest cost factors 
of cellulosic ethanol production is the pretreatment of lignocellulose to remove lignin and 
hemicellulose, followed by the depolymerization of cellulose to glucose monomers. These 
steps require expensive technologies, often high temperature, pressure, and extensive 
chemical addition. They also require the use of cellulase enzymes, which represent one of 
the major costs associated with the process—as much as $0.50/gallon of ethanol 
(Geddes et al. 2011). Novozymes (in the U.S. and abroad) as well as DuPont Danisco are 
leading efforts to develop improved enzymes that may reduce these costs. 
Specific Site Visit Notes. The WTEC panel was informed during the Fraunhofer visit that 
a cellulosic biofuels R&D/demonstration plant had recently opened in Straubing. The 
facility received “sustainability certification” by the European Renewable Energy Directive 
in Sept. 2013. Unfortunately, we did not have the time to visit the facility. 
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Algae Biofuels 
Algae as a source of lipid for biofuels production has been examined for more than 50 
years (Sheehan et al. 1998). Algal storage lipids can be converted to biodiesel, whether 
they are produced naturally or genetically engineered. In the United States, applied 
research has focused on genetically engineered algae, but this approach is less popular 
elsewhere. While eukaryotic microalgae represent the predominant initial focus due to 
their natural tendency to produce oils, the term “algae biofuels” also includes 
cyanobacteria. Although cyanobacteria generally do not accumulate lipids, they are much 
easier to genetically engineer (Golden, Brusslan, and Haselkorn 1987). Companies such 
as Joule (Joule Unlimited 2013) and Algenol (Algenol Biofuels 2011) have capitalized on 
this ability to manipulate cyanobacteria to produce fuels. Joule’s platform produces 
hydrocarbons and ethanol, whereas Algenol has opted for ethanol. 
The year 2013 has been described by some as a “make it or break it” year for algae 
biofuels companies. The author (W.C.) spent a year consulting with GreenFuel 
Technologies and saw firsthand the rush to scale that is driven by investment promises 
that have outpaced technology advances; the project was shut down in 2009. Much has 
been learned since that effort, and the next generation is taking a more conservative, but 
no less ambitious, approach to implementing biofuels. For example, Sapphire Energy’s 
fuel production platform is the natural hydrocarbon-producing alga Botryococcus braunii 
(Sapphire Energy 2013). Although this alga is slow growing, it produces growth-
associated hydrocarbons (C30+) that are ideal for subsequent catalytic cracking (Hillen and 
Pollard 1982). Our research group has shown that Botryococcus can outperform fatty acid 
accumulating algae when grown in continuous culture (Tuerk 2011). Sapphire has met 
numerous benchmarks, including producing jet fuel that has been used in test flights by 
Continental and JAL airlines. The market development and production target of Sapphire 
has been reported online to be 1.5 million gal/yr in 2014 (10K gallons/day by 2018). 
Solazyme (Solazyme Renewable Oil 2013) has an approach to algal biofuel production 
that is based on growing algae heterotrophically on sugar in dark fermentation tanks. This 
approach uses the lipid accumulating capability of algae, but does so based on the use of 
sugar as a feedstock. Solazyme has contracts to produce 80 kL of military grade diesel 
and has contracted with Dow Chemical to produce large quantities of dielectric 
transformer insulation oil. They have partnered with Propel to offer an algae biodiesel 20% 
blend at the pumps in the San Francisco Bay area. In addition, lipid production based on 
sugar is reflected in their joint venture with a major Brazilian food processor (Bunge 
Agribusiness 2013). 
In 2009, ExxonMobil launched a substantial media campaign around its intended $600 
million investment in algae biofuels in collaboration with Synthetic Genomics (Synthetic 
Genomics 2012). After spending only $100 million, the agreement was revised in May 
2013 to focus the effort less on commercialization and more on basic science. A recent 
press release suggests concerns that “natural algae” cannot provide an adequate level of 
performance. The U.S. Department of Energy continues to fund substantial initiatives, 
such as ≈$15 million in 2012 for outdoor R&D production facilities and $16.5 million in 
2013 for algae biofuels accelerators. 
Specific Site Visit Notes. The largest initiative visited was that in Almeria Spain. The 
impressive operation of Professor E. Molina Grima included elements of design of many 
different photobioreactor systems ranging from open pond raceways to tube fences and 
panels. This effort is described in more detail in their site report. 
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Koreans are exploring offshore macroalgae for biomass due to limited land available for 
biofuel production, including a marine biomass “Technology Master Plan” to invest $200 
million in biofuels development. They have included a focus on saccharification for the 
purpose of ethanolic fermentation. Similarly, to deal with limited land availability, Koreans 
are focusing on sea-floating photobioreactors and subsequent bioprocessing to produce 
lipid-based biodiesel. 
India had various scientific efforts in algae biofuels at nearly all of the universities visited. 
Unfortunately, the large initiative at the India Institute of Science was not visited 
(Chanakya et al. 2012). 

Alternative Biofuel Metabolic Engineering 
Biobutanol is a notable advanced biofuel, based on diversion of amino acid biosynthesis 
as developed by the group of Professor James Liao. Another historic effort at 
commercialization of metabolic engineering was accomplished by Amyris (Amyris 2013), 
which developed yeast strains expressing isoprene pathway genes to produce farnesene. 
Unfortunately, these efforts have been plagued by issues of genetic instability and loss of 
productivity during scale-up. As a result, this initiative to produce fuels in conjunction with 
Brazilian cane sugar is on hold, in favor of developing technologies for more valuable 
chemical intermediates. 
Producing alternative biofuel by metabolic engineering is a rapidly emerging field, as a 
supplement to the existing second-and third-generation biofuel routes. Microbial fuel 
production has been improved by engineering the native metabolic pathways or by 
transferring the fuel production pathway of one organism into a different organism for 
optimization. This area of research has not been extensively commercialized, but a 
number of reports suggest that significant biofuel production is achievable by metabolic 
engineering in organisms studied so far. 

Engineering Hydrocarbon Pathways 
There are two major metabolic pathways suitable for hydrocarbon production from 
biomass: the fatty acid biosynthetic pathway and the isoprenoid pathway. An extensive 
overview of this topic is provided in Ruffing (2013). Overexpression of certain enzymes in 
microorganisms has been shown to increase significantly the free fatty acids (FFAs) and 
lipids (e.g., Berry et al. 2010, Lee et al. 2011). Metabolic engineering for microbial 
triacylglycerol (TAG) synthesis can be boosted by increasing the amount of two 
precursors: FFA and glycerol-3-phosphate (Dunahay et al. 1996, Nguyen et al., 2004). 
Isoprenoid-based biofuels are diverse and mimic petroleum compounds; structurally they 
are branched and cyclic hydrocarbons with varying degrees of unsaturation (Chandran, 
Kealey, and Reeves 2011, Fortman et al. 2008). As with the fatty acid biosynthesis 
pathway, overexpression of certain enzymes has been shown to produce large increases 
in production of potentially useful fuel precursors (e.g., Asadollahi et al. 2010, Ohto et al. 
2009, Pitera et al. 2007, Kim and Keasling 2001, Matthews and Wurtzel 2000, and Zhao 
et al. 2011). 

CONCLUSIONS 
The direct combustion of biomass for heating or cooking will remain a significant part of 
the primary energy use worldwide. The use of “waste biomass” for heat is also a 
component of many other biomass-2-energy scenarios. Since the processing of biomass 
requires energy (e.g., for drying), an improvement of these processes will seek to achieve 
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better heat management by using some of the heat of combustion of the biomass for other 
components of the process. 
Biomass-2-syngas is a well-understood, fundamental process that occurs within oxygen-
limited biomass “combustion” including direct burning. Technology for harnessing this 
gasification continues to improve. It appears that plasma technology has recently 
overcome the limitations of tar and soot that have plagued direct use of syngas for 
electricity. 
Natural methane production from biomass and waste yields a combustible biogas at high 
efficiency, a fact that will keep this renewable energy source high on the list of successful 
biomass-2-energy processes. Biogas has been particularly successful in the Asian 
paradigm of small-scale distributed production integrated with sustainable, 
environmentally conscious use of agricultural and human waste. In developed countries 
(and population centers) centralized waste processing presents an opportunity for 
recovering energy, most of which is likely to be applied to reducing the energy costs of 
waste treatment rather than providing net renewable energy. 
Without government subsidies and use policies, first generation biofuels (i.e., bioethanol 
and biodiesel) would not have advanced to their current level. These investments will 
likely increase and pay dividends as the world transitions from fossil fuels in response to 
depletion and environmental concerns. The food-versus-fuel debate will undoubtedly 
intensify as world population grows, and the past few years have shown the critical need 
for international cooperation to prevent unintended land use changes as a result of biofuel 
mandates of developed countries. 
Hopefully the further development of next generation biofuels will benefit from the 
experience and technological advances gained with first generation biofuels, making it 
possible to leap-frog over these technologies to those that are more efficient and have 
less environmental impact. Increasingly sophisticated chemical processes and genetic 
engineering of producer microorganisms are expected to play prominent roles. 
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CHAPTER 4 

MANUFACTURING 
Delcie R. Durham and Jian Cao 

INTRODUCTION 
Manufacturing plays a critical role in the advancement and implementation of clean and 
renewable energy investment as an enabler and delivery platform. The worldwide clean 
energy investment has risen nearly fivefold in recent years, growing from $54 billion in 
2004 to $269 billion in 2012 (Pew Charitable Trusts 2012). As indicated in Chapter 1, the 
goal of this study was to examine the current state-of-the-art of systems engineering and 
systems engineering education to determine what research and pedagogy are needed to 
prepare the nation to meet the challenge of clean renewable energy manufacturing. A 
recent report published by the National Science Board (2009) stated that all sustainable 
energy solutions need to be evaluated according to a system-level approach. This 
approach must look across multiple technologies and across multiple end-use sectors, 
integrating technical feasibility with potential environmental impacts (i.e., life cycle impacts 
of a particular energy source or technology). From the manufacturing perspective, this 
study considered the development of the production capability of clean and renewable 
energy as potentially analogous to the systems-enabled transformation of the single 
transistor invented at Bell Labs into the integrated circuit semi-conductor industry. 

CHALLENGES OF RENEWABLE ENERGY MANUFACTURING 
Manufacturing of energy systems, however, provides challenges with respect to 
terminology, scope, and scale. While it is generally agreed that the drivers for the 
manufacturing enterprise are cost reduction and reliability, defining the scope of 
manufacturing of energy systems is challenging at best. One of the major aspects of 
manufacturing that needs to be considered is the scaling of production, which has 
different implications for each renewable energy system. Scaling up for the wind energy 
industry focuses on the discrete production of larger units capable of producing more 
power and the challenges associated with longer blades, larger pods, higher towers. 
Scaling up for the biomass industry focuses on quantity and quality of harvesting and 
conversion of different feedstocks into biofuels in batch or continuous operations. Scaling 
up for the PV solar industry is directed at the mass production of solar cells and panels 
with efficiency and reliability focusing research down to the material nanoscale. Pilot scale 
testbeds in several of these industries have been developed to enhance a systems 
approach to scaling up the production. 
Advanced manufacturing for clean and renewable energy ranges from the production of 
nanoscale features in solar panels that increases solar-cell efficiency (Figure 4.1a); of 
mega-scale durable gears in multi-megawatt drivetrains (Figure 4.1b) and light-weight 
blades (Figure 4.1c), which achieve more power output for ever-increasing windmill sizes; 
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to the production of biofuel (Figure 4.1d) that handles micro species in mega-scale 
equipment. While clean and renewable energy becomes increasingly more accessible, 
manufacturing research of those systems has moved towards the following directions:: 

• Integration of materials with manufacturing processes: This is particularly evident in 
solar cell fabrication in which new material discoveries in solar cells have to compete 
with the cost of less-efficient but more cost-effective alternatives. Process robustness 
has become more integral in early-stage research to reduce down-stream cost. 

• Manufacturing and metrology of large-scale components: Equipment research for 
making and testing large-scale components is needed. The cost of building gears and 
composite blades is increasing due to the increase of size. Automation, on-line 
metrology and new machine/process design become not only desired but also 
necessary in, for example, molding and drilling of fiber-reinforced composites, and 
creating rapid and low-cost tooling for molding. 

• Design and manufacturing for distributed energy sources: Renewable energy has its 
distributed nature. Over the past ten years, the U.S. distributed wind market has 
grown more than five-fold (EERE 2013). Most distributed wind buyers continue to 
choose small wind turbines, which have a rated capacity of no greater than 100 
kilowatts. A systematic approach is needed to evaluate proper size and manufacturing 
strategies, particularly considering assembly and service. For example, the first “plug 
and play” wind turbine, Southwest Wind Power’s 1.8 kW Skystream turbine, features 
an integrated inverter and controls, low noise fiberglass blades, and is easier to install, 
operate and maintain than comparable turbines. 

(a)  (b)  

(c)  
(d)  

Figure 4.1. (a) Nanostructure in solar cells, (b) Mega-scale windmill drivetrain (c) 
composite blade manufacturing, (d) biomass plant. 

Sources of images: (a) http://www.amolf.nl/research/nanoscale-solar-
cells/, (b) http://www.eere.energy.gov/, (c) energy.gov, 
http://energy.gov/articles/energetx-composites-retooling-manufacturing-
creating-michigan-jobs, (d) http://www.rsbiomass.com/. 

http://www.amolf.nl/research/nanoscale-solar-cells/
http://www.amolf.nl/research/nanoscale-solar-cells/
http://www.eere.energy.gov/
http://www.energy.gov/
http://energy.gov/articles/energetx-composites-retooling-manufacturing-creating-michigan-jobs
http://energy.gov/articles/energetx-composites-retooling-manufacturing-creating-michigan-jobs
http://www.rsbiomass.com/
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Model Integration Challenges 
Another of the major issues for the systems approach to manufacturing is that of model 
integration. There are numerous stand-alone models for individual processes that have 
come out of materials processing research, based upon the physical/chemical/biological 
fundamental principles. Similarly, production planning models have been developed for 
the different industries, addressing throughput and quality issues for a manufacturing line. 
Industry-wide supply chain models, which include consideration of inventory, just-in-time 
delivery, and economics, have been created for both vertical and horizontal integration 
across industries, sectors and global markets. For example, advances in materials 
processing of PV solar components at the nanoscale and adherence to standards across 
the supply chain at the global scale can both contribute to both cost reduction and 
reliability. Modeling of the materials processing can provide insights into ways to optimize 
the processing tool in a research lab, but the integration of this model with a supply chain 
model based on value stream mapping is a missing link. The implementation of model 
integration requires established and verified linkages between simulation and modeling 
methods throughout the production supply chain, and this chapter discusses some of the 
work currently being conducted through government - academy - industry projects and 
framework activities that addresses this issue in part. 

“Product Life Cycles” 
In addition to scaling and modeling, some definitions and context are required to address 
a current problem associated with the use of the term life cycle across the design and 
manufacturing arena. The “product life cycle” terminology has been used in industry in two 
different contexts. In marketing, the stages of product life-cycle management (PLCM) 
include the 1) introduction; 2) growth; 3) maturity; and 4) decline stages of the product 
with the goal to reduce time to market, improve product quality, reduce prototyping costs, 
identify potential sales opportunities and reduce environmental impacts at end-of-life. 
PLCM is often related to new product development, and has been incorporated into 
energy systems product development, particularly with respect to the supply chain. Life 
cycle assessment (LCA) and the related life cycle inventory (LCI) and life cycle costing 
(LCC) techniques represent a systematic cradle-to-grave (or cradle-to-cradle) process that 
evaluates the environmental impacts of products, processes and systems throughout their 
life-cycle. In this case, the product life-cycle refers to the stages of material acquisition, 
manufacture, product use, and end-of-life associated with sustainability or “green” 
products. The analysis of how clean and renewable a energy system is can be assessed 
through LCA. While PLCM and product LCA share some common terminology, the two 
are not interchangeable, and this chapter provides some clarification regarding global 
differences regarding the role of manufacturing within these systems methods. 
Reliability, installation and maintainability concerns can often be related to manufacturing, 
and these are important considerations when wind turbines are installed offshore or solar 
farms in remote areas. Embedded intelligence of energy systems for monitoring and 
control of these systems during use adds complexity to the design for assembly of the 
components with sensors, actuators and energy storage/conversion devices to support 
the control systems. It is interesting to note that findings in this study indicate that while 
research into new sensors lies within the academic domain, implementation is often 
considered the purview of the industry, and so the systems implications are not typically a 
research or education topic. In Europe, the pilot or industrial scale testbeds do provide 
students and industry personnel the opportunity to gain experience in the integration of 
monitoring and control systems with wind or wave system, or biomass production, but this 
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learning is through doing, not through systems design. As will be discussed in this 
chapter, this provides additional requirements for technical training of manufacturing 
personnel and for more test engineering within industry. 
Production data is often considered proprietary, as necessary to protect the interests of 
the company. Modeling and simulation require valid production data in order to verify the 
models and the integration of models. This brings up the issue of standards, certification, 
accessibility to data, and communications reliability between different industries, sectors 
and nations. Examples of research being conducted within large-scale, multi-national 
frameworks such as the EU FP7 projects and at large national institutes to address these 
issues will be provided in this chapter with emphasis on the manufacturing implications 
and requirements for implementation for energy systems. 

U.S. MANUFACTURING RESEARCH ACTIVITIES IN SEEM 
Several U.S. funding agencies support manufacturing research. Recently, a new website, 
www.research.gov, aims to present a single and comprehensive venue for understanding 
the complex framework. Manufacturing research work related to SEEM has been mostly 
funded by the NSF for fundamental research and by the DOE for basic and applied 
research and demonstration projects, particularly through the Office of Energy Efficiency 
and Renewable Energy (EERE) of the DOE. 
In the area of solar research, innovative solar photovoltaic and concentrating solar power 
technologies have been investigated and sought to make solar energy cost competitive 
with traditional sources of energy. The Solar Energy Technologies Office (SETO) of the 
DOE recently created a $15 million “SunShot Initiative” aiming to reduce manufacturing 
cost and to make solar energy cost-competitive with other forms of energy by the end of 
the decade. One of the initiative’s focuses was on manufacturing advances in photovoltaic 
(PV) devices to increase throughput, yield, capital expenses, label, and conversion 
efficiency at the module level. Another focus was on Concentrating Solar Power (CSP) 
technologies with an aim to achieve less than $75/m2 through possibly eliminating the 
need for a one-time use fabrication facility to be constructed, and through the use of 
closed-loop software controls for collector pointing calibration. 
In the area of wind energy research, both on land and offshore technologies have been 
investigated. The Wind Program in the DOE is part of the Wind and Water Power 
Technologies Office, working to enable rapid expansion of clean, affordable, and reliable 
domestic wind power, which promotes national security, economic vitality, and 
environmental quality. The Manufacturing Demonstration Facility at Oak Ridge National 
Laboratory addresses the manufacturing needs in making composite structures. 
Currently, a manufacturing institute at a size of more than $35 million in federal funding is 
being proposed to support applied research in manufacturing of wide band gap (WBG) 
materials. WBG-based inverters can convert the DC electricity generated from solar and 
wind energy into the AC electricity used in homes and businesses, while reducing losses 
by 50% (Ozpineci and Tolbert 2011). 
Biomass research has also been supported by the USDA (United States Department of 
Agriculture) and the DOE. Secretary Moniz recently announced over $22 million in new 
investments to help develop cost-competitive algae fuels and streamline the biomass 
feedstock supply chain for advanced biofuels (DOE 2013). Cellulosic and hydrocarbon-
based biofuels made from non-food feedstocks, waste materials, and algae can directly 
replace gasoline and other fuels in our gas tanks and refineries. These research projects 
build on the DOE’s broader efforts to bring next generation biofuels online, with the goal of 
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producing a cost-competitive supply of biofuels by 2017 and algae biofuels by 2022. To 
help reach these goals as part of a $5 million investment from the DOE, New Mexico 
State University is currently developing harvesting processes that lower biofuel costs. 

EUROPEAN MANUFACTURING RESEARCH 

Scaling the Production Capability of Energy Systems 
The role of manufacturing of components or systems is well demonstrated in the 
comprehensive plan for wind energy in Europe through the European Strategic Energy 
Technology Plan (EC SET-Plan). It involves numerous academic partners including 
Danish Technical University (DTU), Aalborg University, Helmholtz Lab for Applied 
Materials Research, and Michigan State University, along with industrial partners such as 
DONG Energy, Vestas, Magma, Vattenfall and the Lindo Offshore Renewables Center. 
The objective of this plan is to address the scientific challenges associated with the large 
scale integration and an accelerated deployment of very large wind turbines offshore. 
As shown on the vertical axis in Figure 4.2, one research path includes the investigation 
into new turbine components and materials with a focus on producibility. Projects are 
conducted to extend the understanding of the materials processing-structure-performance 
relationships for turbine components capable of generating more power. At this level of 
research, the materials scientists and mechanical/manufacturing engineers at DTU are 
investigating the reduction of defects within materials structures through optimized 
processing to improve component life for metals and composite vanes. 
In scaling up to offshore testbeds, manufacturing research is directed to improving the 
productivity of these components through process optimization. The projects at this level 
require the integration of research from the DTU Wind Department into wind dynamics 
along with structural modeling by civil engineering at Aalborg University with the 
mechanical/manufacturing/materials research from the first pathway. 
A specific example of these manufacturing activities within the broader EC - SET program 
is the work of the REWIND Center. The goal of this center is to improve turbine reliability 
through optimized manufacturing, by linking materials processing models through scaled-
up manufacturing to product performance, as shown in Figure 4.3. These scaled-up 
models are to be ultimately validated on the offshore testbed. 
A pilot testbed for scaling biomass production for further conversion to energy has been 
established in Spain among several industry and university partners. This is a semi-
industrial scale plant supported by Accina BioEnergy, Acquila and Endessa along with 
university researchers from the University of Almeria. The system is limited to the growth 
and harvesting of algae into a concentrated form suitable for a biofuel conversion plant. 
This can be considered analogous to the materials processing of wind turbine component 
materials in the first stage of the EC SET plan. As Figure 4.4 shows, this scaling for 
producibility is the limiting goal of this pilot, with no extensions to the actual production of 
marketable energy. 
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Figure 4.2. EC SET-Plan Technology Roadmap. 

Similarly, HZB Berlin has established pilot lines for PV production with industry-scale 
equipment with the goal of optimizing the manufacturing processes for performance and 
cost. By working with industry and investigating the processing parameters on this scale 
of equipment, the researchers at HZB Berlin have established PVcomB, a competence 
center for photovoltaics, with the key strategy of creating reliable baseline processes as a 
benchmark for reproducible solar cell efficiency. The two pilot lines allow the researchers 
to evaluate process modifications for materials such as CIGS CZSSn and flexible thin film 
silicon (Rau et al. 2012). Figure 4.5 provides a schematic of the two baseline production 
lines, along with the control models established for some of the equipment. Again, this 
represents the production of the material to be used in PV solar devices and systems, but 
does not extend into the full production or deployment of these systems. 
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Figure 4.3. REWIND Center (DTU Mechanical Engineering, courtesy of J. Hattel). 

A pilot testbed for scaling biomass production for further conversion to energy has been 
established in Spain as a cooperative endeavor between several industry and university 
partners. This is a semi-industrial scale plant supported by Accina BioEnergy, Acquila and 
Endessa along with university researchers from the University of Almeria. The system is 
limited to the growth and harvesting of algae into a concentrated form suitable for a biofuel 
conversion plant. This can be considered analogous to the materials processing of wind 
turbine component materials in the first stage of the EC SET plan. As Figure 4.4 shows, 
this scaling for producibility is the limiting goal of this pilot, with no extensions to the actual 
production of energy. 
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Figure 4.4. Biomass testbed for algae (courtesy of U. Almeria, Spain). 

Model Integration for Systems Engineering 
Each of the above examples of scaling up production also includes demonstrations of the 
use of modeling within their systems, typically for optimizing efficiency, processability or 
productivity. At the Fraunhofer Institute for Solar Energy (ISE), researchers collaborate 
with international companies, national labs in the United States, Japan and Singapore, 
and several universities around the globe to support a distributed manufacturing model for 
solar PV and thermal energy systems, including conversion and storage devices. For this 
collaborative activity, the performance measure is the cost of power (not the $/peak watt) 
for these systems. At the cell level this translates to reducing the use of material and 
decreasing the cost of manufacturing, similar to the practice of lean manufacturing. This is 
linked to the full system scale through module design model to improve the life of the 
product. Currently the ISE has a project creating a system model to examine different 
technology and source mixes, so that the manufacturing models are connected into this 
full system model considering energy efficiency. 
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Figure 4.5. Benchmarking of manufacturing through industrial scale pilot lines 

(courtesy of PVcomB HZB). 

The REWIND project described above provides a detailed example of how manufacturing 
process modeling research is being conducted to improve the life cycle reliability and 
efficiency of turbine components. In order to improve the system reliability, research 
drives down to ingot casting and forging operations to provide insights on how to reduce 
the size and quantity of material defects through process control. As shown in Figure 4.6, 
models of the solidification and deformation processes, along with post processing are 
linked to performance and thus to reliability, and the validity of these integrated models 
verified through extensive full scale experimentation. 
During the visit to Vestas in Denmark, company personnel described the manufacturing 
concerns within the system engineering context as they applied to the production of wind 
turbines. These concerns ranged from the production level to global supply chain issues. 
The demand for quality and reliability of the components and the assemblies were clearly 
established and related to practices such as Six Sigma, lean manufacturing and design for 
service. This industry makes use of production planning models, process control for 
quality, and processing-performance models. The need for information flow through these 
models was identified as critical to systems engineering implementation, with an example 
of the problems that occur when manufacturing change records are not relayed back 
through design as well as forward through to service maintenance planning. 
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Figure 4.6. Manufacturing process modeling of ingot casting and forging for defect 

reduction; (top) defect modeling, (bottom). 

A different perspective was provided by the system engineering researchers at the 
Imperial College Energy Futures Lab. Here the key systems challenges included the 
integration of information across length and time scales, the development of multi-scale 
modeling tools, and the representation of uncertainty within systems models. In the area 
of manufacturing energy infrastructure, this translates to the scale-up of biomass 
conversion innovations; the integration of fuel cells with gas turbines; and the optimization 
of the performance of multijunction solar cells through sensitivity analysis of the 
processing-performance parameters. These issues certainly involve design consideration 
and materials processing control capability, but the depth to which the activities delved 
into these questions were not established. 
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ASIAN MANUFACTURING RESEARCH 
The investment in Asia on renewable energy has been significant and covers all areas of 
clean and renewable energy. Although the panel did not witness a strong emphasis on 
manufacturing for SEEM at the sites that we visited, there were three noticeable 
characteristics observed as a result of those visits: (1) China and India have a strong 
emphasis on local needs; (2) medium-to large-scale systems seen in Asia’s research labs 
are supported by a strong university/industry collaboration culture; (3) manufacturing 
capabilities stimulate innovation; (4) modeling and simulation are used for reducing 
manufacturing cost; and (5) government support is critical for clean and renewable 
energy. These themes will be elaborated below with supporting evidence, and more 
details can be found in each of the site visit reports. 

Responding to Local Needs 
Much Chinese research has been focused on addressing their specific energy 
requirements, particularly for the southern area of China, which has one-third of their 
population, i.e., 400 million. For example, a typical Chinese family consumes about 40% 
of the energy of an American family, because Chinese do not use dishwashers, occupy a 
smaller accommodation, and households are often empty during the daytime. Another 
example of local needs is the difference in dress behavior in the Shanghai area, where 
people typically wear multiple layers indoors in the winter, and therefore the room 
temperature to be maintained is lower than that in the northern areas. A hot water 
temperature of 45°C is usually sufficient, compared to a typical 70°C obtained from an 
electrically-heated hot water source. Therefore, air-source heat pump research is a very 
active area in China. GE China has developed new product models for the local Chinese 
market and has expanded the technology to other developing countries. India has 
frequently performed local disassembly of an engineering system and reassembling it to fit 
local needs. 

Strong University/Industry Collaboration Culture 
It is not unusual to see medium- to large-scale renewable energy systems in Asian 
research labs. For example, at the Chinese Academy of Science, an array of parabolic 
mirrors as shown in Figure 4.7a is used for research on using solar energy for heating, 
and a 100 m3 reactor is used for biomass research. At the Solar Energy Research 
Institute of Singapore, pilot lines are installed on 1400 m2 of floor space. In Yeungnam 
University of Korea, an industrial size laminator, lay-up, tabbing and sputtering systems 
are installed at the Regional Innovation Center for Solar Cell/Module. Researchers in 
those institutes are frequently working collaboratively with industry to increase the 
efficiency and effectiveness of manufacturing processes. 
In particular, Yeungnam has a regional certification center established at the university. 
New manufacturing processing methods can be experimented on at the industrial scale 
machines and these results can be evaluated at the standard testing and certification 
center, which stimulates the dissemination of research to production. Similarly, GE China 
has established a joint research center with Shanghai Jiao Tong University on 
manufacturing at the SJTU campus to stimulate collaborative research. 
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a)  

(b)  

(c)  

Figure 4.7. (a) Solar powered heading system at CAS (China), (b) industrial-size 
sputtering machine at SERIS (Singapore), and (c) tabbing machine at 
Yeungnam (Korea). (Photos courtesy of CAS, SERIS, and Yeungnam 
University, respectively.) 

Manufacturing Capabilities Stimulating Innovation 
Chinese strengths in manufacturing might be summarized best by Prof. Wang of 
Shanghai Jiao Tong University. He said they took the country’s manufacturing capacity as 
for granted, while they were in the process of developing new designs for a heat 
exchanger. He said that excellent local manufacturing capabilities have allowed them to 
have a short design cycle and have enabled them to translate their research results to 
implementation. The challenge, however, is the lack of standards that can be tailored to 
local needs. For example, as mentioned, the standard for ‘comfort room temperature’ 
differs between the southern and northern parts of China, and obviously differs between 
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China and U.S. This adds to the complexity of an air-source heat pump unit, since its cost 
depends on the required temperature difference. 
In India. on the other hand, TATA-BP Solar and others had done research based on 
single crystal wafers, which were not supported by governmental PV installation initiatives 
and as a result, all three major solar cell/module plants in India are currently not operating. 

Modeling and Simulation Reducing Cost 
Modeling, simulation and characterization are foci of the National Center for Photovoltaic 
Research in IIT-Bombay. Modeling and simulation are focus topics at a number of other 
sites visited, including KIER, CAS, GE China, Samsung Heavy Industry, et al. The 
sophistication varies from site to site. However, it was mentioned by both the industrial 
sites (Samsung and GE) that the links between different simulation systems for 
mechanical processes, structural and dynamics analysis, or chemical processes needs to 
be improved to enable system-level design and optimization. 

Critical Role of Government Support 
Samsung of Korea mentioned that a track record is very important in the business, i.e., 
how reliable, how safe and how effective the results have been in generating power. 
Government help is important in establishing that track record. All four trials that Samsung 
has conducted were partially funded by their government. 
The CAS Institute of Process Engineering of China has collaborative funding with Sinopec 
on a project entitled “Technologies for Synthesis of Ethylene Glycol based on Ionic 
Liquids”, in addition to government funding on projects such as “Instrument Development 
for Multiple Spectroscopic Integrations for Chemical Process”, “Key Technologies of MMA 
Clean Production Process”, “Technology of Cyanide Substitute and Pollution Reduction”, 
and “Green Technology for the Degradation and Reuse of Waste PET”. 
In China, the budget of the NSFC has been increased at an annual rate of over 20%. The 
total budget for 2012 is 15 billion RMB ($2.38 B), an increase by 25% over the year 2011. 

CONCLUSIONS 
Manufacturing issues for clean and renewable energy are often considered only in the 
terms of reducing costs of the system, and take second or third seat to drivers such as 
improving energy efficiency of the energy conversion or storage. For example, in 
manufacturing SNG from biomass, the research group at TU Berlin indicated that 
processes need to be developed that are overall cost competitive, from raw material, 
through production and clean-up perspectives. The one area where manufacturing 
research was highlighted was in looking at ways to efficient produce energy from waste 
materials, which is linked into cost reduction of “production processes.” Manufacturing 
production issues were sometimes referred to as belonging to industry (U. Aalborg), and 
are not a focus of the academic community in general. 
As reported by Pew Charitable Trusts (2012), the U.S. ranked second-highest among G-
20 nations in clean energy investment in 2012, about half of China’s investment (in first 
place) and 33% more than that of Germany’s investment (in 3rd place). However, it also 
reported that the U.S. has “disappointing performance in the worldwide race for clean 
energy jobs, manufacturing, and market share.” The Pew report did not include 
manufacturing data, therefore, it is hard to tell whether that statement is based on solid 
data or speculations. From this panel’s visits to Europe and Asia, the additional 
manufacturing capacities, particularly by Korean government and corporations are 
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obvious. Nevertheless, the systems engineering approach in designing and approaching 
clean and renewable energy systems with the consideration of manufacturing, is not so 
clear. Future manufacturing considerations for clean and renewable energy include: 

• New and smaller towns are being built in China, which provides a good opportunity for 
having an integrated urban plan that utilizes renewable energy—for examples: solar 
water heating can supply 1.5-2% of total energy used in China; “beautiful China” 
projects. 

• Cost reduction is desired for the future of renewable energy systems, for example, the 
target is to reduce the cost of solar boilers from currently $800/m2 to $160/m2 in China; 
Korea mentioned that cost is the major obstacle for fuel cell vehicles. 

• There exists a gap in simulations to handle system integration. 
• The testing period is too long for battery research. 
• There is a need for promoting classical mechanical engineering disciplines, such as 

vibration, to train the workforce needed for wind energy. 
• India has an opposition to urbanization, unlike China, and therefore, distributed solar 

systems are needed. 
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CHAPTER 5 

WIND, WAVE, AND WATER CURRENT ENERGY 
Matthew Realff 

This chapter will review the study findings on wind, wave, and water current power and the role 
that systems engineering is playing in these renewable energy technologies. Wind power 
generation is a relatively mature technology, where the concepts for how energy can be 
extracted from flowing air have been studied extensively, and the horizontal blade turbine has 
emerged as a favorite for wide-scale deployment and scale up. The horizontal wind turbine has 
reached the stage where systems concepts are driving the design and development of the 
engineered system, as opposed to being in the discovery and conceptual design mode. There 
are other engineering concepts for the extraction of wind power, notably vertical Savonius type 
windmills (Akwa, Vielmo, and Petrie 2012) and emerging concepts such as tethered flying 
turbines (Makani Power 2013), but this review will focus mostly on the horizontal wind turbine. 
The same level of maturity has not been reached for wave and water current power, where 
different concepts are still competing for widespread deployment. Wave power is complicated 
by the relatively high density of water, which makes engineering a system to safely exploit the 
variations in the power represented by changes in height and water velocity much more difficult. 
Tidal power has been successfully tapped in a few locations, such as La Rance in France, 
where a 240MW tidal power plant has been in operation since the mid 1960s. However, the 
overall scope for its deployment is seen as limited by the relatively low number of estuaries, 
bays, and other focusing geographies necessary to increase the height and velocity of the tidal 
waters. 
Thus, this chapter will focus on reviewing wind power and specifically horizontal wind turbine 
systems, as these are likely to be the dominant technology in the next 5-10 years. Furthermore, 
there are extensive efforts to improve the engineering of horizontal wind turbines being 
undertaken by European research institutes with the support of both wind turbine manufacturers 
and users. The SEEM panel visited the academic institutions in Denmark most closely 
associated with these efforts, the Danish Technical University (DTU) in Lyngby and the 
University of Aalborg. At Aalborg some concepts in wave power were also presented. The panel 
visited two wind turbine manufacturers, Vestas in Denmark, and Samsung in the Republic of 
South Korea (ROK), as well as the Korea Institute for Energy Research (KIER) where the 
overall ROK strategy for wind energy was discussed. In addition the panel visited the University 
of Uppsala in Sweden where vertical wind turbines and water current power generation are 
being developed. 

WIND ENERGY PHYSICAL PRINCIPLES 
At the most basic level wind turbines convert the kinetic energy of moving air into rotational 
energy of their blades. Therefore the maximum power that can be extracted from the air is 
proportional to the kinetic energy multiplied by the flow rate of the air, which means it is 
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proportional to the cube of the air inlet velocity, v1, and the area of the turbine related to its 
diameter, d. 

 
However, once the air has caused the blades to turn it must leave the rotor with some finite 
velocity otherwise it would “pile up” behind the wind turbine. There is an optimum balance 
between removing the energy from the upstream air and its downstream velocity. This was first 
worked out by Betz and has become known as Betz’s Law, which determines the value of Cp. 

𝐶𝑝,𝑚𝑎𝑥 =
16
27

 

Modern horizontal wind turbine designs have Cp values that are 60-70% of this maximum value 
for their optimum wind speed operation, which is one indication that the engineering designs are 
effective. 
The above formula for the power shows the main two factors, aside from the engineering 
efficiency of the turbine, are the wind speed and the diameter of the turbine, the power 
increasing with both. This drives wind turbine installations to seek higher winds and longer 
blades. Higher winds can typically be found off-shore or in mountainous topography and both of 
these sites tend to be remote from population, this trades off the cost of connection to the 
existing grid with the tendency for people to want such infrastructure not to interfere with their 
immediate environment. Longer blades require higher towers, also increasing the height, and 
create new operational and engineering challenges throughout the chain of structures from the 
blade through the drive train and power systems to the tower and the foundations. This leads to 
a very complex set of tradeoffs across different length scales, for example, picking the site for a 
wind farm, the layout of the wind farm itself, the design of the individual wind turbines, and the 
fabrication of the wind turbine components, which all interact across these scales. 
The research sites in both Europe and Asia were focused on both systems aspects of next 
generation turbines, and on specific technological challenges associated with scaling up 
designs from their current implementations. From an academic perspective, there was a very 
detailed understanding of how different aspects of wind turbine systems interact, and where the 
critical bottlenecks in the development of new designs lay. From an engineering design 
perspective, the multiple criteria imposed by the system physics, customer requirements, and 
cost effectiveness still present a very demanding decision problem for which simulation was not 
capable of providing sufficient high fidelity support. This comes from the fact that the designs 
are continuing to be scaled up in power per turbine, and modeling the interactions at the 
increased scale is still very challenging. 

WIND ENERGY INTERACTING SYSTEMS 
It is possible to classify the systems that interact with wind power generation into four main 
groups. 
• Geosystems - This refers to the atmosphere, ocean, and land topography. These systems 

interact with each other to create the variable wind conditions under which the turbine 
system operates and influence the siting decisions for the wind turbine farms. The ocean 
conditions, depth and wave intensity, have a strong influence over the foundation 
requirements as well as the wind conditions. 

• Grid System - The grid system influences the power conditioning that is necessary for the 
wind turbines and the ability to absorb the variable generation profile, which ultimately 
impacts the overall efficiency of the wind farm. The more stable the grid the higher the 
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percentage of power from wind turbines that can be absorbed. The atmospheric conditions 
interact with the grid both through their direct influence on the amount of wind power 
available but also indirectly through other power sources such as solar and power demand 
depending on temperature and other weather conditions. 

• Wind Turbine System - The wind turbine itself is composed of many interacting 
subsystems. The most obvious ones are the turbine blades, gear train, power converter and 
conditioner, tower and foundations. The blades interact with the atmosphere, gear train and 
with the tower through mechanical forcing and creation of wake flows that can interact with 
other wind turbines located nearby. The analysis of the mechanical forcing has been termed 
aeroelasticity and is an active area of research for design and operation of wind turbines. 
The tower transmits the loads to the foundation and also supports the gear and power 
conversion systems. As the generation capacity increases through larger spinning discs, so 
does the weight of the gear train and power conversion, and the height of the tower, 
producing conditions that can lead to even greater deflections of the tower and blades. 

• Societal System - This is a deliberately vague catch-all for the political, economic, and 
social systems that surround wind turbine deployment and use. It is clear that these systems 
have a strong influence over whether siting wind farms in particular locations is acceptable, 
whether economic incentives to build and operate the turbines will be acceptable over the 
horizon necessary to justify the investment, and whether the necessary financing will be 
available to build the systems. 

From a research perspective in manufacturing and systems, the most tractable problems are in 
the design and manufacturing of wind turbines and the determination of likely operating 
conditions by mapping and simulation. These were the foci of the research sites visited during 
the trips to Europe and Asia and will form the core of the rest of this chapter. 

MULTISCALE DESIGN PROBLEM 
In order to design the wind turbine, there must be an understanding of the conditions in which it 
is expected to operate. Similarly, when devising policies and investment strategies, the wind 
resources in a given location or for a given country are also very important. Both of these types 
of decisions are supported by maps of wind speed and variation in wind speed at different 
geographic resolutions. The higher the resolution both in space and time, the more accurate the 
assessment can be. At DTU in Denmark, there was considerable effort in improving the 
resolution of wind maps to support design decision-making. This involves atmospheric flow 
modeling and fundamental atmospheric process understanding, and also model verification 
through measurement systems. One goal is to predict extreme wind conditions, including 
turbulence intensity, and to measure wind data for offshore turbine performance. Sensing 
techniques included direct turbine hub mounted and meteorological mast measurements as well 
as LIDAR and satellite remote sensing. Of particular interest were: (1) the detection of wake 
shadows of turbines to improve wind farm models and (2) a high resolution meteorological 
survey of the boundary layer in a given location for comparison with a numerical micro-scale 
simulation. In the latter case, a survey carried out at Bolund, the specific data was being made 
available through an open database for testing of turbine design and operation. In South Korea 
a similar mapping exercise had been undertaken to map and model the wind conditions at a 
1kmx1km scale and then for micro siting a 10mx10m resolution map was produced. These 
maps allow the most favorable areas to be identified, and the designs to be optimized for the 
wind conditions that are prevalent in these locations. 
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ADVANCED WIND TURBINE AERODYNAMICS 
The models of wind speed dynamics are a starting point for the modeling of the design of the 
turbines and particularly the turbine airfoil geometry. Realistic wind speed models must 
represent the power spectrum and spatial coherence as well as matching the cross-correlation 
of the wind speeds (Mann 1998). Once the wind dynamics have been appropriately captured, 
the modeling of the wind turbine system can be done at several levels of detail. The models can 
broadly be defined as “aeroelastic” where the dynamic mechanical response of the turbine 
blades and tower are calculated given the forces applied by the wind (Hansen et al. 2006). The 
computational models have evolved from simple static calculations with constant wind speed to 
dynamic models of coupled aerodynamics of the fluid flow and structural dynamics of the wind 
turbine. The design tools have evolved from using blade element momentum (BEM) to solve the 
Navier-Stokes equations, the latter having a physical basis with fewer empirical constants. The 
main differences between the codes are how they treat the structural dynamics, from finite 
element methods, through selected eigenmodes of the structure, to a multi-body formulation 
with rigid parts connected through hinges and springs (Hansen et al. 2006). 
This modeling is done at several scales, from the macro scale for wind farm layout, down to the 
microscopic scale for blade shape design and optimization (Xudong et al. 2009). At the detailed 
level, CFD predictions of the cyclic normal and tangential loads at different points along the 
blade have been validated against measurements of the blade and show very good agreement. 
This has led leading wind companies to use these modeling approaches for turbine blade 
design and optimization with extensive full scale testing of the final blade design. In particular 
the models can be used to predict the improvement of blade response when selectively 
reinforced at the leading or trailing edge of the blade, optimizing the stiffness-to-weight ratio of 
the blade. Turbine blade testing requires substantial infrastructure and efforts have been made 
to defray the cost of this infrastructure by establishing facilities where multiple wind turbine 
companies can test their designs. However, concerns arose about: (1) the difficultly of keeping 
information about competitors’ designs from leaking from one to another, simply through the use 
of shared personnel at the facility, and (2) that the scheduling of the test facility could well 
become a bottleneck in a manufacturer’s development cycle. These concerns point to the need 
to pay attention to the innovation cycle of different manufacturers, and whether the testing is 
merely to confirm compliance to standards or to acquire data to drive the next design iteration. 
Models of the whole turbine flow field are called actuator disk models, and advances in these 
models have been driven by researchers at DTU (Hansen et al. 2006, Sørensen and Shen 
2002). The rotor is represented as a permeable disk with airflow through it, while simultaneously 
including the surface forces. The actuator disk model can be combined with the BEM or the NS 
equations, and the latter is emerging as key to capturing wake effects for wind farm simulation. 
The key advance has been to couple a 3-D NS solver with a representation of the body forces 
distributed along the turbine blade (Sørensen and Shen 2002). This model has demonstrated 
that turbine blade tip vortices are still present three turns downstream of the disk, which has 
implications for the layout of wind farms. 
The detailed models of air flow over the turbine blade can be accomplished through solving the 
Navier-Stokes equations for the air flow, which allows for computation of the turbine disk wake. 
Computational modeling is also playing a significant role in the design of foundations for off-
shore wind turbines, as evidenced in the civil engineering program at Aalborg. The objective is 
to ensure the reliability of the system, as repair and downtime are very expensive for these 
systems. These results feed into the REWIND project, which will be described in the next 
section. 
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REWIND: Materials and Manufacturing to Properties and Performance 
The detailed and validated simulations of the dynamic loads generated during operation can 
also be used in the development of new materials and the refinement of manufacturing 
methods. This is the goal of the REWIND program that encompasses a multidisciplinary group 
from DTU Mechanical and Wind Engineering, Aalborg University, the Helmholtz Laboratory for 
Applied Materials Research, and Michigan State University. The effort involves these academic 
partners along with manufacturers and the owner/operators of wind turbines to focus on driving 
improvements in the reliability of critical wind turbine components. For example, both DONG 
Energy and Vattenfall are involved as turbine operators, and Vestas as a turbine manufacturer. 
Direct improvements are sought in the reliability of the metallic rotor hub and drivetrain parts 
that have been demonstrated to fail during operation. Indirectly the program seeks to reduce the 
weight of components and thereby reduce the loading on critical parts and improve their 
reliability. The program has several work packages (WPs) that include Materials Engineering 
and Failure Analysis, Mechanical Properties and Damage Mechanics, Process Modeling, 
Fatigue and Wear in Rolling and Sliding Contacts, System Simulation and In-service Loads, and 
Reliability. These WPs demonstrate that simulation and process modeling are key aspects of 
the program. 
The process modeling is being undertaken to translate information from the thermal history of 
the metal during casting, using models of solidification and heat treatment, into the deformation 
and residual stress state and void distribution of the metal ingot prior to the forming process. 
Similarly models of the forging process generate the loads that are applied to the initial material 
state to create defect distributions. Different forging geometries lead to heterogeneities in the 
void distributions and can create void concentrations. These defect distributions are then fed 
into simulation of in-service loads to derive mechanical properties and likelihood of failure. 

Wind Turbine Power Electronics 
An important subsystem of the wind turbine is the power electronics that connects the generator 
side of the turbine to the grid side (Blaabjerg, Liserre and Ke 2012). This system has undergone 
significant evolution as the size of wind turbines has increased. The original designs transferred 
the variations in wind power directly to the grid, and there was no control of the active and 
reactive power. One of the leading groups in this area is at the University of Aalborg, which 
described new designs for power electronics that would enable wind turbines to become active 
power sources for the grid, and new materials to address increased concerns in the reliability of 
the electronics. This latter issue is of increased importance as maintenance will be a major cost 
component for off-shore turbines. 
The generator side of the system has evolved to use of synchronous generators with either 
permanent magnets to external excitation. The former designs are the most popular because of 
reduced losses and lower weight, but they rely on high performance magnets, which in turn 
have been manufactured from rare earth materials. The demands on the generator side power 
electronics are such that the rotating speed of the turbine can be controlled through the 
adjustment of stator torque. The grid side electronics must control the reactive power, have fast 
active power response, and the quality of the power in frequency and voltage amplitude, as well 
as total harmonic distortion should be maintained. These power converter system requirements 
must be met at low weight, low cost, and high reliability as well as the ability to store active 
power and increase voltage. The increased power of wind turbines drives the need to have 
higher voltage systems because otherwise the current will lead to very demanding heat 
dissipation and power losses. 
The final components of the power system are the filters and transformers that are employed for 
conditioning and stepping up the voltage from the turbine to the grid while minimizing power 
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losses. The technological challenge is to develop transformerless solutions that can connect the 
power generator to the grid, but currently transformers are still required. There are many 
different system configurations and the evolution of these designs is being driven by the 
increased power generation from a single turbine. The problem is to balance increased 
complexity of multi-level designs that have more components that can fail with increased 
efficiency. For example, open winding of the generator and transformer enables isolation of 
each phase of the power, providing a fault tolerance to one or more of the phases being out of 
operation. However, the open-winding requires double the length of wire and hence double the 
weight, leading to greater inductance, and also influencing the tower structural requirements. 
The goal for reliability is to move from a statistics-based approach to a physics-of-failure 
approach where the phenomena that lead to the failure of the power electronics are explicitly 
identified (Blaabjerg, Liserre and Ke 2012). Specifically for semiconductors, the different rates of 
thermal expansion for the materials in the semiconductors mean that thermal cycling leads to 
cracking, therefore minimizing this cycling by coupling thermal and electrical models together is 
being undertaken. For example, during wind gusts, the reactive power might be circulated 
around parallel converters to stabilize the temperature and avoid junction temperature 
fluctuations that lead to failure. System models are being developed for this aspect of wind 
turbine behavior and there is a clear drive to incorporate wind profile information and drive 
designs of device topology to minimize losses and thermal impedance with the goal of 
maximizing the mean time to failure. 

OTHER WIND TURBINE CONCEPTS 
In addition to the classic concept of using wind to rotate a disk perpendicular to the direction of 
the wind there are Savonius type windmills where the plane of rotation is the same as the wind 
direction (Akwa, Vielmo, and Petrie 2012). This is achieved by having a blade system rotating 
around a shaft where the blade is mounted vertically rather than horizontally. This technology is 
not as developed as the “standard” wind turbine, with lower Cp values [0.05 to 0.3] (Akwa, 
Vielmo, and Petrie 2012), but shows some promise for smaller scale implementations, since its 
footprint is small because of the axis of rotation. An additional advantage is that the machinery 
necessary to convert the rotation to electrical power can be mounted at the base of the device 
since the shaft is rotating vertically and can transmit energy to the base of the structure. This 
allows for designs where the shaft might even pivot around and be tethered to the sea floor as 
opposed to an expensive foundation. These concepts are being explored by researchers both at 
Uppsala in a spin-off company, Vertical Wind, and at DTU as a conceptual design for large off-
shore wind turbines. 

ENERGY FROM THE MOTION OF WATER 
There has been long standing research and implementations into extracting energy from the 
motion of waves and tidal flows (Falcão 2010, Falnes 2007). For wave energy, approaches 
have used the change in the mean height of the wave to mechanically raise and lower a weight. 
The difficulty of wave energy has been the wide range of wave heights that can be expected in 
real operating conditions in places where the amount of energy is significant enough to warrant 
tapping. Since water is roughly 1000 times as dense as air, the difference in energy represented 
by doubling the wave height is substantial, and it makes it very hard to design for variable 
conditions. 
Wave energy systems were described by researchers at the University of Aalborg and at 
Uppsala. At Aalborg a floating system, WEPTOS Wave Energy Converter, was described that 
has two lines of oscillating buoys. They are joined at one end to form a “V” where the angle 
inside the “V” is variable, i.e., from 0 to 90 degrees, to reduce the exposure of the buoys to very 
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heavy wave loads . At Uppsala a fully submerged system for extracting energy from currents 
was described. This has undergone a large number of trials and design iterations, feeding back 
information from each design to optimize cost and performance. 

SUMMARY AND CONCLUSIONS 
Exploiting wind energy has been strongly influenced by systems engineering thinking with 
prominent roles for advanced modeling and simulation in informing designs at multiple levels of 
the system. The designs are being driven by an overall system cost objective, where it is 
explicitly recognized that reliability during operation is a strong driver of overall cost, particularly 
as the turbines become larger and are located off-shore. 
Wind farm location selection and design is being done through both mapping wind resources at 
high spatial and temporal resolution, and by the construction of models of wind speed and 
direction that are faithful to the underlying data. Wind turbine design codes are being developed 
that incorporate sophisticated understanding of the dynamic coupling of wind turbine 
components with wind fields through aeroelasticity. These codes are reaching the point where 
predictions are matching the experimental observations, and design may be moving in silico, 
much as it has for the aircraft industry. 
However, there still remain significant challenges in wind energy system design in several 
areas. First, the continued increase in the scale of individual turbines will require advanced 
materials and manufacturing techniques to ensure safe, reliable operation. This is likely to occur 
through maximizing the effectiveness of composites in key locations within the turbine blade and 
through advancing the aerofoil designs to increase the range of wind speeds at which operation 
can be safe and effective. Reducing the weight of components and finding ways to locate heavy 
subcomponents away from the turbine hub are strategies that are being pursued both for 
traditional horizontal turbines and vertical axis turbines. The pursuit of offshore wind farm 
designs will drive these changes further and cause even greater integration of models to 
examine the loads on foundations with aeroelastic simulations. The demands placed by larger 
turbines on mechanical systems are matched by increased demands on the power electronics, 
which have been identified as a key subcomponent influencing system reliability. Higher power 
outputs require that the voltage be increased to avoid high currents and system heating. The 
dynamic variation of system temperature caused by fluctuating loads leads to thermal stresses 
that reduce system lifetime. New power electronic designs are being pursued that manage the 
reactive power and reduce thermal cycling. These designs are being evaluated not only for their 
electrical and thermal performance, but also in how they influence the weight of components 
mounted on the turbine, coupling objectives and constraints in mechanical and electrical 
performance. 
The maturity in horizontal wind turbine systems is not matched in the area of wave and water 
energy systems design where multiple concepts for energy extraction are still being evaluated. 
Wave energy systems are being developed in more of a “generate and test” mode with the 
ability to model their performance lagging that of wind turbines. This reflects the challenges of 
operating in an environment with a fluid 1000 times as dense as air, which drives much greater 
variation in the peak power that the system has to survive. Exploitation of water currents has 
been successful in locations with very large tidal swings, but the opportunities are limited by the 
lack of favorable geographies. 
Europe has a very mature research community in wind power, with close collaborations with 
major wind turbine vendors and operators. Large multi-institutional grants have been awarded 
from EU funds. These are driving advances in simulation codes and models for wind turbine 
mechanical, electrical and thermal performance, and to couple manufacturing models with in-
service load models to predict failures. The simulation models are being refined with data 
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collected on wind fields at high spatial resolution in complex topographies using tools such as 
LIDAR, and through anemometer measurements at turbine hubs in offshore locations. Similar 
measurements are being done for wind power deployment in Southeast Asia. Measurements of 
wind turbine stresses and deflections show good agreement with models being developed by 
researchers and the confidence in models is increasing so that wind turbine vendors are using 
more model-based design tools. Overall it would appear that systems engineering has deeply 
informed the thinking of the wind power research community, which consider multiple aspects of 
turbine performance and design and recognize and quantify design tradeoffs to drive down the 
ultimate objective of wind power cost. 
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CHAPTER 6 

SYSTEMS ENGINEERING AND SYSTEMS ENGINEERING EDUCATION 
Paul Collopy with Abhijit Deshmukh and Timothy Simpson 

INTRODUCTION 
The SEEM study provides an effective lens for a multi-perspective view on systems engineering 
in action, by focusing on hardware prototypes, hands-on experimentation, and scale-up 
activities to provide clean and renewable energy. On a lab bench, it is easy and often 
appropriate to ignore or put aside systems issues like economic impact, social and cultural 
integration, and political climate and nuances. However, when countries are scaling up 
renewable energy sources to provide tens of percent of their national energy supply, 
understanding the implications of these issues is critical, as they can hinder adoption and 
deployment, even if a better solution is available. To gain insight into the role of systems 
engineering and its education in this context, this chapter highlights several examples and 
reviews the common themes that emerged from the SEEM study. 

SYSTEMS ENGINEERING DEFINED 
Among all the engineering disciplines, it is the particular burden of systems engineering that it 
must explain itself at every turn, and so we begin this chapter by defining what we mean by 
systems and systems engineering. We define a system as “an integrated composite of people, 
products and processes that provide a capability to satisfy a stated need or 
objective”(International Council on Systems Engineering Handbook 2004). Systems Engineering 
is “an interdisciplinary approach to enable the realization of successful systems. It focuses on 
defining customer needs and required functionality early in the development cycle, documenting 
requirements, then proceeding with design synthesis and system validation while considering 
the complete problem: operations, performance, test, manufacturing, cost and schedule, training 
and support and disposal. Systems engineering integrates all the disciplines and specialty 
groups into a team effort forming a structured process that proceeds from concept to production 
to operation. Systems engineering considers both the business and technical needs of all 
customers with the goal of providing a quality product that meets the user needs (Defense 
Acquisition University 2006). 
In this regard, systems engineering emphasizes both an external, or outward-looking, focus and 
an internal, or inward-looking, focus when designing and deploying engineered systems. When 
designing a system, systems engineering stresses the relationship of the system being 
designed with its external environment, specifically: 

• Interoperability with the system’s technical environment 
• Profitability (or at least profit-neutrality) within its economic environment 
• Compatibility within its social, cultural, and political environments 
• Sustainability within its natural environment 
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Meanwhile, the inward-looking focus of systems engineering ensures that the system is 
designed to successfully manage the interrelationships between the numerous elements or 
components of the engineered system. The inward-looking aspect becomes more crucial for 
more complex systems with many components and many internal couplings and relationships. 
The systems surveyed in the SEEM study (e.g., wind turbines, solar panels, biomass) are not as 
complex as, say, nuclear power plants. Thus, in many cases the internal complexity, while 
important, does not present an insurmountable challenge to the systems engineering efforts 
reviewed in this study. In light of this, systems design initiatives are discussed next, followed by 
systems-integration scale-up issues in the following section. The common themes and best 
practices for systems development conclude the chapter. 

SYSTEMS DESIGN 
Within systems engineering, systems design entails the creation of the initial broad engineering 
description of the intended system with an eye toward economic, social, political, and cultural 
considerations. We saw many excellent and successful examples of energy systems design as 
part of this study. A common thread was the development of quantitative, science-based models 
of the environment before launching into design of the product itself. Several examples follow. 
At the Indian government’s Solar Energy Centre, on the southern outskirts of Delhi, surveys 
have been made of the solar radiation environment of the entire subcontinent to assess 
suitability for constructing photovoltaic or concentrated thermal solar energy farms (see Figure 
6.1). For photovoltaic farms, the amount of incident solar radiation is key, and this is inversely 
related to the density of cloud cover. Concentrated thermal plants rely on mirrors for which the 
radiation must also be parallel, which effectively requires that it is undiffused by the atmosphere. 
Diffusion is a particular problem in many parts of India, and once radiation is scattered, either by 
thin clouds or aerosols, mirrors cannot gather it together again. The mapping of India in terms of 
solar incidence and diffusion in the Figure 6.1 is a good example of a quantitative study of the 
physical environment as a context for design. The National Wind Atlas prepared by the Korean 
Institute of Energy Research (see Figure 6.2) is a similar systems design research effort with 
respect to wind energy in Korea. 
At Uppsala University in Sweden, Prof. Mats Leijon and his students are designing machines to 
extract energy from wind, ocean waves, and currents. Each design is focused around fluid 
dynamic- studies of the interaction of the available energy in the physical environment with the 
extraction machine, but Prof. Leijon and his students go much further. They have designed a 
wind turbine with a vertical axis, in part because it is more compatible with the avian 
environment (see Figure 6.3). Birds are often killed by traditional horizontal-axis turbines 
because the blade strikes them from above. Birds do not naturally look up or avoid collisions 
with obstacles descending from above, whereas in the vertical axis machine, the blades 
approach birds’ flight paths from the side. Birds instinctively avoid the blades, and fewer birds 
are killed from this kind of wind turbine. 
The traditional cantilevered wind turbine also creates large asymmetrical loads on the bearings, 
which are mounted at the top of the tower. In fact, the major maintenance costs associated with 
these machines are climbing the tower to fix bearings and slip rings. The vertical tower places a 
more balanced load on the bearings mounted at the bottom of the machine. The bearings fail 
less often as a result, and when they do, they are easily accessible for maintenance without 
climbing. The generator is also mounted on the ground, which eliminates the structure 
necessary in the traditional design to hold the generator up at the horizontal axis of the turbine. 
Less structure means less cost and less maintenance. 
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Figure 6.1. Solar farm suitability maps of India (courtesy Dr. B.Bandyopadhyay, SEC Delhi). 

 
 

 
Figure 6.2. South Korean Wind Atlas (courtesy Korean Institute of Energy). 
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Figure 6.3. Vertical Wind Turbine (courtesy Uppsala University). 

Likewise, Prof. Leijon and his students have developed ways to extract wave energy without 
fouling the machine with ocean flotsam and plant material, which has been the historical 
downfall of this approach to renewable energy. They accomplished this by considering the 
fouling problem first, and letting it drive the design. The result is a very simple machine with only 
one moving part and no tight clearances (see Figure 6.4). This example, like the previous one, 
illustrates that the best systems approach to renewable energy considers manufacturing, 
maintenance, and compatibility with the natural environment very early on, almost as early as 
the energy flow itself is studied. These are not the criteria commonly used for down-selecting a 
good design(s) from a set of solutions that achieve a desired functionality as taught with many 
ideation techniques. 

 
Figure 6.4. Wave energy machine: internal view of seafloor component (courtesy Uppsala 

University). 

At the Tata Energy Research Institute (TERI) University in Delhi, India, cultural compatibility is a 
prime concern during systems design. For instance, a great deal of the energy consumed in 
India is used by charcoal-fueled cooking units. Charcoal is a biofuel, but the cooking units are 
remarkably inefficient—only a few percent of the calories released from charcoal combustion 



Paul Collopy with Abhijit Deshmukh and Timothy Simpson 

actually make it into the food for cooking. Cookers that consume less charcoal would greatly 
relieve the cost burden of charcoal on poor villagers and have the added benefit of reducing the 
volume of harmful soot particulates in the local atmosphere. However, cooking the evening meal 
is a focal point of Indian family and village life. Efficient cookers that do not take this into 
consideration will not achieve cultural compatibility and will be rejected by the users. As an 
example, one program distributed free solar-powered cookers to villagers, but the cookers 
would not work after sunset, which is when most people prefer to prepare dinner. Thus, the 
cookers offered a better technical solution, but they were widely repurposed by villagers as 
mirrors in their homes. 
India’s work on home cooking units may seem small scale compared to efforts by Western 
European nations to shift several tens of percent of their energy consumption to renewables, but 
with several hundred million Indians living in villages, the energy impact of programs like TERI 
University’s scales rapidly. Another example of a large-scale Indian program built of millions of 
small units is the Solar Energy Centre’s work to put solar-powered street lights in villages that 
are off the electrical grid (see Figure 6.5). The design challenges are not technical (i.e., 
photovoltaic efficiency, lighting design); rather, they entail (1) maintenance and (2) compatibility 
with the natural environment. Regarding maintenance, the government is searching for a 
rechargeable battery that is capable of storing enough electrical power to provide an evening of 
lighting that can be maintained in the villages. The energy storage requirement is well matched 
by a standard car battery (i.e., lead acid battery), but these batteries require the electrolyte to be 
reconstituted periodically with distilled water. There is no distilled water in the villages, nor can 
they easily access it. Meanwhile, the environmental compatibility challenge lies in birds roosting 
on the solar panels mounted on top of the street lamp. Bird droppings accumulate on the panels 
and reduce the energy capture from the sun. In order for the system to work, it must be 
compatible with these aspects of the environment, not just provide the most efficient 
photovoltaics. 

 
Figure 6.5. Solar-powered streetlights for Indian villages (courtesy GreenDream 

Foundation). 

In Straubing (at the Wissenschaftszentrum Straubing), one systems design project is focused 
on generating heat from agricultural waste on small farms in Bavaria. The system design 
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challenge is to make an inexpensive, easy to use, and easy to learn process for pelletizing the 
waste so that it can feed existing stoves and heaters. Unless the waste-to-fuel conversion 
system is easily adopted by the local farmers (who favor renewable energy, but are very busy 
running their farms), it will not have any impact on the energy economy. So, the team must work 
with the farmers to understand the system’s real value—the return on their investment in time, 
to learn how to operate the system relative to the time lost running the farm—and not just 
position it based on its economic (i.e., cost) and environmental impact. 
Finally, at the University of Almeria in southern Spain, Prof. Emilio Molina Grima is studying the 
scaling up of algae production to replace petroleum distillates such as kerosene in the energy 
economy of Spain. The algal cultivation and processing technologies are functional, but Prof. 
Molina Grima is also studying how algae will integrate into the Spanish economy. His tentative 
conclusions are not encouraging (see Table 6.1). If algae were to provide a substantial fraction 
of the energy that powers Spain, then algae cultivation would become a very large-scale 
operation. Algae cultivation requires not only sunlight, but also carbon dioxide, nitrogen, and 
phosphate, and large-scale production would outstrip the available supplies of all these feed-
stocks. A smaller scale application may be to grow algae as a byproduct at a conventional fossil 
fuel plant by using the flue gas from fossil fuel production, bubbled through the algae water, to 
provide the requisite carbon dioxide and nitrogen. Even in this case, the phosphate demand 
would strain the limited worldwide supplies. Altogether, this provides an excellent example of 
looking beyond the production engineering of a biofuel to understand how it integrates into the 
wider economy, which brings us to systems integration. 

Table 6.1. Scaling up algae-based fuel production in Spain (courtesy University of Almeria). 

 

SYSTEMS INTEGRATION 
The previous examples illustrate the inward-looking systems considerations that the best 
systems engineering groups are able to address early in the design of the system. The second 
area of consideration for systems engineering is the interrelationships between these elements 
in a larger system. Electrical transmission and distribution systems provide a good context for 
studying these interrelationships, as they are comprised of systems of systems. Characteristics 
of systems of systems include (INCOSE Handbook V3 2006): 

• Large scale 
• System elements operate independently 
• System elements have different lifecycles 
• Initial requirements can be ambiguous 
• Complexity is a major issue 
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• Management can overshadow engineering 
• Fuzzy boundaries cause confusion 
• System of systems engineering is never finished 
While there is certainly fundamental research to improve cost and performance of individual 
elements and components in the system, the design and use of the overall grid system is much 
more important for economic and societal purposes. For specifically this reason, electrical grid 
systems are well suited for examination of systems engineering as they must be designed with 
a focus on the end-user as well as cost, schedule, performance, and other more traditional 
technical considerations. 
The electrical engineering group we visited at KTH (Royal Technical University of Sweden), 
studies the interrelationships within one of the most complex electrical transmission and 
distribution systems, the European electrical power grid (see Figure 6.6). Some interesting 
systems engineering findings they have uncovered include the value of direct current links, the 
interaction between the grid and consumer political preferences, and the impact of renewable 
energy on the evolving grid. Details on each of these findings follow. 

  
Figure 6.6. Expansion planned for the European Union electrical grid (courtesy TU Delft). 

1. Direct current links – Since Nicolas Tesla won the battle with Thomas Edison over the 
systems design of electrical power grids, alternating current has been used to transport 
electrical power throughout the world, primarily due to the ease of changing voltages 
among generation, distribution, and local consumption. However, today this requires 
coordination of the phase of the voltage and current waveforms among a huge number 
of producers and consumers. When high-voltage direct current is used to link regions of 
a complex power grid, as in the links across the Baltic Sea in the European grid, it 
relieves the need for phase coordination between the regions, reducing the effective 
complexity and fragility of the grid. 
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2. Consumer political preferences – Many Europeans care a lot about the environment 
and are concerned with the impact of civilization on global climate. One attempt to 
exploit these concerns for a positive effect has been to put programmable thermostats 
into people’s homes. The thermostats give people the option of a “green” setting to 
reduce their carbon footprint by changing when they consume power. However, because 
of the availability of solar power mostly during midday, KTH researchers have 
determined that the “green” setting creates a high demand when there are fewer 
renewable sources on line, and therefore actually increases the carbon footprint when 
compared to using the normal program settings. This inverse and adverse interaction, 
where trying to be green hurts the environment, was only discovered through careful 
systems analysis of the grid, looking at the interaction between electrical power 
producers and consumers. 

3. Renewable energy on the grid – The large shift in western and northern Europe toward 
clean and renewable energy has changed the economic and political landscape. In 
particular, it has left hydropower-rich Norway in a very strong position within the grid. 
Solar farms produce energy when the sun is shining, and wind farms produce energy 
when the wind is blowing, meaning that both of these energy sources are intermittent. To 
move Europe to a very high percentage contribution of wind and solar requires a way to 
balance intermittent wind and solar with renewable power on demand. Norway’s 
hydroelectric dams provide this power on demand, and thus Norwegian hydropower 
becomes ever more valuable as dependency on solar and wind grows. 

Likewise, the Technical University of Delft (TU Delft) in the Netherlands studies the interaction 
of energy infrastructure systems and other elements of infrastructure in their Next Generation 
Infrastructure program, all from a systems perspective (see Figure 6.7). One of the key 
variables in any such analysis is the understanding and definition of the overall systems 
architecture. With a stable systems architecture, a basis can be provided for managing and 
gaming dramatic changes in detail (Snyder, Antkowiak 2010). Interestingly, the faculty is 
comprised of engineers and management professors as well as philosophers who write about 
the ethics of various technologies. 

 
Figure 6.7. Socio-technical issues in designing the European power grid (courtesy TU Delft). 

On a somewhat smaller scale, the Technical University of Denmark is studying the complex 
interactions between turbines in a large wind farm. Mechanical and aerodynamic engineers 
study how a wind turbine extracts energy from a wind flow. However, the systems engineering 
question is how to arrange an array of wind turbines in an area to most economically generate 
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power, while considering land use, compatibility with the environment, and the interaction 
between the flow fields of the different turbines during differing wind speeds and direction. 
Finally, at the National University of Singapore (NUS), the Solar Energy Research Institute has 
a systems focus for improving solar panels. Where most electrical engineering labs and applied 
physics labs attempt to increase the photovoltaic device performance, the NUS group has 
achieved a 15% improvement in efficiency just from better packaging, solar cell 
interconnections, and power conditioning. 

SYSTEMS DEVELOPMENT 
So how do the best clean energy manufacturing research groups approach the design and 
development of engineered systems? Although a great deal of variety was observed in the 
SEEM study, abroad several common themes appeared repeatedly: (1) go to hardware fast, (2) 
go to hardware at scale quickly, and (3) be mindful of the top down, but build from the bottom 
up. 

Go to hardware fast 
From the wave and wind energy group at Uppsala University, to the bio-waste conversion team 
at TU Munich, to the algae pilot farms in Almeria, an effective strategy for system design is to go 
to hardware implementation rapidly rather than spending years or even many months studying a 
design in complete abstraction or through simulation. We observed the same approach at TERI 
University, National University of Singapore, Wissenschaftszentrum Straubing Bavaria, IISc 
Bangalore, and the organic dye solar cell developed at Ecole Polytechnique Federale de 
Lausanne (EPFL). This approach has a distinct advantage when working with complex systems, 
as simulation is unlikely to characterize the critical elements of the system accurately enough to 
differentiate better designs from worse designs. 
Hardware, on the other hand, takes the assessment out of simulation and puts it in the real 
world. In many cases (e.g., wave and wind machines), the complexity is not in the machine itself 
but rather in the environment and the way the machine interacts with the environment. One can 
spend years trying to accurately model vegetation and detritus on a shallow ocean bottom to 
simulate operation of a wave energy machine, or one can build a machine, drop it in the ocean, 
and see what happens. Uppsala has chosen the latter strategy and works hard to field test its 
wave energy machines (see Figure 6.8). This does not mean that modeling, even complex 
modeling, is not done. Prof. Leijon’s group at Uppsala performs and publishes sophisticated 
hydrodynamic modeling work to understand the effectiveness of machines at extracting wave 
energy in various sea states. However, the tolerance of the system to fouling is a much more 
difficult simulation problem, and a much quicker and more accurate answer can be found by 
building a machine and watching how it works. Good systems engineering practices in the study 
strike a good balance between learning from hardware while being informed by simulation and 
mathematical modeling. 

Go to hardware at scale quickly 

At the Solar Energy Centre outside Delhi, reliability and maintenance of photovoltaic solar farms 
is studied by building a full-scale solar farm (with a variety of equipment installed). The National 
University of Singapore studies solar panel production on a full-scale production-line set up in a 
laboratory at the university. When EPFL builds a prototype solar panel, it is a full-scale 
prototype as seen in Figure 6.9. 
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Figure 6.8. Field testing a wave energy machine (courtesy Uppsala University). 

The groups at Uppsala, Munich, and Almeria are developing huge processes for producing very 
large quantities of energy from wind, waves, bio-waste and algae (see Figure 6.10). The 
systems they are building in their laboratories are not full scale, but they are the size of 
substantial industrial pilot plants, and are far larger than what can be found in comparable 
university laboratories in the United States. 
At such scales, many of the technical and economic challenges of full-scale implementation 
become readily apparent. This is essential for good systems engineering work, where issues 
such as economics, maintenance, byproducts, and installation challenges are as much a focus 
of the research as basic performance and efficiency. These approaches require significant 
investment of time and resources, but the hands-on learning and pedagogical returns are 
substantial and highly valued by the universities as well as future employers (i.e., companies). 

 
Figure 6.9 Organic dye sensitized solar panels at EPFL (courtesy Solaronix). 
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Figure 6.10. Biowaste pyrolization Hot VeGas unit (courtesy TU Munich). 

Be mindful of the top down, but build from the bottom up 
Much of systems engineering theory and training advocates a design process that starts with a 
broad design of the overall system, then decomposes this into subsystems, designs the 
subsystems, and further decomposes the subsystems. This is a top-down design process; 
however, many of the systems development processes we observed emphasize bottom-up as 
much as the top-down. 
For instance, the raceways and hydroponic piping used for algae cultivation at the University of 
Almeria started from known components to build up an agricultural process (see Figure 6.11). 
The biofuel seed grinder we viewed in Straubing started with a bicycle as an available and well-
understood conduit for manual power, and the project scaled up (see Figure 6.12). The solar 
farms studied at the Indian Solar Energy Centre and the wind farms studied at TU Denmark are 
comprised of individual solar panels and wind turbines, respectively. The organic dye solar 
panels at EPFL are designed outwards from the dye-coated titanium dioxide beads that provide 
the bottom-level electron transport. 
Finally, an entire panel production line was duplicated at the National University of Singapore in 
order to study the packaging of photovoltaic devices into solar panels. Experiments are 
conducted by modifying individual processing steps one at a time while trying to achieve high-
level targets for the system. In all of these examples, teams go to hardware fast, using parts and 
components that are readily available, and then scaled up to achieve the desired system-level 
performance. The common educational components used to train students in systems 
engineering are discussed next. 
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Figure 6.11. Continuous algae hydroponic plant (courtesy University of Almeria). 

 
Figure 6.12. Biofuel seed grinder (courtesy Wissenschaftszentrum Straubing Bavaria). 

SYSTEMS ENGINEERING EDUCATION 
As part of the SEEM study, we investigated and inquired about how students are trained to be 
competent at systems engineering. Several common themes emerged in the responses. 

Hands-on experience is essential 
Most of the universities we visited strongly emphasized hands-on experience as the primary 
route to understanding systems and their interactions with the external environment. In 
particular, graduate students learned machining, winding wire on very large armatures, installing 
wave machines in the ocean, manufacturing solar panels in low-volume shops, visiting solar 
farms to examine the conditions and performance of solar panels, and so on. We asked whether 
the focus on hands-on work by graduate students detracted from publishing or lowered the 
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quality of papers. The response was that, if anything, the hands-on lab work benefitted the 
students’ scholarly output and vice versa. Many of the sites we visited were selected because of 
the high quality and volume of their published research, and we met many graduate students 
who did extensive field work while publishing excellent papers. 
The Singapore University of Technology and Design (SUTD) was especially notable for the 
hands-on opportunities they provide to their undergraduate students. The SUTD curriculum is 
suffused with design experience: every course includes a design project, and every semester 
includes a course focused on design. SUTD has a large traditional machine shop, augmented 
with 3D printers, laser cutters and waterjet cutters. Students are encouraged to use the 
machines whenever they feel the need or opportunity. There is no specific course that trains 
students in using the wide range of available manufacturing equipment; instead, the machine 
shop is staffed with experienced machinists who provide individual hands-on training to students 
as they need it. The result is that when a student has an idea for a product, then he or she can 
immediately try to implement it. 

Mathematical modeling is important 
All of the groups that we visited who were engaged in systems engineering activities performed 
mathematical modeling, often very sophisticated modeling and simulation. The route to 
understanding the relationship between an engineered system and its environment in a way that 
provides guidance to design decisions is to model the relationship quantitatively. Examples are 
TU Denmark’s modeling of flow-fields in wind farms (see Figure 6.13), KTH’s modeling of the 
European electrical power grid, and Uppsala University’s modeling of hydrodynamic flows 
around wave and ocean current energy extraction machines. 
The TU Delft Faculty of Technology, Policy and Management developed a unique and effective 
approach to teach mathematical modeling—an intense learning-by-doing strategy. During the 
course of an undergraduate education in the department, every student develops hundreds of 
different mathematical models. They are taught a seven-step procedure for developing models, 
which notably includes validation as the last step. A peer review process is used, so that each 
model is reviewed by two or three other students. Thus every student has reviewed several 
hundred mathematical models upon graduation. Not surprisingly, this leads to proficiency in 
mathematical modeling for most of the Faculty’s graduates. 
At TU Delft, one of the bedrock modeling templates is economic game theory. This tool is most 
naturally applied to situations of interpersonal competition or conflict. Agent-based modeling is 
also widely used, in which rule-based routines (agents) are programmed to represent individuals 
or institutions in the world, and then the agents are allowed to interact through a simulation. 

Decision making tools are not valued 
During SEEM visits, we inquired about the use of decision making tools, such as Analytical 
Hierarchy Process, Pugh Matrices, Fuzzy Probability Theory, Dempster-Shafer Evidence 
Theory, and Quality Function Deployment, which are often mentioned in systems engineering 
handbooks and taught in systems engineering courses in the United States. As far as we could 
tell, no site that we visited used any of these tools. At TU Delft, systems engineering classes 
made the students aware of these tools, but they do not recommend their use or train students 
in their use. 
We inquired more deeply as to why such tools are not used. Answers ranged from “They are 
unnecessary” to “They don’t work.” TU Delft teaches, essentially, subjective expected utility 
theory, including variants such as multi-objective decision theory. At TU Delft, game theory is 
the go-to modeling tool, and it is grounded in neoclassical economic concepts of utility. The 
open question, however, is whether the programs we visited were successful in spite of not 



82 6. Systems Engineering and Systems Engineering Education 

 

using popular American and Japanese decision-making tools, or because they do not use such 
tools. 

 
Figure 6.13. Vorticity shed from 5x5 turbines in a farm computed by actuator disk method 

(Courtesy Technical University of Denmark). 

Systems engineering processes are not part of the formal curriculum 
None of the sites we visited provides dedicated training in requirements analysis, verification 
test planning, preliminary and critical design reviews, or specification development. One reason 
may be that, for the systems we looked at, the internal structures are not terribly complex (not 
on the order of a nuclear power plant or a gas turbine engine), and so formal processes are less 
crucial. However, it was clear that the experts we interviewed thought that all of these formal 
processes are not necessary for good systems engineering. Instead, experience through hands-
on experimentation was critical to their learning. 

Systems engineering is not a separate discipline 
Finally, the university professors with which we spoke did not believe that systems engineering 
could be taught except in the context of particular engineering disciplines. No one said “We 
don’t teach that.” Instead, they said “We cover those issues in such-and-such classes.” There 
was strong opposition to the notion of a systems engineering major or a separate systems 
engineering degree. Also, if such a degree were offered, opinion was strong that it should be a 
graduate-level program offered only to engineers who had skill and experience in a particular 
engineering discipline prior to entry. 
The Singapore University of Technology and Design (SUTD) and the TU Delft Faculty of 
Technology, Policy and Management were exceptions to this. Both teach curricula at the 
undergraduate and graduate level; however, they make a point of calling the subject 
“engineering systems” rather than systems engineering. This is meant to evoke a focus on 
product (system) over process, and on analysis and understanding rather than checklists and 
documents. 
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CONCLUSIONS 
In conclusion, we find a very different, yet effective, embodiment of systems engineering in the 
European and Asian sites surveyed in the SEEM study. Though their clean and renewable 
energy manufacturing and related efforts, we find that many programs are able to expose 
students to the economic and environmental impact of their work as well as gain insight into the 
social, cultural, and political implications and nuances within which their system must function. 
Understanding these contexts from the start of the project leads to novel solutions that not only 
perform well but also take factors such as cost, manufacturability, maintenance, and cultural 
integration into consideration. By considering these factors up front, brainstorming efforts yield a 
variety of focused and feasible solutions during systems design versus serving as design criteria 
that eliminate numerous concepts that seek only to maximize technical performance. 
For systems integration, the students develop and use mathematical models to understand 
some of the technical aspects of the system and its interaction with the environment, but they go 
quickly to hardware to learn directly from its deployment in a real-world situation. Scaling up the 
hardware also plays a critical role in identifying the interrelationships within the system, and we 
find that starting with a bottoms-up approach—using parts and elements that are readily 
available, but not necessarily optimal—provides insight that may otherwise be lost in a purely 
top-down approach, particularly when it comes to understanding the interrelationships between 
elements in the system. Scaling up while keeping the system-level performance in mind 
appeared to work very well at these schools. 
In this same vein, systems engineering education is integrated directly into the curriculum. It is 
not taught in a top-down manner and treated as its own discipline; instead, it is integrated 
directly into existing courses within each discipline. This way students naturally become 
systems thinkers during their curriculum, and the programs that do this well provide hands-on 
experiences and a strong emphasis on mathematical modeling to support this. We found that 
the decision-making tools stressed in many systems engineering programs were not taught and 
not valued in the programs that studied, but some programs (e.g., TU Delft) did make their 
students aware of these tools in case they encountered them in the workplace. Finally, we find 
that some schools are beginning to stress systems engineering at the undergraduate level; 
however, most opposed offering a separate systems engineering major or degree. Systems 
engineering appears best learned in context, much like systems that are most effective when 
designed in the context of their environment. A top-down, functional view of systems 
engineering is not enough. 
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APPENDIX A. DELEGATION BIOGRAPHIES 

 Matthew Realff (Panel Chair), Georgia Institute of Technology 
Dr. Matthew Realff’s broad research interests are in the areas of process design, simulation, 
scheduling, and control. His specific interests include the design and operation of processes 
that minimize waste production by recovery of useful products from waste streams, and the 
simultaneous scheduling and control of batch processes. His overall research goal is to 
automate the entire design process-the design or selection of molecules for desired product 
properties, the synthesis of reaction pathways and separation operations, and the design and 
selection of processing equipment-by combining fundamental chemical engineering science 
with an understanding of the methods of design. Dr. Realff holds a Ph.D. from the 
Massachusetts Institute of Technology and a Bachelor of Engineering degree from Imperial 
College, London. 
 

 Jian Cao, Northwestern University 
Dr. Jian Cao’s major research interests include the mechanics and instability analysis of 
deformation processes from micro to macro scale, material characterization of metals and 
woven composites, and machine/process innovation. Her work has made fundamental 
contributions to the understanding of wrinkling behavior in sheet metal forming and the effects of 
material microstructure and material architecture on forming processes. Her research has 
integrated analytical and numerical simulation methods, control and sensors to advance 
manufacturing processes. Current research on micro-forming, moldless forming (incremental 
forming) and laser processing has direct impacts on energy-efficient manufacturing. Her 
contributions have been recognized by honors and awards given by her peers in the field of 
manufacturing, applied mechanics, and control. Her work has been funded both by government 
agencies and industries. 
 

 Paul Collopy, University of Alabama 
Dr. Paul Collopy is Deputy Director of the Center for System Studies at the University of 
Alabama in Huntsville. Dr. Collopy has more than 20 years’ experience in the development of 
the design process for large systems. From 1996 to 2011, Dr. Collopy was an engineering 
economist at DFM Consulting, which he co-founded, and the executive director of the Value-
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Driven Design Institute, a non-profit research and education institute that develops new 
approaches to the design of complex systems. He has performed research and advised the 
Federal government on complex system design, technology evaluation, and research 
management. He has supported the Department of Defense, the Federal Aviation 
Administration, the White House Office of Science and Technology Policy, various non-profits, 
and industry. Dr. Collopy is the original developer of economic based technology value models. 
From 2008 to 2011, he was the lead advisor to the DARPA System F6 program for its Value-
Centric Design for Adaptability technology pillar. Dr. Collopy earned his doctorate in engineering 
economic systems and bachelor’s degree in electrical engineering from Stanford University. He 
is an associate fellow of the American Institute of Aeronautics and Astronautics (AIAA) and 
former chair of the AIAA’s Value-Driven Design Program Committee and Economics Technical 
Committee. He is also a former member of the International Advisory Board of the Center of 
Excellence in Integrated Aircraft Technologies at Queen’s University, Belfast. In 2004, Dr. 
Collopy co-chaired the Defense Research and Engineering Conference with Michael Lippitz. In 
2010 he organized a series of three National Science Foundation workshops on fundamental 
issues in systems engineering. Prior to 1996, Dr. Collopy served as a design manager for 12 
years at GE Aircraft Engines, leading teams in control systems, affordability, and preliminary 
design. He led the design of the GE45 engine, a propulsion system for the Airbus A380 and 
other aircraft. Dr. Collopy was a core member of the Joint Strike Fighter Affordability Integrated 
Product Team, representing GE and Rolls-Royce. He also designed manufacturing systems for 
Procter & Gamble and Thiokol. Dr. Collopy is a licensed engineer in Ohio, co-inventor of two 
patents, and author or co-author of thirty papers. 
 

 Wayne Curtis, The Pennsylvania State University 
Dr. Wayne Curtis is a Professor of Chemical Engineering at Penn State University, where he 
directs the Curtis Lab. His research interests include developing biofuels from algae and 
cellulose, regulation and signal transduction in plant secondary metabolism, phytoremediation of 
hydrocarbons, electrofuels, membrane proteins, and commercial chemical production in plants 
and plant tissue culture. The Curtis Lab is developing bioreactor systems to grow algae to 
capture C02 as well as genetically engineer algae to produce hydrocarbon biofuels. Dr. Curtis 
holds a Ph.D. from Purdue University. A native of central Pennsylvania, he also holds his 
undergraduate degree in chemical engineering from Penn State, where he teaches and 
performs research. On sabbatical in 2007, Dr. Curtis worked with a startup algae biofuel 
company called GreenFuel Technologies. Dr. Curtis has published over two dozen journal 
articles. He recently attended the third annual ARPA-E Energy Innovation Summit held in 
Washington D.C. 
 

 Abhijit Deshmukh, Purdue University 
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Dr. Abhijit Deshmukh is the James J. Solberg Head of Industrial Engineering at Purdue 
University. His areas of interest include manufacturing, operations research, and production 
systems with specific research interests in distributed decision-making, complex systems, 
mechanism design, healthcare policy, and cyberinfrastructure for engineering applications. Dr. 
Deshmukh holds a Ph.D. in Industrial Engineering from Purdue University, where he studied 
with Professors Moshe Barash and Joe Talavage, and a Master of Science from the State 
University of New York at Buffalo. He received his undergraduate degree from the University of 
Bombay in India. 
 

 Delcie Durham, University of South Florida 
Dr. Delcie Durham is a Professor and Associate Provost for Research at the Patel School of 
Global Sustainability at the University of South Florida. Professor Durham’s research focuses on 
environmentally benign design and manufacturing, with a particular emphasis on sustainable 
product realization through the total product life cycle. Her research interests include exploring 
metrics for sustainable engineering design through analogies to the biological cell. Prior to 2006, 
she served as NSF program director in the areas of engineering design and materials 
processing and manufacturing. She has also served on the faculty of the University of Vermont 
and Oklahoma State University. Dr. Durham earned a Ph.D. and M.S. in Mechanical 
Engineering from the University of Vermont, where she also completed her undergraduate work. 
 

 Ryne Raffaelle, Rochester Institute of Technology 
Dr. Ryne Raffaelle was appointed vice president for research and associate provost at RIT in 
2011. He was formerly the director of the National Center for Photovoltaics at the National 
Renewable Energy Lab in Golden, CO, the federal government’s central research organization 
for solar energy development. Raffaelle returns to RIT after serving in a number of different 
capacities from 2000 to 2009. His many assignments at RIT included an appointment as the first 
academic director of the Golisano Institute for Sustainability. He also served as the director of 
the NanoPower Research Lab at RIT. At the National Renewable Energy Lab in Colorado, 
Raffaelle provided technical vision, strategic leadership, asset stewardship and personnel 
management for the center. He worked on developing and enhancing technical capabilities 
relevant to advancing solar energy technologies while delivering world-class quality research 
and development, testing and validation. 
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Aalborg University 
Site Address: Fredrik Bajers Vej 5 

P.O. Box 159 
DK - 9100 Aalborg 
Denmark 
+45 9940 9940 
 
http://www.en.aau.dk/ 
http://www.waveenergy.civil.aau.dk 

  
Date Visited: October 10, 2012 
  
WTEC Attendees: D. Durham (report author), R. Raffaelle, M. Realff 
  
Host(s): Dr. Frede Blaabjerg 

Department of Energy Technology 
Aalborg University 
Pontoppidanstraede 101 
DK-9220 Aalborg East, Denmark 
fbl@et.aau.dk 
 

 Dr. Jens Peter Kofoed 
Wave Energy Research Group, Department of Civil Engineering 
Aalborg University 
Sohngaardsholmsvej 57 
DK-9000 Aalborg, Denmark 
jpk@civil.aau.dk 
 

 Dr. John Dalsgaard Sorensen 
Department of Civil Engineering 
Aalborg University 
Sohngaardsholmsvej 57 
DK-9000 Aalborg, Denmark 
jds@civil.aau.dk 
 

 Dr. Remus Teodorescu 
Department of Energy Technology 
Aalborg University 
Pontoppidanstraed 101 
DK-9220 Aalborg East, Denmark 
ret@et.aau.dk 
 

 Dr. Lisbeth Munksgaard 
Department of Biotechnology/Fund Raiser 
Aalborg University 
Copenhagen 
lmu@adm.aau.dk 
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OVERVIEW 
Aalborg University consists of four colleges (Engineering and Science, Medicine, Humanities, 
and Social Sciences) with approximately 2,000 faculty (including 700 doctoral students) and 
18,000 undergraduate and master’s level students. Engineering and Science is the largest 
college of the university. Satellite campuses are located in Esbjerg and Copenhagen. Aalborg 
University seeks to be internationally oriented and emphasizes problem-based learning, 
interdisciplinary cooperation, innovation, and entrepreneurship. Education is project-organized, 
problem-based. Students pursue degrees in traditional engineering categories, such as 
mechanical engineering, to assure career paths. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Wind energy research and education is a major component, with projects across two or three 
departments at the university. Research in modeling spans the scales from the nanophysics of 
devices to systems to the grid with a focus on reliability, efficiency, and cost. Fundamental 
research is also conducted in collaboration with other universities such as the blade 
design/aero-elasticity project and REWIND project with faculty from Danish Technical University 
(DTU). Topics include power electronics for energy conversion. 
The solar photovoltaics research program focuses on PV power systems, specifically PV 
inverters, their connectivity, and control-cost concerns for reliability of systems. 
Wave energy research is a collaboration between Civil Engineering and Coastal/Offshore 
Engineering. The research focuses on the efficiency of wave power generation and their 
installation. There are currently no standards to test devices. 

Wind 
In 2011, the wind share of net generation per year in Denmark was 29.4% (growing from 
21.3%in 2010) and the projected share in 2020 is 50% according to the state policy for 
renewables. The goal is higher efficiency (lower cost of energy) and lower weight systems 
heading towards turbines generating more than 6 MW. A major gap is the mediation of 
voltage/power; currently there are no converters that operate at these higher levels. Another 
problem identified is the variability of the power generation capacity. This is a real issue for 
Denmark, where overproduction is possible in the power grid. Associated research projects 
focus on storage (lithium-ion battery research), grid connectivity (micro- and smart grids), and 
policy (multi-national grids). Related projects are being conducted in the design and thermal 
modeling of power electronics for large (6-8 MW) generators. One gap to be addressed is that 
thermal management becomes a bigger problem with next generation converters. 
Risk analysis and consequences of failure of renewable energy devices and systems are topics 
for open discussion between several companies and the faculty of Aalborg University and DTU. 
The scale of reliability analysis goes from the components level through to wind farm generation 
and transmission of power. Different companies have responsibility at each level and a current 
gap is aligning the reliability models at the different scales. Lifetime models are also being 
based on real-time operations data. The REWIND project includes systems-level evaluation of 
total life cycle costing with optimization based on risk analysis measured as an economic cost. 

Photovoltaics 
The discussion focused on the PV inverter research program and intelligent diagnostics for 
aging systems. Models of the aging of cells and modules are being developed for MW systems 
that cross the scales from the nano-failure initiation through to the device and system level. Two 
of the key gaps that researchers have identified are: (1) addressing safety issues in 
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manufacturing reflecting concerns with battery production; and (2) lowering the cost of energy 
through new devices and higher reliability of PV/power electronics for grid connectivity. Faculty 
members are offering a number of short courses for (e.g., Photovoltaic Systems and Microgrids) 
to students from across the world and to industry participants. 

Manufacturing 

Aalborg University has a Department of Mechanical and Manufacturing Engineering 
(http://www.en.m-tech.aau.dk/) that works in close collaboration with industries to perform 
research in manufacturing processes of wind turbine blades and their materials. Siemens Wind 
Power has their largest blade manufacturing facility in the Aalborg area. 

Systems Engineering 
There are several avenues where systems engineering is an integral component of the 
research. A major area is in the risk analysis/uncertainty/reliability research directed at both 
wind energy systems and PV systems. These renewable energy systems are both being 
addressed across the scales from the component level through to the grid level, with similar 
concerns for variability and interconnectivity. Life cycle costing is also being conducted to 
include maintenance challenges for these large systems. 

Policy 
The Danish government has set a policy to attain 100% net energy generation from renewable 
sources by 2030. At Aalborg University, the Department of Planning includes a focus on Energy 
Planning and Infrastructure lead by Henrik Lund. Life cycle assessment (LCA) is conducted by 
faculty in that department too. A gap that needs addressing is EU-wide coordination of a 
multinational grid for power distribution—the so-called Supergrid. 

TRANSLATION 
Several companies are co-located within the energy campus and participate on projects through 
research centers such as CORPE (Center of Reliable Power Electronics, 
http://www.corpe.et.aau.dk/) and Intelligent and Efficient Power Electronics Center. The projects 
encompass design tools, failure and lifetime prediction, design of real time monitoring systems, 
and new emerging devices. The activities are intertwined with faculty and student involvement. 

EDUCATION 
Students at all levels (undergraduate, master’s and doctoral) are assigned to project groups 
upon entering their programs. Undergraduates start in teams of seven to eight students, ending 
in more specific project groups of three or four later in their academic path. Systems 
engineering is generally learned through these experiences at the undergraduate level where 
50% of learning is course-based and 50% in project-based. At the graduate level, master’s 
students work on reliability and lifetime models for wind, wave or PV systems. They have some 
coursework and take the offered short courses developed by the faculty. Doctoral students are 
considered as staff (faculty). They are involved with the industry-sponsored projects. For 
example, there are 10 doctoral students involved in the thermal modeling group for converters. 

SOURCES OF SUPPORT 
Research is funded by industry, the Danish government, private and public foundations as well 
as EU. Many large scale industries in renewable energy are co-located on or adjacent to the 
campus in Aalborg, but they do also collaboration with many other national and international 
companies located around the world. Resources for the Energy Technology Department are 

http://www.en.m-tech.aau.dk/
http://www.corpe.et.aau.dk/


 Appendix B. Site Visit Reports – Europe 93 

directed one-third to teaching (from government) and two-thirds to research (from industries and 
other sources). 

ASSESSMENT 
Uncertainty analysis directed at materials, components and devices is integrated into the design 
process. Modeling is conducted at different scales, e.g., for wind energy: thermal modeling of 
the converter, aeroelastic modeling of the blade, process modeling of composite manufacture, 
and wind farm turbulence interference patterns. Risk analysis and reliability provide the basis for 
optimization tools. Life cycle costing brings in economics analysis. Education includes some 
coursework and a significant focus on project-based learning. 
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Danish Technical University 
Site Address: Produktionstorvet 

Building 425, room 130 
Nils Koppels Allé, 2800 Kgs. 
Lyngby, Denmark 
+45-45-254 710 
 
http://www.mek.dtu.dk 

  
Date Visited: October 8, 2012 
  
WTEC Attendees: R. Raffaelle (report author), M. Realff, D. Durham, F. Huband 
  
Host(s): Jesper Henri Hattel 

Professor Manufacturing Engineering 
DTU Mechanical Engineering 
jhat@mek.dtu.dk 
 

 Henrik Carlsen 
Professor, Head of Department 
DTU Mechanical Engineering 
hc@mek.dtu.dk 
 

 Jens Norkaer Sorensen 
Professor Fluid Mechanics Section 
DTU Wind Energy 
jnso@dtu.dk 
 

 John Hald 
Manager Power Materials and Components 
DONG Energy 
jhald@dongenergy.dk 
 

  

OVERVIEW 
At the Technical University of Denmark (DTU), we were hosted by faculty from the Department 
of Mechanical Engineering and learned that DTU had recently reorganized to create a new 
Department of Wind Energy, represented at this meeting by a faculty member formerly in 
Mechanical Engineering. The DTU system was established to bring natural science and 
technical science together for the betterment of society. DTU is responsible for 60% of all of the 
engineering education in Denmark. The BS program is taught in Danish and MS in English. 
They are part of the Nordic 5-5 collaborating technical universities. They also participate in the 
European Wind Energy Master consortium, which is composed of four universities that are 
world leaders in wind energy and offshore wind energy research and education plus the 
European Erasmus Mundus Wind Energy and International MS in Sustainable Energy. They 
had 10 students in Wind Energy 10 years ago, now they have 100. In 2008 all national labs in 
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Denmark became financially and administratively affiliated with the university system. DTU 
operates the equivalent of the Danish National Lab for Sustainability. 
The Mechanical Engineering Department (http://www.mek.dtu.dk/English.aspx) has 272 
employees including 56 faculty, 95 doctoral students, 83 in technical administration and 36 other 
staff. Research and education is conducted across six thematic areas, all having some impact 
on renewable energy systems. The department offers both undergraduate and graduate 
degrees, with a Bachelor in Manufacturing and Engineering Design; a Bachelor in Design and 
Innovation; a Professional Bachelor in Mechanical Engineering; a M.Sc. in Engineering Design 
and Applied Mechanics; and a M.Sc. in Materials and Manufacturing Engineering. There are 
also interdisciplinary M.Sc. degrees in Sustainable Energy, Thermal Energy Engineering; and 
Engineering Management. Doctoral students pursuing the Ph.D. are considered staff within the 
department. The department has 508 full-time equivalent students and a student to faculty ratio 
of 10:1. The department offers 182 courses. 
Within Mechanical Engineering, several areas of research are directed at developing larger wind 
energy systems. In Engineering Design, product life cycle and multi product development 
address issues of scaling up systems. In the Materials and Surface Engineering, research in the 
process-properties-performance of metallic drive train components in wind turbines is being 
conducted. In the Manufacturing Engineering group, several projects are investigating 
production optimization of metal components for the wind turbine energy conversion in 
collaboration with, for example, DONG Energy. 
DTU has a leading group in wind energy from across several disciplines and the new 
Department of Wind Energy (http://www.vindenergi.dtu.dk/English.aspx) is equivalent in 
administrative rank to Mechanical or Electrical Engineering. The department has approximately 
50 Ph.D. students, in comparison to Mechanical Engineering with 95 Ph.D. students, 
demonstrating that Wind Engineering has a substantial presence in research. The Wind Energy 
Department runs five different Master’s Programs with approximately 100 students in all. They 
are also responsible for two large test sites where full scale wind turbines support both several 
manufacturers and government lab research initiatives. Dr. Sorensen conducts research in the 
aero-elasticity modeling of turbine blades and the effect of scaling these to meet larger MW 
systems. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Research is being conducted into the design of multi-use offshore platforms that can better 
serve the wind farm development with lower environmental impact and lower maintenance 
costs. This concept requires extensive hydraulics modeling in collaboration with the coastal 
waters group. 
REWIND is a large, collaborative research initiative that is coupling material defect models with 
performance models to establish life predictions for improving the systems economics of 
offshore wind turbines, particularly directed at reducing the operation costs through 
maintenance planning based upon reliability methods (Anonymous 2012). 
Manufacturing research links faculty at DTU with industry (among others, DONG Energy, 
http://www.dongenergy.com/en/Pages/index.aspx) to develop processing-manufacturing scale-
up models for renewable energy components. DONG projects aimed at achieving 85% of 
energy supply and generation by 2040 through renewables in Europe. 
An identified gap as industry heads to larger scale wind turbines is whether the models are still 
valid. There is a concern that the coupling of models leads to overall optimization, not sub-
optimal solutions. 

http://www.mek.dtu.dk/English.aspx
http://www.vindenergi.dtu.dk/English.aspx
http://www.dongenergy.com/en/Pages/index.aspx
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DTU has undergone a new reorganization so that the university now includes the government 
labs. Education is the responsibility of the deans of the colleges, although some teaching can be 
conducted within labs. 

Systems Engineering 
From the presentations and discussion, it is evident that sometimes decisions are made from an 
engineering rationale, and sometimes not. On our flight into Copenhagen, we passed by an 
impressive array of offshore wind turbines. According to our hosts, this array was laid out to 
have a pleasing aesthetic appearance for those passengers landing at the airport rather than to 
maximize their efficiency. The concern for public acceptance trumped engineering efficiency in 
the decision making. Would systems engineering considerations allow this decision to be 
made? 
The visit demonstrated that when this group talked about “systems engineering” their thinking is 
based at the level of the grid and the interaction of wind generation with the other components 
of the power system, rather than considering how systems engineering played a role in the 
design and manufacturing of the turbines themselves. This was revealed in two specific points 
of discussion. 
First, they identified the power systems group as the focus of the “energy systems” activity. This 
group specifically looks at grid integration issues and models future scenarios, with the specific 
goal of having wind power meet 50% of Denmark’s needs by 2035. Activities include research 
at a test “site” to investigate grid level integration and distributed power generation issues. The 
test site is located on an isolated island with a community of 20,000 in eastern Denmark where 
grid interactions can be examined and controlled through the single grid connection. One 
systems level problem under investigation is a study of the impacts of transmission 
infrastructure related to the grid connection of Denmark with surrounding nations, particularly 
Germany, Sweden, and the U.K. 
Second, the faculty members we spoke with see the heart of the theoretical advances in 
systems engineering as being the purview of the Engineering Management Department and not 
the Mechanical Engineering Department. However, it was clear from the discussions that 
systems engineering was deeply embedded in the way they thought about the problems 
associated with the design, materials and manufacturing of wind turbines. This was evident in 
their development and use of design tools at both the individual turbine level as well as complex 
turbine array layouts. For example, they considered probabilistic modeling a standard 
component in the context of materials selection and design of turbine components. 
Systems engineering is not offered as a specific course in mechanical engineering and there is 
no formal instruction in the topic. There are some courses in engineering design and in 
engineering management (reliability) related to optimization. In Mechanical Engineering, the 
concepts are mostly taught through projects in engineering design and product development, or 
in coastal, fluids and wind integration. Doctoral students are involved in the bottom-up project 
interactions in these areas of research. An example that was provided was the design of a wind 
farm that must be an optimized installation integrating modeling for the structural foundation on 
the ocean floor, the aeroelasticity of blades, the locational meteorology, and the wind shadowing 
turbine to turbine. The one course with “systems” in the title, “Thermal Energy Systems,” has 
recently been revised and the word “systems” deleted. The course dealt with the integration of 
various sources of power and heat into the overall energy system to deliver energy services. 
The students used steady state simulation tools to take models of different generation sources, 
such as combined heat and power systems to provide district heating, and plug them into the 
overall grid system. The focus will continue to be on this type of modeling, with plans to extend 
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into the real-time behavior of these systems. In addition, some M.Sc. students can participate in 
the six university EU Erasmus Mundus Wind project of which DTU is a part. 
Manufacturing engineering faculty are major players in the REWIND project, which is the largest 
of its kind in Denmark. REWIND focuses on systems integration, with coupled modeling through 
the life cycle of wind energy components and systems. The goal of REWIND is to improve 
turbine reliability through optimized manufacturing. This is to be accomplished by linking 
materials processing models through manufacturing to product performance and validating 
these models on appropriate testbeds. 

TRANSLATION 
Integrated project management is being developed through the collaboration with numerous 
industry partners such as DONG Energy. One example is the study of the how the voids 
generated in casting have a role in subsequent forging processes to understand the final 
distribution of these voids and their impact on product performance and failure mechanisms. 
Another example looks at a protective valve liner for a coal-fired power plant, determining the 
impact of the residual stresses introduced during welding and heat treatment and the role these 
play during in-service loading, by modeling subsequent failure mechanisms by diffusion driven 
decarburization at welds (Thorborg, Hald, and Hattel 2006). These examples demonstrate an 
integration of models from materials processing to part manufacture to in-serve life in order to 
answer a systems level question about the product life cycle in the context of the overall system. 

SOURCES OF SUPPORT 
Basic university funding is 14.0 million euros; with commissioned research at 0.3 M euros; and 
external funded research at 10.0 M euros. Funding comes from national sources, such as the 
Danish Research Councils, for independent and strategic research, various national innovation 
and technology transfer programs, and from international sources (mainly the European Union 
R&D programs. 

ASSESSMENT 
Systems engineering is not a primary focus of faculty members involved with wind energy at 
DTU. Many aspects of systems integration are developed within specific research areas with 
students learning from the experiences of working on the projects. Systems optimization is 
considered in the domain of design engineering and engineering management. 
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Delft University of Technology (TU Delft) 
Site Address:  Jaffalaan 5 

2628 BX Delft 
Netherlands 
Tel.: +31-15-27 82823 
 
http://www. tudelft.nl 

  
Date Visited: October11, 2012 
  
WTEC Attendees: P. Collopy, W. Curtis, A. Deshmukh 
  
Host(s): Prof. Paulien Herder 

Engineering Systems Design in Energy & Industry 
Director of Research (Faculty of Technology, Policy, and Management) 
Director Delft Energy Initiative (as of 05-2013) 
Tel.: (+31) 015 27 82823 
P.M.Herder@tudelft.nl 
 

 Prof. Theo Toonen 
Dean 
Faculty of Technology, Policy and Management 
Tel.: (+31) 015 27 84933 
T.A.J.Toonen@tudelft.nl 
 

 Prof. Hans de Bruijn 
Public Administration, Organization and Management 
(Faculty of Technology, Policy and Management) 
J.A.DeBruijn@tudelft.nl 
 

 Prof. Hester Bijl 
Dean, Aerospace Engineering 
Director Delft Energy Initiative (until 04-2013) 
h.bijl@tudelft.nl 
 

 Dr. Gerard Dijkema 
Associate Professor 
Energy and Industry Group, Department of Engineering Systems and Services 
Tel.: (+31) 015 27 84839 
G.P.J.Dijkema@tudelft.nl 
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 Dr. Zofia Lukszo 
Associate Professor 
Energy & Industry Group, Department of Engineering Systems and Services 
Tel.: (+31)(0)15 27 81147 
Z.Lukszo@tudelft.nl 
 

 Dr. Ivo Bouwmans 
Director of B.Sc. Education 
Engineering Systems & Services 
Tel.: (+31) 015 27 84807 
I.Bouwmans@tudelft.nl 
 

 Dr. Pieter Bots 
Associate Professor of Policy Analysis 
Tel.: +31 (0)15 27 84538 
P.W.G.Bots@tudelft.nl 
 

 Prof. Ernst ten Heuvelhof 
Public Administration 
Scientific Director of Next Generation Infrastructures and Director of Education 
Faculty of Technology, Policy and Management 
E.F.Tenheuvelhof@tudelft.nl 
 

 Prof. Margot Weijnen 
Process and Energy Systems Engineering 
Scientific Director of Next Generation Infrastructures 
Tel.: +31 (0)15 27 88074 
M.P.C.Weijnen@tudelft.nl 
 

 Dr. Laurens de Vries 
Assistant Professor 
Energy & Industry Group, Depart of Engineering Systems and Services 
L.J.Devries@tudelft.nl 
 

 Dr. J. Leslie Zachariah-Wolff 
Strategic Project Manager/Senior Policy Advisor 
Tel.: (+31) 015 27 83713 
J.L.Zachariah@tudelft.nl 
 

OVERVIEW 
The Delft University of Technology (TU Delft) is the largest and oldest Dutch public technical 
university. It is ranked as the leading Dutch university in The Times of London assessment. It 
has some 19,000 students, more than 3,300 faculty members and other scientists, and more 
than 2,200 members of the support staff. It has a handsome campus in the city of Delft. TU Delft 
has a broad program of research and undergraduate and graduate education. 
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mailto:L.J.Devries@tudelft.nl
mailto:J.L.Zachariah@tudelft.nl
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FUNCTIONAL FOCUS 
The WTEC panel’s visit was intended to gain insight into TU Delft’s focus on sustainability and 
the relevant engineering tools. The university has several efforts under way that can contribute 
to energy sustainability, and to the systems engineering that can help provide these solutions. 

RESEARCH & DEVELOPMENT ACTIVITIES 

Faculty of Technology, Policy, and Management (TPM) 
Prof. Theo Toonen, Dean of the Faculty of Technology Policy and Management (TPM) 
described the engineering systems research of the department, in which Prof. Paulien Herder is 
Director of Research and head of the Energy & Industry group. The mission of the faculty of 
TPM is to seek robust strategies and solutions for the complex challenges posed by a modern, 
globally networked, and increasingly urbanized society. Solutions to the world’s biggest 
problems in the 21st Century depend on the scope and quality of our scientific and engineering 
knowledge, as much as on regulatory schemes, economic incentive structures, moral choices, 
and the ability to resolve trade-offs and value conflicts. An approach is needed in which science 
and engineering are integrated with the humanities, social sciences, and economics. TPM’s 
teaching and research programs are designed to develop theories, engineering approaches, 
and decision-making and coordination mechanisms that can have an impact in today’s global 
economies and societies. The department works to solve the grand societal challenges in 
energy, climate, water, and infrastructures from a complex socio-technological systems 
perspective. 
The department is working on highly relevant energy challenges and there is a broad 
representation of disciplines within the department, ranging from engineers, public and private 
management, scientists, to economists and philosophers. Publications in high-impact journals 
show that real integration among these disciplines takes place. 

Delft Energy Initiative 
Prof. Hester Bijl, at the time of the site visit Director of the Delft Energy Initiative, described this 
project, which is a university-wide program intended to stimulate, connect, and integrate all 
energy related research. It also stimulates energy education programs at bachelor’s through 
doctorate level and encourages innovation through collaboration with large and small 
companies. Delft engages in research across the full range of energy technology and systems 
(fossil, solar, wind, bio, nuclear, storage, networks, energy use in urban environments, industrial 
energy reduction, and energy efficient products). The Delft Energy Initiative provides easy 
access to the more than 700 energy researchers at TU Delft and brings together researchers, 
students, companies, and governments to tackle the energy challenge (see 
http://www.tudelft.nl/en/research/energy/). Students are active in an Energy Club with a current 
membership of more than 1200 from various undergraduate and graduate programs. 
Another component of the Delft Energy Initiative is the Green Village, founded by energy 
entrepreneur Ad van Wijk. It will be a neighborhood of the TU Delft campus that incorporates 
many new ideas and innovations in energy efficiency and sustainability. The vision of the village 
is “Creating a sustainable, lively and entrepreneurial environment where we discover, learn and 
show how to solve society’s urgent challenges.” The Green Village concept unifies the 
imaginative strengths of scientists and entrepreneurs and is intended to turn ideas into 
commercially viable products and services. It works closely with YES!Delft, the TU Delft 
incubator, which has a highly successful track record in clean tech and energy technology 
innovations. 

http://www.tudelft.nl/en/research/energy/
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Energy Systems Research 
Dr. Laurens de Vries, Dr. Gerard Dijkema, and Dr. Zofia Lukszo discussed with the WTEC panel 
the key energy systems research areas of the Energy & Industry Group in the Engineering 
Systems and Services Department within the TPM faculty. Among these are energy systems 
transition and evolution and energy systems operation and management (e.g., smart grids as 
shown in Figure B.1). All energy systems research is approached from a complex adaptive 
systems perspective, which considers multiple paradigms to be critical to understanding and 
shaping such systems. The key research tools are agent-based simulation and modeling, and 
choice behavior modeling. The group has strong connections to various European high profile 
networks. The department is also a founding member of the international Council of Engineering 
Systems Universities (CESUN) consortium, which includes Massachusetts Institute of 
Technology, Carnegie Mellon University, Arizona State University, Stevens Institute of 
Technology, Pennsylvania State University, and more than 50 other institutions worldwide. 

 
Figure B.1. Effect of e-vehicle charging strategies (From Verzijlbergh 2013.) 

Panel members observed that the integrated vision of this department leads to highly relevant 
and high quality research that is necessary to solve the grand engineering challenges in energy. 
Close connections to policymakers in the Netherlands and Europe ensure practical relevance 
and implementation of findings. 

Next Generation Infrastructures 
Professor Ernst ten Heuvelhof and Professor Margot Weijnen explained the role of Next 
Generation Infrastructures (NGInfra, www.nextgenerationinfrastructures.eu/), an international 
consortium of researchers, public and private companies, and policymakers that was 
established in response to the growing public concern about the future reliability and quality of 
infrastructure-related services. Energy infrastructures (electricity, gas, heat, CO2) are key 
application areas for NGInfra. New approaches to the design, control, management, and 
regulation of infrastructure systems (leaner, more flexible, reliable, and intelligent) are required 

http://www.nextgenerationinfrastructures.eu/
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to counter new risks and vulnerabilities and avoid substantial social costs in the event of 
infrastructure malfunctions. 
Next Generation Infrastructures is a platform that enables knowledge institutions, market 
players, and government organizations to work together on current issues, as well as on issues 
that will not be current for another 20 years. The work involves thinking ahead, solving 
“puzzles,” researching actual cases, taking a critical look at current infrastructures, and devising 
solutions. Infrastructures that perform badly have a significant negative impact on economic 
growth and cause considerable dissatisfaction among users. NGInfra is one of the few 
institutions in the world that carry out integrated research into the working of infrastructures as 
complex systems. 

Energy Systems Education 
Dr. Ivo Bouwmans, Director of B.Sc. Education, and Dr. Pieter Bots, Associate Professor of 
Policy Analysis, detailed energy systems education at TU Delft. The TPM faculty has one B.Sc. 
program (systems engineering and policy analysis), three M.Sc. programs (systems 
engineering, policy analysis and management; management of technology; engineering and 
policy analysis) and several Ph.D. programs. The department makes a strong and highly 
successful effort in teaching undergraduates and graduates to approach energy challenges from 
a systems perspective. The B.Sc. program is a highly integrated program in which the 
interaction among engineering challenges and policy/social challenges are constantly 
addressed. The program stimulates students to work with the knowledge obtained through a 
series of projects throughout the program. They apply their knowledge by working on real-world 
challenges. 
The panel noted the systems oriented educational program at TPM and in particular the way in 
which TPM teaches the students systems thinking and modeling. The panel discussed the 
“math modeling carousel”, a teaching method developed by Bouwmans and Bots in which 
students are taken through the math modeling process numerous times by developing their own 
models and picking up other students’ models and improving them. This may be the only 
example of this method of teaching in the world. 
Integration of Engineering and Social Science 
Professor Hans de Bruijn and Professor Paulien Herder wrapped up the discussion with the 
WTEC panel by highlighting the challenges and opportunities that a faculty like TPM faces 
within the university as well as among the peer institutes. The faculty is relatively young (25 
years old) and this has helped to shape a truly multidisciplinary research environment. It 
requires, however, quite some years of investing in each others’ disciplines, languages, 
frameworks, and paradigms. TU Delft is convinced that an interdisciplinary systems faculty like 
TPM is of utmost importance in an engineering school if its objective is to solve society’s grand 
challenges. The involvement of such a faculty in the high-quality fundamental technological 
research performed at the TU Delft at large makes this faculty unique in the world. 

TRANSLATION 
One of the purposes of the Green Village is to help commercialize energy R&D. Its coupling with 
altruistic motives of students to help make a better world is particularly constructive. TU Delft 
offers courses in entrepreneurship with the explicit aim of helping students start their own 
businesses. 
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SOURCES OF SUPPORT 
TU Delft is supported by the Dutch national government, plus the usual competitive grants from 
a variety of agencies. 

ASSESSMENT 
The TU Delft has an exemplary program to promote student and faculty engagement in creating 
a better energy future for everyone. They are clear leaders in systems engineering among the 
European institutions visited by the panel. 

SELECTED REFERENCES 
Ajah, A.N., A. Mesbah, J. Grievink, P.M. Herder, P.W. Falcao, and S. Wennekes. 2008. On the robustness, 

effectiveness and reliability of chemical and mechanical heat pumps for low-temperature heat source 
district heating: A comparative simulation-based analysis and evaluation. Energy 33 (6) 908-929. 

Brancucci Martínez-Anido, C., M. Vandenbergh, L. De Vries, C. Alecu, A. Purvins, G. Fulli, and T. Huld. 201 
Medium-term demand for European cross-border electricity transmission capacity. Energy Policy 
61(October):207-222. [Available online at http://www.deepdyve.com/lp/elsevier/medium-term-demand-for-
european-cross-border-electricity-transmission-ETw30xze0L] 

de Bruijn, J.A., and P.M. Herder. 2009. System and actor perspectives on sociotechnical systems. IEEE 
Transactions On Systems Man And Cybernetics Part A-Systems And Humans 39(5):981-992. 

Correljé, A., and L. Lucia van Geuns 2011. The oil industry: a dynamic helix. In: International handbook of 
network industries: the liberalization of infrastructure (eds. Matthias Finger, Rolf Künneke), Cheltenham: 
Edgar Elgar, pp. 197-214. 

Dam, K.H. van, I. Nikolic, and Z. Lukszo (eds.) 2013. Agent-based modelling of socio-technical systems. 
Springer. 275 pp. (ISBN:978-94-007-4932-0). 

Groenewegen, J., and A. Correljé. 2009. Public values in utility sectors; economic perspectives. International 
Journal of Public Policy 4(5):395-413. 

Herder, P.M. 2013. The Delft Energy Initiative. http://www.tudelft.nl/en/research/energy/, Accessed 9/12/13 
Lukszo, Z., G. Deconinck, and M.P.C. Weijnen (eds.). 2010. Securing electricity supply in the cyber age. 

Exploring the risks of information and communication technology in tomorrow’s electricity infrastructure, 
series: topics in safety, risk, reliability and quality. Vol. 15, Springer. 196 pp. (ISBN: 978-90-481-3593-6). 

Brancucci Martinez-Anido, C., A. L’Abbate, G. Migliavacca, R. Calisti, M. Soranno, G. Fulli, C. Alecu, and L.J. 
deVries. 2013. Effects of North-African electricity import on the European and the Italian power systems: a 
techno-economic analysis. Electric Power Systems Research 96:119-132. 

Brancucci Martinez-Anido, C., R. Bolado, L. DeVries, G. Fulli, M. Vandenbergh, and M. Masera. 2012. 
European power grid reliability indicators, what do they really tell? Electric Power Systems Research 
90:79-84. 

Pahl-Wostl, C., C. Giupponi, Keith Richards, C. Binder, A. de Sherbinine, D. Sprinz, T. Toonen, and C. van 
Beers. 2013. Transition towards a new global change science: Requirements for methodologies, methods, 
data and knowledge. Environmental Science & Policy 28 36-47. 

ten Heuvelhof, E.F., and M. Weijnen. 2013. Investing in smart grids within the market paradigm: The case of 
the Netherlands and its relevance for China. Policy and Society 32 (2) 163-174. 

TU Delft. 2013. http://www.thegreenvillage.org/greencampus, Accessed 9/12/13 
van Blijswijk, M.J., and L.J. deVries. 2012. Evaluating congestion management in the Dutch electricity 

transmission grid. Energy Policy 51:916-926. 
Vernay, A.L., K.F. Mulder, L.M. Kamp, and H. de Bruijn. 2013. Exploring the socio-technical dynamics of 

systems integration - the case of sewage gas for transport in Stockholm, Sweden. Journal of Cleaner 
Production 44 190-199. 

Verzijlbergh, R.A. 2013. The Power of Electric Vehicles - Exploring the Value of Flexible Electricity Demand in 
a Multi-Actor Context, PhD thesis, Delft University of Technology, The Netherlands, 211 pp., 
doi:10.4233/uuid:47c8faa7-94de-40fe-8be7-fccec6ee07bb. 

http://www.deepdyve.com/lp/elsevier/medium-term-demand-for-european-cross-border-electricity-transmission-ETw30xze0L
http://www.deepdyve.com/lp/elsevier/medium-term-demand-for-european-cross-border-electricity-transmission-ETw30xze0L
http://www.tudelft.nl/en/research/energy/
http://www.thegreenvillage.org/greencampus


 Appendix B. Site Visit Reports – Europe 105 

Verzijlbergh, R., C. Brancucci Martinez-Anido, Z. Lukszo, and L. De Vries. 2013. Does controlled electric 
vehicle charging substitute cross-border transmission capacity? Applied Energy (accepted). [Available 
online October 2013, http://www.sciencedirect.com/science/article/pii/S0306261913006557]. 

http://www.sciencedirect.com/science/article/pii/S0306261913006557


106 Appendix B. Site Visit Reports – Europe 

 

École Polytechnique Fédérale de Lausanne (EPFL) 
Site Address: EPFL SB ISIC LPI 
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Switzerland 
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michael.scott@solaronix.com 
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OVERVIEW 
The EPFL was a cantonal school until 1969 when it became a Swiss federal institution. Its site 
was originally intended for an airport for Lausanne, but this plan was abandoned after the 
1960s. It is situated next door to the University of Lausanne, which remains cantonal. The two 
institutions share some facilities, and there is a requirement for EPFL students to take courses 
in humanities at the University. The EPFL has 355 faculty members and about 8000 students. It 
is ranked 12th in the world by the Leiden index. Currently the faculty is 50% Swiss, but this 
percentage is declining as new hires are about two-thirds non-Swiss. Traditionally, EPFL 
specialized in physical sciences and engineering, with an emphasis on basic science; life 
science course are fairly new and most are taught in English. There is also a science park 
adjacent to EPFL with both established companies and start-ups. 
EPFL, with over 8000 students from 110 countries, has become a truly international university, 
and is one of the top universities in Europe. EPFL and ETH Zurich are the two Swiss technical 
universities that are funded at the federal level. Undergraduate admission is open to all Swiss, 
although the challenging curriculum draws only the better students, and many leave after 
confronting the rigors of the first year. The graduate school is now very focused on drawing the 
best students from around the world. 
EPFL has two engineering colleges, two science colleges, a college of computer and 
communication science that falls somewhat in between, a college of social science and 
humanities, and a college of management of technology. Chemical engineering is grouped 
under chemistry in the school of basic science. A master’s degree is offered in Energy 
Management and Sustainability. There is no master’s program titled “Systems Engineering.” 
The university has a keen awareness of societal issues, and practices what it teaches with 
regard to sustainable energy and conservation. Switzerland currently generates 38% of its 
electrical power from nuclear energy, and has taken on a national challenge to replace this with 
renewable energy by 2034. EPFL is supporting this challenge with basic research and 
technology development in sustainable energy sources, and by piloting cutting edge energy 
management processes. For example, the university is powered by a co-generation facility that 
heats and cools water from Lake Geneva, using the water for heating and cooling buildings on 
campus. 
The WTEC panel members visited LENI (Laboratoire d’Energétique Industrielle), the EPFL 
Industrial Energy Systems Laboratory, where the push for energy conservation and conversion 
to sustainable energy sources was very apparent. 

Highlights of the Discussion 
• There has been a worldwide collapse of photovoltaic manufacturing triggered by low priced 

Chinese exports. However, the root causes of the collapse are (a) building an industry on 
subsidies, (b) overselling of the potential of photovoltaics for investment purposes (solar 
cells have achieved attractive performance in the lab, but temperature, solar angles, clouds 
and haze mean that energy production seldom approaches the specification levels), and (c) 
installation costs are very significant, but research has ignored this while focusing on 
reducing manufacturing costs. Investment money is needed, but it should be based on 
future profits, not government subsidies. For example, a sufficient market exists today to 
sustain and grow an organic dye solar power industry. 

• Systems design of power systems have moved beyond economic optimization to 
“environomic” optimization, where environmental concerns are balanced with economic 
impacts. The carbon dioxide emissions from power production, distribution, consumption in 
a Swiss city can be reduced by 50% via optimization, using only conventional technologies 
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plus a generation facility that combines hybrid fuel cells with gas turbines. The optimization 
requires a thorough geographic analysis that identifies the buildings in the area by purpose 
and layout. 

• Switzerland has become a major player in the world chemical industry due to being the 
home of INEOS (“the largest chemical producer you have never heard of”), which has grown 
at a spectacular rate over the last 15 years to become the fourth largest chemical producer 
in the world. 

FUNCTIONAL FOCUS 
LENI’s mission is to develop methods, tools and technologies for the rational use and 
conversion of energy in industrial energy systems. Their research domain includes advanced 
energy conversion technologies, improving efficiency throughout the system, better systems 
integration, and sustainable development. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Switzerland has decided to phase out nuclear power, which currently generates some 38% of its 
electricity. It will be replaced by solar and wind energy, and by combined heat and power based 
on natural gas. An attempt will be made to reduce CO2 emissions by incorporating the carbon in 
new products, including biomass. Solar-generated H2 will be an important component of the 
energy mix. 
Professor Grätzel gave a presentation on dye-sensitized solar cells. These were first reported in 
Nature (O’Regan and Gratzel 1991), and were based on TiO2 with an efficiency of 10%. Many 
patents were obtained by EPFL and the technology was licensed. Further development involved 
nano-particles. The technology was scaled up in 2005 and was in mass production four years 
later. Efficiency has now reached 13%, and the cells harvest light energy over the whole visible 
spectrum. The new solar cells are incorporated in glass and can be any color, or transparent. 
They are lightweight and flexible, easy to produce, and outperform rival products under ambient 
light conditions. They can also have pictorial designs. 
Dr Michael Scott spoke about Solaronix SA. The company was founded in 1993 to manufacture 
specialty chemicals. They have 16 staff in the labs in Aubonne and a production facility in 
Wales. They are currently producing dye solar cell modules up to 35 cm in width, generating 0.5 
amps at 10 volts, at 6% efficiency (when perpendicular to full sunlight). These can be colored 
(red, green, yellow and blue) or have pictures as part of the design. They are not competing with 
conventional solar cells but in the high value aesthetic market. The first major building 
application of their dye solar cells will be on the façade of the EPFL conference center, where 
they will generate a total of 10 kW from panels suspended outside the center’s curtain wall. 
They will turn as the sun’s position changes. Another product is Lumixo “solar” lamps with a 
lifetime of 20,000 hours that have a luminosity of 140 lumens per watt, almost exactly match the 
solar spectrum, and are used to test the company’s solar cells. 
Dr Greet van Eetvelde of INEOS Europe AG said that his company was a customer for the 
energy analysis work of Dr. Maréchal, and had funded a Ph.D. program to be applied to the 
many different chemical plants owned by the company in several countries. 

Photovoltaics 
LENI is a leading center for photovoltaic (PV) research, focusing on organic dye PV cells. The 
cells are filled with very small titanium oxide beads that act as colloidal particles in an 
electrolyte. The beads are coated with an organic dye that acts like chlorophyll, absorbing 
photons and promoting electrons. Research is under way on zinc-centered molecules. We saw 
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(Figure B.2) production grade organic dye solar panels measuring 35 by 50 cm, weighing 4 kg, 
which generate 500mA at 10V in full perpendicular sunlight, converting 4% to 6% of the incident 
sunlight in actual installations. They were producing kilometers of flexible solar cells per year. 
The panels and flexible cells are manufactured by Solaronix, a ten-year-old company incubated 
in the EPFL industrial research park. These cells use a ruthenium-based dye. They can convert 
9% of the light in low sunlight conditions, which is better than silicon cells, and their performance 
throughout the solar day resembles a hump rather than a peak, which can make integration into 
a power system easier. 

 
Figure B.2. Organic dye sensitized solar cells at EPFL displayed by Michael Scott of 

Solaronix (courtesy of G. Lewison). 

It is characteristic of the EPFL whole-system approach that the aesthetic appearance of the 
solar cells is valued on the same level as their power generation capability. The current market 
for these cells is buildings that want to incorporate solar power into the structure and concept of 
the building, and find harmony in the soft colors and geometric lines of the solar cells. 
The current challenge in manufacturing the cells is sealing at the edges. In addition, cost 
challenges arise from the high purity required for the titanium dioxide and the very expensive 
ruthenium dye. About one gram of dye is required for each of the panels shown in Figure B.2. 
The current panel manufacturing process involves a lot of handwork because the volumes are 
not yet at a level that warrants an automated process. Although current sales are based on the 
aesthetics of the panels more than their economic value as power sources, this limited market is 
allowing production to scale up, which will eventually reduce cost. 
Another organic dye solar product is a flexible solar cell. This has been integrated into a 
backpack for school children that stores energy during the day and powers a light after sunset. 
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To drive down the cost, production of the flexible solar cells has been mechanized. One 
machine can make 3000 
Solaronix maintains relationships with academics at EPFL, and licensing discussions are 
common. 

Solar Thermal Power Generation 
Researchers in the LENI lab believe that solar thermal power is a viable technology in sunny 
areas. The peak temperature of the thermodynamic cycle can range from 500 to 900 degrees C. 
Ceramic plates can absorb concentrated solar radiation at 1000 degrees C, but the temperature 
critical component is the flat plate heat exchanger between the concentrator working fluid and 
steam for the turbine. 

Systems Engineering 
LENI applies many different techniques to encourage a whole-system approach to research and 
development. These include multi-objective optimization (e.g., efficiency and cost), graphical 
representations, knowledge structuring, optimization under uncertainty, and use of evolutionary 
algorithms that randomly select parameters from defined distributions. 
Representative of LENI’s approach is a local energy system based around a solid oxide fuel cell 
and a natural gas-fueled microturbine. The combined system consumes methane and water, 
and produces carbon dioxide, water, electricity, and energy. Four heat exchangers are used to 
minimize the loss of energy throughout the combined system. Once the system was designed, 
LENI’s engineers turned their attention to the microturbine that generates the electrical power. 
One achievement of LENI has been the promotion of exergy as a metric for energy systems. 
Simple efficiency (comparing energy produced to energy consumed) is not an adequate 
measure. Comprehensive energy systems are concerned with the quality of energy (ability to 
produce work) as well as the quantity. Electricity is high quality, whereas moderate temperature 
heat is low quality. Exergy measures the quality and the quantity of energy systems, combining 
traditional efficiency with entropy. 
EPFL, MIT, and the University of Tokyo have formed the Alliance for Global Sustainability, a 
cooperative effort to develop energy-conscious approaches to urban planning. The EPFL 
campus itself is a great example of sustainable energy planning, combining cogeneration of 
electricity and heat, extracting heat from Lake Geneva in the winter and cooling in the summer. 

Education 
There is no formal systems engineering education program at Lausanne, but a new Master of 
Science in Energy Management and Sustainability (MES) has been introduced this year to train 
professionals to work on issues such as climate change, enhanced urbanization, energy 
demand, and wind and water use. The program includes a mandatory internship, which may be 
done in the United Arab Emirates, where the focus would be on one of the following: structural 
wind engineering, energy, water resources, urban design, and environment and transportation. 
EPFL maintains relationships with more than fifty corporations around the world where students 
serve as interns, learning how to work in a corporate setting while being exposed to leading-
edge R&D. 

TRANSLATION 
EPFL focuses on practical engineering and technology innovation. Partnerships with industry 
are common, and Lausanne hosts a science park where technology startup firms are incubated 
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in close association with the university. Eighty new companies have been started in the science 
park. 

SOURCES OF SUPPORT 
Research support at EPFL is from a broad range of sources, including internal funding, national 
and international funding, foundation grants, and awards to individual investigators. Many 
projects are carried on through research centers that maintain relationships with industrial 
companies in Switzerland and elsewhere. 

ASSESSMENT 
EPFL research and development activities cover a broad range and are focused on societal 
needs. In this way, systems engineering at EPFL extends beyond the specific technology being 
developed or studied to include the role of that technology in the economy and the broader 
society. 
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OVERVIEW 
The Fraunhofer Society in Germany has 22,000 employees and a yearly budget of 1.9 billion 
euros. It operates 66 Fraunhofer Institutes at different locations in Germany with the 
headquarters in Munich. These institutes are not separate legal entities. The Fraunhofer 
Institute for Solar Energy Systems (ISE) is part of the energy alliance of 18 Fraunhofer 
institutes. 
The Fraunhofer ISE conducts research on the technology needed for a sustainable energy 
system in which energy is supplied efficiently and on an environmentally sound basis in 
industrialized, threshold, and developing countries. To this purpose, the Institute develops 
systems, components, materials, and processes in the areas of the thermal use of solar energy, 
solar building, solar cells, electrical power supplies, chemical energy conversion, energy 
storage, and the efficient use of energy. 
The Institute’s work ranges from fundamental scientific research relating to solar energy 
applications, through the development of production technology and prototypes, to the 
construction of demonstration systems. The Institute plans, advises and provides know-how and 
technical facilities as services. 
The research staff of Fraunhofer ISE takes a “systems approach” to the whole enterprise of their 
research, including project acquisition. They are careful to promise realistic goals, i.e., 
requirements setting, and this is a structured component of their activities. This systems 
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approach also means that even if PV research itself is facing shortfalls, there are other aspects 
of the PV system that might still generate research revenue. Their overall objective is to 
consider a performance measure of cost of power, and not for example, $/peak watt. Thus at 
the cell level they try to bring down cost by increasing efficiency to be able to use less material 
and decrease the cost of manufacturing. At the module level they are working to improve the 
encapsulation technologies to improve lifetime by avoiding water penetration. They have models 
to examine how the technology parameters influence the system cost and performance. 
Another activity is the formation of spin-offs. As an example, Fraunhofer ISE used concentrated 
photovoltaics (CPV) using multijunction solar cells. The original concentrated PV approach was 
derived from the space program and the question that Fraunhofer set out to answer was how to 
transition this technology to earth-bound applications. After some R&D work, Fraunhofer ISE 
was convinced that this technology can provide low costs on $/kWh level and therefore founded 
the company Concentrix Solar (today Soitec Solar), which is one of the leading companies in 
the field. 

RESEARCH & DEVELOPMENT ACTIVITIES 
ISE researchers study all aspects of PV systems with cost reduction and total systems cost 
being the overarching metric by which all their activities are measured. They specifically target 
market barriers. They feel you must use systems level thinking to guide your research, 
especially in a rapidly changing field. They have proven to be technical leaders in CPV 
development and have a strong culture around publication and patenting. 
They have a substantial effort in the development of resilient networks to accommodate the 
expansion and diversity of renewable energy systems. They also are studying energy efficient 
buildings from both a systems level and also from a retrofitting perspective. The contrasted 
themselves with the U.S. National Renewable Energy Laboratory (NREL), which leads the world 
in device development. ISE would like to lead the world in this field in “systems thinking.” 
What is deemed practical is very different in reality. The whole system must be designed 
concurrently (i.e., protoscope). One must consider financing, reliability, and materials availability 
in addition to the devices themselves. ISE believes that progress on the GW scale is an 
evolutionary process with breakthroughs. It is evolution, not revolution, that will scale energy 
systems. 
ISE researchers work on power electronic designs that are “close to market, “such as the need 
to develop better direct connections between generators and power electronics by, for example, 
putting the inverter and CPV tracking system in one box or correcting for cell polarizations at the 
power electronics level. ISE holds the world record for inverter efficiency. Standards for 
generators and electronics also need to be developed in parallel. 
One of the biggest challenges for PV is how to bring down cell costs while continuing to raise 
efficiency. Obviously using less material is important and film silicon has to be one approach. 
There are still opportunities for closing the cell and module efficiency gap and extending cell 
lifetimes. Better coatings are a must. Ancillary issues, such as cleaning versus siting are being 
studied. 
On the power management level, being able to better handle intermittent GW will be important. 
At ISE they are working on national systems-costing models that bring together things such as 
generation, storage, and heat and are built on basic physics principles. These models are 
currently static models. They are currently self-funding this effort, which is needed to justify the 
technical efforts for which they will eventually charge. 
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They currently have some grid storage and some district storage. This will be important long 
term for transforming the grid. 

Education 
Students have a very structured educational ladder from the B.S. to Ph.D. to post-doc. There 
are more than 300 students at ISE. of which around 120 are Ph.D. students. Sometimes the 
Ph.D. committees do ask “where is the science?” The Fraunhofer model leads towards a little 
more breadth over depth. Ph.D. students do participate in course lecturing. ISE has monthly 
technical seminars and offers M.S. level courses in solid state and PV. About half of the MS 
students (those who do best) get to go on for their Ph.D. 
They are just launching a new program in conjunction with Freiburg University on Environmental 
Technology. It is easy to attract students to things involving energy and the environment. 

TRANSLATION 
Fraunhofer ISE staff members have done work for most of the commercial PV companies. In 
the CPV space they are in contact with Daido, Solfocus, Ammonix, and IES of the University of 
Madrid. ISE collaborates with NERL in the United States, SERI in Singapore, AIST in Japan, 
and research institutions in Korea and many other countries. 
ISE operated ConTec as a CPV 1 MW pilot line, and PVTec as a 2 MW pilot line to provide 
industry a reliable “baseline process.” 
The ISE investigators expressed an opinion on subsidy forms, such as tax credits for installation 
versus a feed-in tariff. The opinion was that a feed-in tariff is superior to straight capital 
subsidies because it encourages designs that deliver power efficiently, whereas the capital 
installation subsidies do not favor designs that emphasize efficiency or performance. 
There also was an opinion that large scale utility solar is a problem for European countries 
because of the lack of space. Another issue is energy security when a large scale utility is 
outside the country. ISE strongly supports a distributed manufacturing model to promote energy 
independence and resiliency. Energy is one area in which a national manufacturing capability is 
essential because it is an essential piece of overall economy and jobs. 
More effort is required on transmission lines, which are already a bottleneck for distributed 
generation. The relation between centralized and distributed must be ultimately determined on a 
cost basis and should be analyzed with new smart grid and smart usage approaches. BIPV is 
another important consideration. 

SOURCES OF SUPPORT 
The students at ISE are on a “timecard.” The funding comes 40% from companies and 50% 
from grants. In addition, the Institute receives 10% base governmental funding. Twenty-seven 
percent of the industrial revenue that ISE acquires comes from outside Germany. 
A big challenge for ISE is maintaining their industrial financing since their whole model is 
predicated on those funds. If an institute cannot raise its expected funding, it can be dissolved 
(five institutes have been) and/or restructured. There are three financial reviews annually. 

ASSESSMENT 
Systems engineering thinking appeared to permeate most of ISE, not only including system 
level design, but also operation, maintenance, and end-of-life. The public support for their 
activities appears quite strong. Scientists are routinely in the headlines and the Director of ISE 
writes a monthly op-ed in one of the largest newspapers in Germany. 
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Germany set a record of 22.4 GWh of PV power in a single day or 9% of electrical energy 
consumption. They are on pace to exceed 30 GW installed PV energy soon. Germany needs 
more engineers across the board, but especially electrochemists and power engineers. 
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OVERVIEW 
The Helmholtz-Zentrum Berlin (HZB) was founded by merging the former Hahn-Meitner-Institut 
Berlin (HMI) and the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung 
(BESSY), two of Berlin’s largest research centers. HZB has its main campus in Adlershof - City 
of Science, Technology and Media on a total of 420 hectares on a site of the former Adlershof-
Johannisthal airfield. The city of Berlin decided to develop this area in 1991, and contracted the 
site management to WISTA Management GmbH. The natural science departments of Humboldt 
University were relocated here in 2003. The three main components are the Natural Science 
Institutes of Humboldt University, the IGAFA (Initiativgemeinschaft Außeruniversitärer 
Forschungseinrichtungen in Adlershof e.V. [initiative of extra-university research institutions at 
Adlershof]), and TKA (Adlershof Technology Circle), which consists of small and medium sized 
enterprises. 
Forschungs Verbund Erneuerbare Energien (FVEE, the Renewable Energy Research 
Association) is supported by fees and helps coordinate research among 12 non-university 
research institutes that are the source of new topics for research. FVEE helps works with 
funding bodies for support for these projects. The institutes have 2,800 researchers and are the 
largest renewable energy research network in Europe. The largest fraction of the researchers 
are in photovoltaics (30%) followed by hydrogen and fuel cells (22%), and then system 
technology and grid management (11%). There are four institutes involved in photovoltaics, 
HZB, Centre for Solar Energy and Hydrogen Research in Baden-Wurttemberg, Fraunhofer ISE 
in Freiburg, and Institute for Solar Energy Research Hameln. 
FVEE has established funding for a new wind turbine test stand to begin operation in 2013 that 
can support testing 55 m blades. This is at the Fraunhofer Institute for Wind Energy and Energy 
System Technology in Bremerhaven. The institutes have put a model together to look at the 
investment in renewable energy technology that shows the net cash flows for investment in the 
infrastructure to meet Germany’s goals for 2050. This shows a positive outflow of cash of 15 
million euros per year up to 2020, and then net cash returns after 2030. 
For the IGAFA institutes the core competencies are materials research, optical sciences and 
microsystem technology, and mathematics, computer science and their applications. Of 
particular note for renewable energy are the functional materials for optics and photovoltaics, 
light-matter interaction, applied analysis, and simulation, which are key research fields of each 
of the core competencies, leading to a focus on materials, light, and models. IGAFA has 11 
research institutions with 1,700 staff, of whom 900 are scientists, with an annual rate of 
publication of 900 papers, 650 conference talks and 36 patents. HZB, which is part of IGAFA, 
has 1,070 employees of whom 410 are scientists. The mission is to provide services in Photon 
and Neutrons for Science (PNS) and research in matter and renewable energies. It does the 
services in PNS through a synchrotron radiation source: BESSY II. Its solar energy science 
consists of four components, thin-film silicon solar cells, CIGSe flexible solar cells, solar fuels, 
and PVcomB (the photovoltaic competence center for technology transfer). PVcomB works on 
hands-on education and scale-up of promising concepts and development of industrial 
processes, bridging the gap between basic research and industry. 
The Humboldt University component of Adlershof is six departments, Computer Science, 
Mathematics, Chemistry, Physics, Geography and Psychology, and has 925 staff with 130 
professors and 7,800 students, with third party funding of around 21 million euros. The TKA has 
approximately 425 new companies with about 5,000 staff. There are two other sets of 
participants, Media City companies (139) with 1,700 staff and the industrial area with 302 
companies with 6,100 staff. Overall there are 23,300 people working in the Adlershof Network. 
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The University of Applied Sciences (HTW) Berlin has greater than 12,000 students in 
engineering, economics and design, with a program in Renewable Energies since 1994 with 
500 bachelor and master’s students, approximately 120 bachelors and 60 master’s students per 
year. The bachelor degree course is seven semesters and the master’s degree course is a 
further three semesters. The bachelor program involves both an industrial internship in the 6th 
semester and a bachelor thesis in the 7th semester. The coursework is about 50% basic 
engineering and sciences and 50% in renewable energy topics. The master’s course leads to a 
specialization in wind/water energy, energy efficiency, or bio/hydrogen/storage systems. 
There did not appear to be an explicit systems engineering educational focus for this group. 
Industrial engineering is a separate discipline that would deal with the economic questions. 
They still feel that disciplines such as material science and power electronics are in demand, 
and that people need to be educated in these disciplines. Electrochemistry emerged as a key 
weakness for storage technologies. The execution of projects in the curriculum is seen as the 
way to get at systems issues. An important goal is to establish a culture where students will “like 
to design such systems.” There is the need to connect understanding how people learn and 
behave to design principles. For example, “if people buy an efficient refrigerator, but put the old 
refrigerator in the basement as a backup or just to expand capacity, then we have not achieved 
our goal.” 

RESEARCH & DEVELOPMENT ACTIVITIES 
The discussion was centered on PV and particularly either complex material mixtures (CIGS 
CZSSn) or thin film silicon. An overriding idea is to use synchrotron measurements and 
fundamental models to translate understanding at a very deep level into what needs to be 
measured at the next level of manufacturing (e.g., building accurate process models of simple 
materials (Ar, O2, metals) and then moving to PECVD modeling). 
They are using “inverse design” to try and address fundamental PV material challenges (i.e., 
how to specify a band gap and synthesize a crystal structure that would give you the right band 
gap and other suitable materials properties for PV). This is one way to approach trying to find a 
cheap material with a wide band gap that could be used for multi-junction thin film PV. Another 
big challenge that they are working on is a transparent material that is cheap and flexible to act 
as an encapsulant. 
On the systems scale they are looking at the challenges of connectivity (e.g., are there simple 
and cheap ways to connect household functions to the renewable energy system and keep 
individual control within the system). 

TRANSLATION 
PVcomB was created to try to solve problems in translating fundamental research into industrial 
processes. A key strategy was to establish tightly specified baseline processes with 
reproducible results in solar cell efficiency. This was difficult because of the complex chemistry 
and lack of measurement to know what really affected the process outcomes. With the baseline 
process established this then enabled the reliable exploration of process substitutions and 
changes to enable incremental manufacturing improvements. They have prototyping lines for 
both traditional crystalline, as well as thin film amorphous crystalline solar cells. One of the 
biggest manufacturing challenges currently being addressed for some of their thin film modules 
is sealing and the precise placement that is currently required for the thermoplastic seals. Long-
term module reliability is being studied. 
It was felt that by creating a reliable baseline processes they will be able to understand and 
determine whether or not a process innovation does improve performance; this approach is 
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definitely incorporating some systems thinking. They are also using re-instrumented industrial 
equipment to enable faster transfer of process technology to industrial practice. They are 
engaged in multiscale modeling to address and identify key gaps in trying to translate 
information between process levels particularly at the 106 atoms simulation scale. There was no 
discussion of national energy policy, except that there was a clear and expected consensus on 
the need for governments to establish clear goals. 

SOURCES OF SUPPORT 
Funding of the IGAFA institutes is 166 million euros of which 22 million comes from the state of 
Berlin and 53 million from outside the Federal Government. Within IGAFA is HZB, which has a 
110 million euro budget financed by the Federal Government (90%) and the city state of Berlin 
(10%). 

ASSESSMENT 
We were given an overview of the research in renewable energy being undertaken by a network 
of non-university research labs that showed the impressive depth and commitment of Germany 
to the development of renewable energy. HZB focuses on the fundamentals of establishing 
materials for the next generation of solar cells and translating those discoveries into 
manufacturing processes through the PVcomB pilot line. We also heard about the education 
being offered at the University of Applied Sciences at the bachelor’s and master’s level as well 
as research into laser processing. An education gap was identified in electrochemistry at all 
levels, and seen as very critical for a variety of energy related technologies, and especially 
storage technology. 

SELECTED REFERENCES 
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Imperial College London, Energy Futures Lab 
Site Address: Electrical Engineering Building 

Imperial College London 
South Kensington 
London SW7 2AZ 
United Kingdom 
+44 (0)20 7594 5885 
 
http://www3.imperial.ac.uk/energyfutureslab 

  
Date Visited: October 9, 2012 
  
WTEC Attendees: M. Realff (report author), D. Durham, F. Huband 
  
Host(s): Professor Nigel P. Brandon FREng 

Director of the Energy Futures Lab 
Department of Earth Science & Engineering 
Royal School of Mines Building 
South Kensington Campus 
Tel.: +44 020 7594 5704 
Fax +44 020 7594 7444 
n.brandon@imperial.ac.uk 
 

 Professor Nilay Shah 
Process Systems Engineering Programmme 
Department of Chemical Engineering 
Roderic Hill Building, C502 
South Kensington Campus 
Tel.: +44 020 7594 6621 
Fax: +44 020 7594 6606 
n.shah@imperial.ac.uk 

  

OVERVIEW 
Imperial College London (ICL) has four faculties in Business, Engineering, Medicine, and 
Natural Sciences with an annual budget of 700 million pounds of which research income is 300 
million. ICL’s strategic aims are to tackle global challenges through establishing institutes that 
build on multi-disciplinary research done in centers that draw upon the core disciplines in 
departments. It has 3,300 academic and research staff with an additional 1,100 visiting 
researchers. The student body is 14,000 strong with 8,600 undergraduates and the remainder 
postgraduates with 2,400 research-active postgraduate students. ICL has a strong international 
component with 49% of its students non-U.K. nationals and 35% of its staff being non-U.K. 
nationals. ICL currently has 12 cross-faculty institutes, including the Energy Futures Lab (EFL). 

FUNCTIONAL FOCUS 
The Energy Futures Lab’s mission is to address major global energy challenges and to provide 
leadership for global partnerships in strategic energy themes. The EFL brings together systems 

mailto:n.brandon@imperial.ac.uk
mailto:n.shah@imperial.ac.uk
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engineering with domain experts in specific energy technologies. This helps the systems 
engineering endeavors, acting as a venue where systems engineers can interact with 
technologists and not have to go searching for the technological applications. The EFL was 
established in 2005 and provides an organization hub for around 600 ICL researchers to 
support and widen energy research across ICL, develop energy professionals, engage with 
business and policy makers and perform outreach. The research projects span the energy field, 
with projects in nuclear energy, both fission and fusion, solar, bioenergy, marine, future fuels, 
energy storage, fuel cells, as well as energy policy, systems, efficiency and smart networks. 

RESEARCH & DEVELOPMENT ACTIVITIES 
The EFL is engaged in four “Grand Challenge Research Programmes” that engage in multi-
disciplinary research. 

• Urban Energy Systems, a BP funded project to explore how to optimize energy flows in 
cities. 

• Advanced Petroleum Engineering, focus on carbon dioxide capture, transportation and 
storage and a Shell sponsored project on clean fossil fuels. 

• Solar to fuels, Research Councils of the U.K. project to produce hydrogen from biological 
and chemical processes. 

• Energy Storage, the EFL is leading a study for the U.K. Government on the economic 
benefits of grid scale storage and a lead on combined Research Councils of the U.K. project 
for Fuel Cells and hydrogen. They are looking at energy storage from a systems 
perspective—from the whole energy grid down to battery failure. A key goal is to identify the 
information that has to be passed between different levels in the system. The information is 
often viewed as migrating performance objectives down and parameter values up. One 
question was which system performance measures really matter and how to identify them. 

In education, Imperial has a M.Sc. program in Sustainable Energy Futures that is a one-year 
course taught by the Faculties of science, engineering, and business. It also has a Doctoral 
Training Centre (DTC) for Ph.D. students that enables those students to put their research into 
the wider energy systems context through participation in seminar and other networking events. 

Systems Engineering 
Imperial has a long history of engagement with systems research, particularly through the 
Centre for Process Systems Engineering (CPSE). CPSE was funded to develop system 
approaches and tools over a period of a decade from 1992 and as a result of this funding and its 
long history of process system tool development created a spin-off company Process Systems 
Enterprise (http://www.psenterprise.com/). CPSE continues to be very active in energy 
infrastructure research and in developing models to support this activity. Key systems 
challenges for the Centre include: 

• integration of information across length and time scales and the development of multi-scale 
modeling tools 

• representation of uncertainty within system models, and specifically the use of extreme 
value theory, and multistage stochastic optimization using approximate dynamic 
programming. 

In the area of manufacturing energy infrastructure the Centre is active in: 

• scale up of innovations of biochemical conversions of biomass, including water 
management 

http://www.psenterprise.com/
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• fuel cell integration with gas turbines, including heat integration 
• multi-junction solar cell optimization and determination of which parameters to focus on for 

optimization of overall performance, tackled through the use of global sensitivity analysis. 
• energy system model of the U.K. to include system dynamics and a regional component as 

well as features of climate change, energy security and resiliency. 
A concern that was raised about systems implementation was that there seemed to be an 
increased chance of common mode failure and common vulnerability, driven by systems relying 
on information provided by satellites, such as GPS signals. 

SOURCES OF SUPPORT 
The total investment in energy research at ICL is 53 million pounds per annum for 580 projects. 
36 million of this is government funding and the rest is industrial. The funding is split relatively 
evenly over a wide range of areas, with solar, smart grids, future fuels, and combustion all 
around 10% and energy systems at 7%, fuel cells at 5%, and oil and gas a further 12%. For 
example, in the smart networks area there are several subprojects that cover consumer 
behavior, manufacturing and service efficiency, control and power electronics, smart grids, 
communications, and transport networks. 
Approximately 67 million pounds of research support has been invested through the EFL, with 
almost all of this coming from industry. 

ASSESSMENT 
Imperial College London (ICL) has world leading programs in process systems engineering that 
have received sustained support from the U.K. government over two decades. This has led to a 
broad capability in systems engineering that is being deployed across ICL through 
multidisciplinary institutes focused on global challenges. One of these institutes is the Energy 
Futures Lab, which coordinates a broad array of projects across all the renewable energy 
arenas. The challenges for the next generation of systems tools were seen to be integration of 
multi-scale models, the representation of uncertainty, and the inclusion of system objectives 
such as security and resiliency. 

SELECTED REFERENCES 
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dimensional microstructure of a graphite negative electrode from a Li-ion battery. Electrochemistry 
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Imperial College London, Grantham Institute 
Site Address: Department of Physics 

Blackett Laboratory 
South Kensington Campus 
Exhibition Road 
London SW7 2AZ 
 
http://www3.imperial.ac.uk/physics/about 

  
Date Visited: October 9, 2012 
  
WTEC Attendees: R. Raffaelle (report author) 
  
Host(s): Dr. Ned Ekins-Daukes 

Senior Lecturer 
EXSS General Section, Department of Physics 
Blackett Laboratory, Room H1002 
South Kensington Campus 
Tel.: +44 020 7594 6675 
Fax: +44 020 7594 2077 
n.ekins-daukes@imperial.ac.uk 

  

OVERVIEW 
I met with Dr. Ned Ekins-Daukes over lunch. Our discussion mainly consisted of me asking PV-
related questions from the SEEM study questions we prepared and documenting his responses. 

FUNCTIONAL FOCUS 
Imperial college has a number of well-known researchers in PV. Some notable examples are 
Jenny Nelson, who works on organic photovoltaics (OPV) and authored of a well-known 
introductory PV text, Keith Barnham, who founded the Quantum Photovoltaics group there and 
did ground breaking work on multiple quantum well (MQW) solar cells, and Amanda Chatten 
who works on luminescent solar collectors. 
Dr. Ekins-Daukes researches high efficiency, “3rd generation” approaches to photovoltaic 
energy conversion, in particular III-V multi-junction, intermediate band, and hot carrier solar 
cells. He also works on modeling the energy yield from III-V concentrator systems. Previously, 
he worked in Australia as a lecturer at the School of Physics at the University of Sydney and 
latterly visiting research fellow at the ARC Photovoltaics Centre of Excellence, University of New 
South Wales. Prior to that he was a JSPS fellow at the Toyota Technological Institute, Japan. 
Imperial currently has a number of courses that combine systems engineering with renewable 
energy (i.e., sustainable energy futures). 

RESEARCH & DEVELOPMENT ACTIVITIES 
David MacKay, who is now the chief scientific advisor to the U.K. Department of Energy and 
Climate Change, and his book Sustainable Energy Without All the Hot Air, have made 
significant impact on the understanding of non-specialists, especially in government. The open 
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source-only energy model is being used to justify what approaches the government should be 
supporting. However, professional research agendas have other drivers. 
Dr. Ekins-Daukes interpreted systems engineering as looking at the “big picture” regarding 
energy. This type of approach is prevalent in the Grantham Center. The Grantham Research 
Institute on Climate Change at Imperial, launched in 2007, is affiliated with The Grantham 
Research Institute on Climate Change and the Environment at the London School of Economics 
and Political Science (LSE). The work of the Grantham Research Institute is integrated with the 
activities of the Centre for Climate Change Economics and Policy (CCCEP), hosted by LSE and 
the University of Leeds. 
PV is put in the context of The Stern Review on the Economics of Climate Change, a 700-page 
report released for the British government on 30 October 2006 by economist Nicholas Stern, 
chair of the Grantham Research Institute on Climate Change and the Environment at the 
London School of Economics and chair of CCCEP. The report discusses the effect of global 
warming on the world economy. Although not the first economic report on climate change, it is 
significant as the largest and most widely known and discussed report of its kind. 
The center funds Ph.D. students who look at the bigger picture. For example, Dr. Ekins-Daukes 
has students who are studying the interactions of climate and PV—especially for concentrated 
photovoltaics systems. They are developing models which will hopefully lead to forecasting. 
When asked about the key technical barriers to large scale PV deployment, Dr. Ekins-Daukes 
pointed out the ironic fact that most of the PV currently deployed on Earth is not in very sunny 
locations. The focus at the Grantham Center is on how to deploy more when the sun is best. 
CPV may be a good choice in these areas, so that is their focus. They are also looking at 
combined heat and power and use in desalination systems. He felt that a lot of the bigger 
challenges were indeed systems engineering challenges. 
In terms of Si PV technology, he felt embodied energy is the real problem. Kerfless or thin film 
Si would ultimately have to be developed to meet the future PV goals. 
There are a number of people at Imperial College looking at grid issues such as the modeling of 
electric car use. Several individuals there are knowledgeable on grid issues (i.e., John Pollak, 
Tim Green, and Goran Strbac). Goran Strbac is a Professor of Electrical Energy Systems. He is 
the Director of the DTI Centre for Distributed Generation and Sustainable Electrical Energy, the 
Convener of CIGRE International Working Group on Economics of Integration of Distributed 
Generation, and a member of the Executive Team of the IEE [Institution of Engineering and 
Technology] Professional Network on Power Trading and Control. 
ICL also has a small amount of work going on in end-of-life PV issues. They have a project 
looking at off-grid applications in rural India. However, battery EOL turns out to be more 
significant than issues with PV. 

TRANSLATION 
In terms of policy models the EU has adopted the 20/20/20 plan (i.e., a 20% reduction in EU 
greenhouse gas emissions from 1990 levels; raising the share of EU energy consumption 
produced from renewable resources to 20%; a 20% improvement in the EU’s energy efficiency). 
At present PV technologies are deployed based on cost, but if a carbon tax were levied, thin-film 
PV would be favored over c-Si PV owing to its reduced embedded energy. 
Dr. Ekins-Daukes group has done work for QuantaSol in the past. QuantaSol, which is a spin-
out from Imperial College London and used its MQW approach to enable it to become a world 
leading supplier of high efficiency III-V based solar cells. In 2011, they were acquired by JDSU 
[JDS Uniphase Corporation]. 
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SOURCES OF SUPPORT 
The Grantham Research Institute is supported by the Grantham Foundation for the Protection of 
the Environment through a grant for £12 million awarded for the period from 2008 to 2018. 
The Institute is also supported by the Global Green Growth Institute through a grant for US$2.16 
million (£1.35 million) to fund several research project areas from 2012 to 2014. 
One of the main sources of funding in the U.K. is through the Engineering and Physical 
Sciences Research Council. However, these grants no longer fund Ph.D. students. Ph.D. 
funding now flows through the Doctoral Training Centers (DTCs). This has been quite 
controversial. It appears that research funding in the U.K. is currently preferential for the big 
groups. 
Not much corporate support available, except for earth science research. 

ASSESSMENT 
It appears a lot of the research in renewable energy is being driven by these very large scale 
economic and climate models. They have imposed a mandated interdisciplinary approach to 
Ph.D. training with the DTCs. There is a lot of systems-based thinking and training being 
implemented. 
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KTH Swedish Royal Institute of Technology 
Site Address: School of Electrical Engineering 

Electric Power Systems 
Royal Institute of Technology (KTH) 
Teknikringen 33 
SE 100 44 Stockholm, Sweden 
Tel.: +46 8 790 8906 
 
http://www.kth.se/en/ees/omskolan/organisation/avdelningar/eps  

  
Date Visited: October 11, 2012 
  
WTEC Attendees: W. Curtis (report author), P. Collopy, A. Deshmukh, G. Lewison 
  
Host(s): Professor Lennart Söder 

School of Electrical Engineering 
Electric Power Systems 
KTH Royal Institute of Technology 
Tel.: +46-8-790 8906 
lennart.soder@ee.kth.se 
 

 Associate Professor Mehrdad Ghandhari (R) 
Tel.: +46-8-790 7758 
mehrdad.ghandhari@ee.kth.se 
 

 Postdoctoral Student Karin Alvehag 
Tel.: +46- 8-790 90 31 
karin.alvehag@ee.kth.se 
 

 Assistant Professor Mikael Amelin 
Tel.: +46-8-790 7755 
mikael.amelin@ee.kth.se 
 

OVERVIEW 
KTH represents roughly one third of the university-level educational capacity of Sweden: 14,000 
undergraduates and 1,700 postgraduate students. Founded in 1827, it maintains a strong 
international focus. This site-visit focused on the division of Electric Power Systems in 
recognition of the tremendous infrastructure within Sweden for hydroelectric power and its role 
in providing power to northern Europe. This group focuses on modeling and optimization as well 
as analysis of specific issues such as integrating power generation systems. Discussion was 
based on presentations by four researchers from this group. A brief note is included recognizing 
the newly formed Energy Systems Analysis division, which has a similar modeling and analysis 
focus to inform policy and infrastructure investment. 
To appreciate the nature of the work being done, the context of electrical power systems in 
Sweden was presented. Electricity represents 40% of Sweden’s power used, and more than 
50% of electrical power comes from hydroelectric. “A good rain over Scandinavia is about equal 
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to two nuclear power plants”. In contrast to United States, less than 5% of Sweden’s power is 
from fossil fuels. Power use is highly monitored and regulated; some companies operate on 
hourly basis depending on power cost/availability and electrical use monitoring is common in 
Swedish homes. Sweden’s electrical power is highly interconnected with Europe through 13 
high voltage DC transmission lines (electrical power is traded on an hourly basis), and Norway 
perceives its future as “the battery of northern Europe” with 4300 MW import/export capacity. 
Competing technologies in lower Europe have to go offshore due to high population densities. 

FUNCTIONAL FOCUS 
The focus of the division of Electrical Power Systems is to support Sweden’s electrical power 
distribution system through the development of modeling and analysis tools. The overall goal is 
to achieve a smart-grid that is more efficient and reliable. Goals include control and optimization 
of power generation and distribution, including provision of power between Nordic countries and 
into the EU market. Presentations covered the following topics: 

• General framework of support systems for power systems research and market analysis 
• The impact of high penetration renewables on power system dynamic and stability 
• Challenges distributed generation in distribution grids 
• Balancing Wind and Solar electrical power Generation 
These projects reflect the emphasis on modeling and analysis in the context of a country that 
has 50% hydroelectric power, and a reliance on fossil fuels that is less than 5%. 

RESEARCH & DEVELOPMENT ACTIVITIES 

Power System Dynamics & Control / Smart Transmission Systems 
Research focuses on the development of models to capture the dynamics of the power 
generation, transmission, distribution, and consumption (Figure B.3). There is a particular focus 
on the integration of renewable sources, which introduces complexities of intermittency (wind) 
and distributed generation (solar). Generators with different modes stabilize the network and 
dampen oscillations. Combined with controllable power electronics devices such as voltage 
source converters (VCS) and flexible AC transmission systems (FACTS) this can provide a 
much cheaper solution than building new transmission lines. 
The alternative is major infrastructure investment in high-voltage DC transmission (HVDC, such 
as the proposed $2 billion TRESAMIGOS project in New-Mexico, United States to interconnect 
the major U.S. power grids). These models allow for assessing the costs and benefits such as 
lower-cost local AC transmission, and more efficient long-distance HVDC. These models also 
allow for assessment of fault/failure scenarios with obvious advantages of DC transmission, 
which can stabilize the grid by allowing controlled transmission between asynchronous AC grids 
(even with different frequencies). Sweden has tremendous experience with HVDC transmission 
which it implemented in 1930s to interconnect islands (because of the critical advantage of DC 
transmission to deal with capacitance in underwater transmission cables). In addition, Sweden’s 
experience with transmission has come from hydroelectric power, which supplies >50% of 
electrical power and is in the north, where less than one-eighth of the country’s population lives. 
Models have included the current Sweden grid plus 30% wind as well as more regional 
aggregated models. 
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Figure B.3. Schematic of real time analysis and control of a possible future electrical power 

system that is based on more efficient high-voltage DC transmission with 
associated controllable voltage source converters. 

Electricity Markets and Production Planning 
This research seeks to provide guidance in understanding how to balance production and 
consumption of electrical power in the face of rapidly changing technologies (both for generation 
and consumption of electrical power). Hydroelectric power has its own considerations as spill 
and power generation from one dam sets in motion the power production capacity for 
downstream generators. In some cases, the majority of the dams on a river are owned by one 
producer, in others, this involves many different companies. Hydroelectric does have the 
capability to accommodate some of the intermittency of wind and solar power, but this illustrates 
the complexity of only a small part of the electricity market. 
The issues of understanding the complexity of electricity markets and research on frequency 
control schemes were illustrated by numerous examples. Combined with different tariff 
structures and grid connectivity payments, it becomes increasingly difficult to plan for financing 
new grids (Sweden’s existing grids were largely put in place by hydroelectric companies when it 
was deregulated). Research has generated models to allow for examining changing production 
and usage scenarios (Figure B.4). A scenario that is currently under study is the adoption of 
electric cars. 
Another significant research program in electrical power production planning is the balancing of 
wind and solar power in the context of existing power systems as well as planned changes. 
Although the shutdown of two nuclear power plants over the next 30 years has been decided by 
referendum, this will be accompanied by increases in power generation in existing nuclear 
power stations. Wind power is projected to increase 3-fold by 2020; however, the variation of 
1000-12,000MW is negligible on a 13.2GW network that is dominated by hydroelectric power. 
However, it is worth noting that the flexibility of hydroelectric power use is hindered by multiple 
river ownership, and water use is currently regulated by the courts. 
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Figure B.4. Schematic model of the electricity market. 

Power System Network Planning 
Research in grid network planning spans the three major grid systems: transmission, 
distribution, and railway-feeds. Projects try to take into account both consumer and system 
owner perspectives including investment, risk analysis, and reliability. While many grid planning 
issues are similar, distribution networks have numerous unique challenges that are the focus of 
an ongoing study. There are over 200 different distribution system owners (DSOs), which range 
from companies focused on maximizing profit, to group user owned which emphasize reduced 
cost and reliability. 
The Stockholm Royal Seaport project (http://stockholmroyalseaport.com/) was presented an 
example of a new sustainable grid planning project and is one of Europe’s largest urban 
development projects. This is a transformation of an underutilized industrial brown zone into a 
planned community for 12,000 residents and 35,000 work spaces (Figure B.5). This project 
seeks to incentivize the shifting of loads to periods of lower demand. It includes “active houses” 
that will optimize load based on consumer choices. This data-intensive “smart communication 
project” uses information and communication technologies (ICT) to reduce energy consumption. 
The components provide users information on consumption and the ability to control energy-
intensive appliances via web applications. Another component is “local use” of electricity to 
reduce transmission losses and utilizing programmed running of intermittent appliances 
(dishwashers, laundry) during periods when local renewable energy is most abundant. 

Education 
Systems engineering does not appear to be a separate program or specific curriculum at KTH. 

Other Energy Systems Programs 
In 2011 the new division of Energy System Analysis was established (KTH-dESA). This group is 
committed to developing open-access modeling tools for energy production. A substantial 
program in cooperation with the International Renewable Energy Agency (IRENA) is focused on 
renewable energy for developing countries to assist them in bypassing the dirty and 
environmentally unfriendly practices that propelled developed countries through the industrial 
revolution. This initiative is directed by Professor Mark Howells and exemplifies the focus on 
models to assist in the decision making process associated with energy production, distribution 
and use. 

http://stockholmroyalseaport.com/
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Figure B.5. The Stockholm Royal Seaport project: transformation of a brown field site into a 

state-of-the-art community emphasizing reduced energy use and sustainability. 

Source: http://stockholmroyalseaport.com/wp-
content/uploads/2010/01/Flygfoto_Hjorthagen3-e1352818701884.jpg 

TRANSLATION 
Due to the nature of electrical power transmission, and the focus of this group on tools and 
analysis, there is not a focus on generating commercializable manufactured technology. The 
market analysis tools are invariably valuable for evaluating the implementation of major 
infrastructure modifications, but since they are implemented by the power industry and 
associated governmental agencies, it seems likely that the value of the computational tools is 
inherently a part of the analysis undertaken within the specific projects. The implementation of 
the technology does not require startup-companies, etc. 

SOURCES OF SUPPORT 
The division of Electrical Power Systems is supported strongly by a wide variety of 
governmental agency and programs arising out of the Swedish Power Industry (23.7 million 
Swedish kronor [MSEK] in 2011; Figure B.6). The largest program is Elektra (~4.2 MSEK) 
followed by EKC-2 (<3 MSEK), both supported by the Swedish Power Industry. There are 
numerous other programs (<2 MSEK) on a wide variety of electrical power issues, including: 
STandUP (smart transmission), EIT/ InnoEnergy (smart grids), SETS (EU support joint with 
Comillas University, Spain), EIA Wind & Vindforsk (wind power), NEPP, PV-ERA, RISK, SIDA, 
ITesla (pan-European transmission), and StronGrid (intra-Nordic transmission). 

ASSESSMENT 
The Electric Power Systems division at KTH plays a key role in providing quantitative modeling 
to advise the government and power systems industry on optimizing existing power systems 
and evaluating the potential and pitfalls of future “smart-grid” systems. Sweden is in a unique 
situation of having tremendous electric power generation capacity and very little reliance on 
fossil fuels, in addition to considerable experience in efficient transmission and market issues of 
electrical power balancing and international trading. Highlights of the discussion include: 

• Sweden is in a uniquely advantageous power position with a large dominance of renewable 
energy and hydroelectric power to provide capacitance to balance generation. 

http://stockholmroyalseaport.com/wp-content/uploads/2010/01/Flygfoto_Hjorthagen3-e1352818701884.jpg
http://stockholmroyalseaport.com/wp-content/uploads/2010/01/Flygfoto_Hjorthagen3-e1352818701884.jpg
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• The nature of the Swedish system has provided power systems that are tractable to model 
development (sufficiently defined and yet complex). 

• The energy efficiency and sustainability focus of the Stockholm Royal Seaport represents a 
significant advance in manipulation of consumer-side demand modification. 

 
Figure B.6. Sources of funding for the Electrical Power Systems Division of KTH in 2011. 
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Technical University of Munich, Institute for Energy Systems 
Site Address: Technische Universität München 

Lehrstuhl für Energiesysteme 
Boltzmannstr. 15 
85747 Garching 
Germany 
 
http://www.tum.de/en/homepage/ 

  
Date Visited: October 10, 2012 
  
WTEC Attendees: A. Deshmukh and W. Curtis (report coauthors), P. Collopy, G. Lewison 
  
Host(s): Prof. Matthias Gaderer, Project Supervisor 

Institute for Energy Systems 
Tel.: (089) 289 16272 
gaderer@tum.de 

  

OVERVIEW 
The Institute for Energy Systems is located on the Garching campus of the Technical University 
of Munich (TUM, Figure B.7). The head of the institute is Prof. Hartmut Spliethoff. Three other 
faculty members, Drs. M. Gaderer, S. Gleis and C. Wieland, are affiliated with the institute, 
which has a total staff of 45 employees, 29 Ph.D. students and three post-docs. The history of 
the Institute for Energy Systems at TU Munich dates back to 1875 under Prof. Carl von Linde. 

 
Figure B.7. Engineering complex at TU Munich. 

The Institute has research projects focused on four primary areas: power plant technology. 
measurement techniques, modeling and simulation, and alternative energy. The Institute has an 
impressive set of laboratories and access to specialized equipment, including atomic absorption 
spectroscopy (AAS), suction pyrometry, and phase Doppler anemometry (PDA). The test 
facilities at the Institute include a pressurized entrained flow reactor, fluidized bed reactor and 
wire mesh reactor. 
Some of the current projects in the Institute include: 
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• HotVeGas, which investigates the new high temperature gasification and gas purification 
processes for IGCC plants, and is funded by the Bavarian Government and industrial 
partners 

• KW 21, which studies the dynamic behavior of 700 C power plants 
• Co-combustion of Biomass, which investigates the applicability of co-combustion of biomass 

in a coal fired boiler 
• Green Syngas, which develops novel gas cleanup methods to reduce impurities from 

gasification gas 
• Oxy Coal, which studies the stages oxyfuel combustion process 
• Orcan, which focuses on the development of a mobile organic Rankine cycle (ORC) module 

for waste heat utilization 
The group is also conducting joint work with other labs, for example with Prof. Wagner (Inst. 
Energetics and director of German Aerospace) and Prof. Hamacher (Electrical Engineering - 
simulating economics at the social level). 
The educational programs offered by the institute cover a module in Sustainable Energy 
Systems and Master of Science of Power Engineering. Students also work on research papers 
and a diploma thesis with the Institute faculty and staff. 

FUNCTIONAL FOCUS 
During the visit of the WTEC panel members, a major focus of the discussion and laboratory 
tour was biomass gasification technology. This included small-scale laboratory research 
reactors to several-story biomass gasification units which will be highlighted in main body of the 
report. The Institute for Energy Systems maintains a broad range of research on energy 
engineering technology development. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Discussion highlights included: 

• The primary focus of this group is on thermal energy: combustion, coal, waste, biomass, and 
gasification. Current projects range from small (1 MW) to large applications (up to 300 MW). 

• One of the key areas of research is on a pressure entrained flow reactor. The group also 
has projects on simulating dynamics of power plants, in collaboration with industrial partners 
Eon and Alstom. They have developed software coupling FEM + APROS and CFD + 
APROS. 

• The group is also working on using energy storage to balance power generation excess. 
The goal is to look at which storage method is the best for energy storage for a specific 
scale of excess energy. For example, gas can be most useful for large scale storage, where 
energy recovery rate is 80% as compared to electricity conversion rate of 40%. Synthetic 
natural gas (SNG) can be stored in existing natural gas storage. 

• The discussion of comparative advantages of solar-thermal over PV revolved around the 
fact that while PV is low cost and operationally straightforward, solar-thermal can be cost 
effective if coupled with a suitable storage system. 

• The group also noted that biomass in the future will be transported for use in areas where it 
is not readily available (like coal). Then it can be co-fired in generation plants. 
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Green Energy 
The Green Syngas project focuses on developing novel gas cleanup methods to reduce 
impurities from biomass gasification gas. This project is funded by the European Commission 
and has 10 partner institutions. The group has developed an online tar measurement system, 
an alkali measurement system using excimer laser induced fluorescence (ELIF), and an 
optimized biomass gasifier. The basic gasifier technology developed by TU-Munich is a heat-
pipe reactor where the heat is transferred from a combustion chamber to the syngas chamber 
(allothermal) via heat pipes where the melting and condensing of a fluid within a pipe transfers 
the heat between these chambers. The advantage of separating these reactions is that the 
resulting gas has reduced CO2 and avoids the dilution with nitrogen from air. 
The synthetic natural gas (SNG) from the biomass gasification project focuses on developing 
new gas cleaning and methanation processes for the product gas stream from an allothermal 
biomass gasifier (where part of the biomass is burned to drive the endothermic syngas 
reaction). 

Manufacturing 
In addition to addressing the manufacturing issues related to manufacturing of SNG from 
biomass, the group is also looking at efficient energy production from waste materials. 

Systems Engineering 
There are two areas where TU Munich researchers see critical needs in the systems 
engineering domain. The first is scaling. Biomass needs to be of high quality, which makes it 
more expensive to do it currently. Second, processes need to be developed that are cost 
competitive overall, from the raw material acquisition through production and clean-up. 

Policy 
CO2 for power plants is not acceptable in Germany (a policy decision). Ethanol is not used in 
Germany (and middle Europe) due to diesel being used as primary fuel for transportation. 

Education 
The module on Sustainable Energy Systems includes courses on energy and economics. The 
Master of Science of Power Engineering course, which started in 2010 and is limited to 50 
students from all over the world, includes systems integration and economics in addition to 
basic mechanics and thermodynamics, generation technology, and engineering sciences. This 
is a collaboration between the Mechanical Engineering and Electrical Engineering departments. 
Courses involve both physics and economic considerations in design of plants. 

TRANSLATION 
The heat-pipe reformer (BioHPR) has been commercialized by the company h s energieanlagen 
GmbH (http://www.hsenergie.eu/de/home/). The next generation of this technology combines 
the HPR with a gas turbine (TurboHPR, Figure B.8). The TurboHPR utilizes the fluidized bed 
heat pipe technology to generate the syngas which is cleaned and the combusted in a gas 
turbine. The exhaust of the gas turbine provides the heating of the heat pipes to drive the 
endothermic syngas generation as well as run a compressor for the air that is mixed with the 
syngas for combustion. The waste heat is then utilized for district heating. 
The Institute of Energy Systems is also developing a synthetic natural gas (SNG) process 
based on biomass syngas formation. This is being scaled up using a 500 kW heat pipe biomass 
gasifier (HPR500). The biomass to SNG work is being executed by DBFZ (Deutsches 

http://www.hsenergie.eu/de/home/
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Biomasseforschungszentrum) which is a non-profit LLC owned by the German government 
(http://www.dbfz.de) that employs approximately 160 scientists. 

 
Figure B.8. TurboHPR which generates electricity from the biomass-derived syngas. 

(adapted from hs energieanlagen GmbH web site). 

SOURCES OF SUPPORT 
The biomass to SNG project is funded through a group of funding agencies that appear to 
obtain their funding through climate change initiatives that are managed by PtJ (Project 
Management Jülich). 
The Green Syngas project is an EU funded project with multinational collaboration. 

ASSESSMENT 
The Institute for Energy Systems at TUM is a world-class research group focusing on thermal 
energy systems. The primary focus is on increasing efficiency of power plants and alternative 
energy sources through new measurement and modeling tools. The integration of these sources 
into the larger energy equation at the societal level is not studied by this group. 
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Technical University of Munich, Straubing 
Site Address:  Technische Universität München 

Chair of Chemistry of Biogenic Resources 
Straubing Centre of Science 
Schulgasse 16 
D-94315 Straubing, Germany 
 
http://www.rohstoffwandel.de 

  
Date Visited: October 10, 2012 
  
WTEC Attendees: P. Collopy (report author), W. Curtis, A. Deshmukh, G. Lewison 
  
Host(s): Prof. Dr. Volker Sieber 

Chair of Chemistry of Biogenic Resources 
Tel.: +49 (0)9421 187 301 
Fax: +49 (0)9421 187 310 
sieber@tum.de 
 

 Prof. Dr. Martin Faulstich1 
Managing Director, CUTEC Institute 
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OVERVIEW 
The WTEC panel visited the Centre of Competence for Renewable Resources (CCRR), which 
comprised three separate entities: 1) the Wissenschafts Zentrum (WSZ) or science center, 2) 
the Technical and Support Center, and 3) CARMEN eV, (Centrales Agrar-Rohstoff- Marketing- 
und Energie-Netzwerk), which promotes biological processes through exhibitions and other 
outreach activities such as seminars covering the social aspects of biomass. Thus the CCRR 
covers basic research, applied research, promotion, and marketing. It began in 1998 and was 
formally founded in 2001 as part of the Technische Universität München (TUM). Currently it has 
a Master of Science program and will have a Bachelor of Science program in 2013. 
The location for CCRR was selected because Straubing has rich soil suitable both for 
agriculture and for forestry. It is also a port (on the river Danube) that imports large amounts of 
biological material, which is intended to be processed into biomass. Biomass can also be the 
source of chemicals and will thus reduce dependence on petroleum. 

                                                
 
 
1 From 2000-2012, Professor of Resource and Energy Technology at TUM; recently appointed Professor of 
Environmental and Energy Technology at Clausthal University and Head of the Clausthal Institute of Environmental 
Technologies (CUTEC). 
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FUNCTIONAL FOCUS 
Straubing’s function is to examine the production of energy and of useful materials from plant 
material specially grown and waste plant materials. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Prof. Sieber divided biomass biotechnology into six different streams, each with a color code: 

• Red - Pharmaceuticals 
• Green - New and improved plants 
• Grey - Wastewater and rubbish treatments 
• White - Application of biological processes to chemical production, incl. enzymes 
• Blue - Use of marine resources (e.g., seaweed, animals) 
• Yellow - Use of insects 
Straubing places a heavy emphasis on education, and the Master’s course in Renewable 
Resources was popular and attracted 40 students to a two-year course. The focus of the course 
is biological (bioenergy, biomaterials, economic, social and ecological aspects), but other forms 
of renewable energy are covered (geothermal, solar and wind energy). In 2013 the graduate 
course will be divided into four elements: agricultural systems, material use (mainly chemistry), 
energy use and economics. The undergraduate course was expected to be approved in 
November 2012 and to begin in September 2013; it would lead to the degree of Bachelor of 
Renewable Resources. The first year would be strong on basic sciences. 
Research at TUM Straubing focuses on five areas: 

• Biotechnological production of chemical precursors from carbohydrates and vegetable oils, 
which focuses on the identification of enzymes (biocatalysts) for chemical production and on 
the processes needed for their use in industry 

• Application of metal catalysis to modify plant oils 
• Combined chemical and enzymatic catalysis 
• High-throughput screening methods for enzymes 
• Biosynthesis and production of microbial polysaccharides 
The Wissenschafts Zentrum (WSZ, or Center for Science) is cooperative venture involving six 
Bavarian universities that cooperate on research on material use and energetic use of 
renewable resources. This multidisciplinary effort allows researchers from the natural sciences, 
engineering, ecosystem sciences, and economics to work together at every level from the 
molecule to marketing of products. Results of the research appear in peer-reviewed journals, a 
scientific publication series launched in 2009, and public information pamphlets. 
WSZ also collaborates with a branch of the Fraunhofer-Gesellschaft (FhG) in Straubing (the 
Center for Energy Change) that is working on the depolymerization of plant biomass (i.e., routes 
to use and most effective chemicals in terms of energy storage). Although Germany is aiming to 
generate three quarters of its electricity by renewable means by 2015 (wind 50%, solar 
photovoltaics 20%, biomass 5%), there still remains a serious shortage of liquid fuels, and 
biomass will be needed to provide them, perhaps with the aid of solar electricity. 
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TRANSLATION 
Dr. Sieber and members of the staff have been awarded several patents for biochemical 
production methods, including manufacture of isoprenoids and fermentation of biopolymers. 

SOURCES OF SUPPORT 
Funding sources vary for the members of CCRR. The WSZ is funded by the Science Ministry of 
the Bavaria; the Technical and Support Center is funded by the Ministry of Nutrition, Agriculture 
and Forestry of Bavaria; and CARMEN is a private-non-profit association funded by some 71 
members—mainly commercial companies. The FhG tends to develop new ideas by means of 
“project groups”; these are initially supported largely by public funds (e.g., from the government 
of Bavaria) but the percentage drops with time as industry contributes more. 

ASSESSMENT 
TUM at Straubing is part of a multidisciplinary team doing basic and applied research toward the 
long-term goal of making biomass a significant source of chemicals and energy. This effort is 
distinctive for its cooperative approach involving multiple academic institutions and industry. 
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University College London 
Site Address: University College London 

Gower Street 
London WC1E 6BT 
United Kingdom 
Tel: +44 (0)20 7679 2000 
 
http://www.ucl.ac.uk/ 
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Director, UCL Centre for Engineering Policy 
UCL Faculty for Engineering Sciences 
brian.collins@ucl.ac.uk 
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OVERVIEW 
University College London (UCL) was established in 1826 to open up education in England for 
the first time to students of any race, class or religion. UCL was also the first university to 
welcome female students on equal terms with men. UCL is one of the most successful U.K. 
universities at attracting funding, with an income of more than £800 million in 2011, with the 
third highest allocation of Research Council U.K. funding and third highest allocation of 
European Research Council starting grants. UCL is also joint first with Cambridge University in 
ERC Advanced Grants in the U.K. This success has helped UCL to be independently ranked as 
the most productive research university in Europe. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Professor Brian Collins made the general observation that policy makers have a lack of 
appreciation of the difference between a technology goal and the technology to achieve that 
goal, particularly for large energy systems. He indicated that rarely in a politician’s experience 
do you have such large changes in magnitude as exist in energy systems. For example, we may 
have MW wind turbines, but we need many GW of power. This shift of three orders of 
magnitude is unappreciated. 
He indicated that the U.K. power system has a generation gap caused by the retirement of 
several large coal plants. The plan to fill the gap created by these retirements is to reduce the 
spinning reserves from 18% to 4%, but this is likely to have unintended consequences for the 
resilience of the power system. Therefore, it is likely there will be a dash back to gas in the short 
term to fill this need, and hence not a steady decline in the carbon intensity of power. This 
transition planning is being carried out as part of the Energy Technology Institute. The Energy 
Technology Institute is looking at the life cycle design of energy systems in the U.K. with 500 
billion pounds over seven years. 
Professor Coppens, with his colleagues Dan Brett, Paola Lettieri, and Panagiota Angeli, 
presented the major thrusts of the Chemical Engineering Department. He indicated that a major 
theme was the chain of problems from materials discovery to devices and then systems. This 
theme was instantiated in the area of catalysis, particularly electrocatalysis, and trying to 
understand how the physical patterns at the microscale translate into function and then 
performance. Dr Brett illustrated this theme through his part of the presentation. The structure 
was revealed in operation in an electrochemical environment using tomographic imaging as an 
input. This was further supported by bespoke instruments that could help drive innovations in 
electrochemical systems by more detailed characterization of performance and how this 
depends on the distribution of materials at the microscale. It was determined that there was a 
gap in the understanding of how to feed back the information on performance to the process 
that manipulates the physical structure. It was expected that there could be rational design of 
materials through this approach for enhancing catalysts and heterogeneous materials, such as 
porous structures at multiple scales. A continuous hydrothermal process pilot plant was 
described that could produce materials at a 1 kg/day rate and that could support combinatorial 
materials discovery. 
Professor Coppens then talked about bio-inspired design as a possible way to help scale 
manufacturing to address energy systems problems. He pointed to one specific example which 
was the use of patterns in fluid distribution and collection for chemicals and water in fuel cells, 
guided by the way that the lungs use branching structures at multiple scales. This involved the 
problem of the position of the holes from which the fluid flows and the levels of branching. A 
further idea was the direct integration of fuel cells with printed circuit boards to be able to “break 
through” on intellectual property. This involved the integration of laser processing with printed 
circuit board (PCB) manufacturing. The key idea from a manufacturing perspective was to 
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leverage the already substantial manufacturing base in printed circuit boards rather than having 
to scale up the manufacturing of a completely new device architecture. This effort has a 
systems component, but this was not explicitly articulated. Another idea was the stabilization of 
enzymes by confinement in mesoporous silica; this might be useful for biofuel production. The 
overall systems goal was to use novel experimental techniques to drive models that could 
predict performance and lead to better experimental design. This design should be driven not 
only by the functional performance of the materials but by the reproducibility and controllability 
of the properties to enable manufacturing scale-up. 
Although there was no time for discussion during the meeting, Dr. Lettieri later sent material 
about the use of waste streams to generate renewable energy both through thermal and 
biological treatment. A key enabling effort was multiphase flow modeling to investigate the effect 
of process conditions on fluidized bed behavior. This was supported by a combination of x-ray 
imaging of experimental systems and CFD modeling. The systems engineering component of 
this research was to drive the design process through life cycle environmental and cost 
analysis. The specific applications were to biogas energy development through centralized or 
decentralized anaerobic digestion of domestic waste and to the gasification of waste using 
plasma technology. 
There is an explicit focus on process systems engineering at UCL which has been partnered 
with ICL in the Process Systems Engineering (PSE) center for twenty years. There are several 
faculty members in PSE at UCL, including David Bogle, Vivek Dua, Eric Fraga, Lazaros 
Papageorgiou, and Eva Sorensen. This group participates in activities in renewable energy 
systems, including biomass energy network planning with a case study for bioethanol in the 
U.K., biobased electricity, and hydrogen production and distribution. Another application of 
systems engineering is in the planning of microgrids where a cooperative game theory model 
was created to design systems with a notion of “fairness” in the distribution of benefits from 
coordination of microgrid investment. 

Education 
Regarding education, the question was whether within the context of a 3-year bachelor’s degree 
one could ask the students to also include formal systems education. As it was put “this is a 
massive ask.” From the perspective of the chemical engineering faculty, a second issue 
regarding renewable energy was the high penetration of international students within the degree 
program. Many of these students are from countries where traditional oil, gas, and 
petrochemical industries are still growing. They want a “traditional” education rather than one 
focusing on topics such as renewable energy. The way that systems engineering was expected 
to be learned by the students was through project based learning. It was pointed out that civil 
engineering at UCL had shifted a significant component of its education to this structure. These 
civil engineering students were now considered to be very attractive targets for consulting 
companies. At the Ph.D. level there is a new system in the U.K. of Doctoral Training Centres 
(DTCs). These centers are focused on providing Ph.D. training which implies more than just the 
traditional Ph.D. research. The requirements can be met in different ways, such as through 
course work or possibly additional seminar interactions with other faculty and students. One 
feature of the DTCs is that social science research must be included as a certain percentage of 
the Ph.D. positions, which opens up the possibility of doing more integrated research projects. 
The DTCs appear to be modeled on the NSF IGERT program in some ways. The DTCs are 
focused on areas of national need. They are not widely popular with faculty in the U.K. because 
the funding for students has been reduced and removed for individual PIs to recruit students. 
They can only apply for post-doc funds in those grants. 
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SOURCES OF SUPPORT 
The main source of support discussed during the site visit was the Engineering and Physical 
Sciences Research Council (EPSRC), the U.K. equivalent of the National Science Foundation’s 
Divisions associated with math, science and engineering. The sources of support for students 
were the DTCs, which are funded by the EPSRC. The Process Systems Engineering work at 
UCL is also partially supported by the Center for Process Systems Engineering which is joint 
effort of Imperial College London and UCL. 

ASSESSMENT 
The UCL visit highlighted the multi-scale modeling issues in energy systems both in policy and 
physical systems. The physical system model frontiers are being driven by new experimental 
techniques that acquire imagery of the distributed system such as the spatial concentrations of 
components in electrochemical systems. These techniques may enable a more comprehensive 
modeling and optimization of the systems both from a performance and manufacturing 
perspective. The goal is to connect up the modeling and prediction to life cycle assessment of 
environmental performance and cost. The gap is in how to translate the information and 
engineering assessments into credible information. Natural systems were emphasized as 
potential inspirations for new system designs, using a mechanistic approach, termed nature-
inspired engineering. This approach has yet to be made explicitly systematic in a broader 
context, which is the focus of a new center at UCL. In education, the picture is in flux at the 
graduate level with the establishment of Doctoral Training Centers for the sponsorship of Ph.D. 
students in particular areas. This is a systematic response to training engineers to meet specific 
societal goals. At the master’s level there is a much greater provision of, and demand for, 
courses of study in energy. The large influx of foreign students from countries with burgeoning 
traditional energy industries does provide a challenge in balancing the emphasis in these 
courses. 
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Host(s): Prof. Emilio Molina Grima 

Department of Chemical Engineering 
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OVERVIEW 
Prof. Emilio Molina Grima’s group at the University of Almeria (UAL) has been active in the 
bioenergy area for the past 20 years. Their focus has been on algae biofuels for five years. 
Their efforts have resulted in academic publications, startup companies, and collaboration with 
large industrial partners. 
This group has established an extensive experimentation station and test-bed facility (Figure 
B.9), originally funded by a local bank, Cajamar. The experimentation station is a major 
infrastructure available to this research group. The test facility is located a few miles from the 
main university campus. The core of the facility is a set of 10 tubular, fence-type configurations, 
photobioreactors (PBR) of 10 m3 each. 

mailto:emolina@ual.es
mailto:facien@ual.es
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Figure B.9. Overview of the University of Almeria bio-algae research and testing facility 

(courtesy of the University of Almeria). 

RESEARCH & DEVELOPMENT ACTIVITIES 
The group discussed the reasons why algae manufacturing took root in Almeria. Certainly there 
is abundance of solar energy, water, CO2 sources, and fertilizers in the region. However, the 
focus on bio-energy evolved from the research group’s work over past 20 years on high value, 
bio-driven products, such as CO2 and nitrogen from algae. This focus was driven by the need to 
do something with the effluent gas by-products of the desalination process. In 2005 it became 
apparent to the group that these effluents could be used in the production of biofuels from algae 
cultures. The funding from a local bank, Cajamar, for environmental and renewable energy 
projects helped the research group build an industrial scale infrastructure and also attract 
industrial partners, such as Endessa, Accina BioEnergy, and Aquila. 
The group identified the primary challenge in biofuel production from algae to be the scale up of 
the production facilities to the requisite industrial capacities. Researchers can build and operate 
small biofuel plants, but the systems issues related to societal scale facilities are not well 
understood. Some of the key issues in scaling that they are investigating are reducing water 
loss due to evaporation, mass transfer of CO2 (currently they use pure CO2 in the lab and flue 
gases in the pilot plant), use of N-fixing bacteria to get nitrogen from the air, use of algae that 
grow at 60 C, and development of novel processes that remove the scaling barriers. 
Wastewater is essential for the biofuel production from algae. In order to replace 10% of diesel 
consumption in Spain with biofuel derived from algal biomass, the production facility would need 
wastewater and nutrients from equivalent of a small city. The group is focused on solving these 
problems sequentially as they arise. 

Technical Focus: Bio Algae Manufacturing 
The overall process flow of the bio algae manufacturing plant at the University of Almeria is 
shown in Figure B.10. 
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Figure B.10. Block diagram showing the process flow of the University of Almeria bio-algae 

plant (courtesy of University of Almeria). 

The main issues to be addressed revolve around bridging the gap between the current 
processes and the goal of low-cost algae oil production. The Almeria group identified the 
following issues that need to be addressed in the next 10 years if microalgal biofuels are going 
to play a significant role in the bioenergy field: 

• Cellular and molecular levels: To find or develop the top microalgae, with high productivity 
outdoors, harvestability, and resistance to contamination, tolerance to high oxygen levels 
and extreme temperature and elevated yields of either carbohydrates or lipids, suitable as 
feedstock for ethanol or biodiesel, respectively. 

• System engineering, manufacturing and photobioreactor (PBR): Research in this area 
should be directed to develop appropriate reactors, with low manufacture, handing, 
assembly and operation costs. Specifically, the PBR technology should be able to take 
advantage of the effects of the economy of scale. 

• Downstream processing: Design an integral use of the generated biomass that envisages 
full utilization of the material left upon extraction of the feedstock. 

Manufacturing 
The primary issues related to manufacturing of biofuels from algae are listed below: 

• In general renewable energy is bound to be substantially more expensive that non-
renewable and that will have to be compensated by higher efficiencies in the manufacturing 
processes of everything, including the engineering of the renewable energy systems. 

• The “agricultural scale” of bio-energy introduces tremendous uncertainties that range from 
scaled-up implementation to weather. The Almeria group, using their experience from 
experiments outdoors and in operating large production systems, can use statistical data to 
account for weather effects. They now have the experimental data to estimate lower bounds 
and average productivity rates of the processes. 

• Given all the issues related to scale-up and availability of large quantities for feed material, 
the Almeria group does not think microalgal biofuels will be key players in renewable energy 
supply in the short term. 
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Systems Engineering 
The Almeria group is primarily focused on Bioprocess Engineering. The broader aspects of 
systems engineering are not explicitly considered in their work. However, they are dealing in 
practice with systems engineering issues that affect the development and deployment of the 
bioprocesses they design or invent. For example, they consider the economic issues and life 
cycle analysis in all their projects. The underlying consideration for their projects is the eventual 
implementation of a pilot plant facility and its efficacy in the commercial setting. 
The following points highlight areas where University of Almeria researchers see critical needs 
in the systems engineering domain in order to achieve breakthroughs in algae based biofuel 
manufacturing: 

• Scaling: developing manufacturing techniques that work at large scale, especially 
development of dedicated and specialized materials manufacturing techniques and 
equipment. Cost of biomass is extremely high. For example, in scaling up from 5T to 500T, 
the biomass production cost is 2.8 Euro/kg, and the resultant biodiesel cost is 23.39 
Euro/kg. Capital cost for the reactor is the major cost factor involved in the economics of 
scaling. Material costs scale linearly. Labor costs are the lowest component of the overall 
cost. Transesterification is probably the most expensive step related to recovery of 
methanol. 

• Uncertainty: The group indicated that there is a lot of uncertainty involved in designing 
systems. 

• Policy: The current recession is a major concern. EU and other policies also play a big role. 

Policy 
The Almeria group noted that government policies may represent about 90% of the influence in 
research and development because they control the study plans and the research policy mostly 
through funding calls. Some of the research is motivated by industry but, in turn, industry is 
motivated by government policies in the form of official programs and research calls. Some of 
the policy issues affecting biofuel adoption are: 

• EU environmental policies mandate use of biodiesel, or 10% methanol in gasoline. This is in 
part motivated by the fact that engine life is increased by adding biodiesel (no advantage 
above 5%). In Spain government mandates have a significant impact on biofuel integration. 
The rationale is the environmental impact, a popular mainstream concern. The actual 
governmental mandates impose that diesel must contain a minimum biodiesel content. In a 
country such as Spain, these mandates could be designed to gain in energy independence, 
to reduce the environmental impact of petroleum-derived fuels, and to incentivize the biofuel 
market. 

• The group felt that government policies should promote the development of renewable 
energy but at a tolerable cost. The bonuses that the green energy sector is receiving are 
effective in promoting the development of these fuel sources. However, these incentives 
need to be sunset in order to enable its implementation and development to achieve better 
performance and lower cost, and cannot be the main reason why which these technologies 
are finally implemented. 

• There is a significant role for industry and academia in influencing the public discussion on 
green energy and genetic modifications as an acceptable approach to enhance bioenergy 
production. In Spain (and the EU as a whole to a lesser extent), the Almeria group indicated 
that industry is positioning itself for new sources of energy and taking a leadership role, 
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thereby avoiding being wiped away by a competitor that might adapt better to a new 
scenario. Academia typically provides expert consultancy. 

• In the EU there is a significant impact of carbon legislation on the bio-energy sector. The 
Almeria group noted that it is among the most powerful driving forces (together with 
subsidies to renewable and the energy tax structure). 

Education 
The University of Almeria does not have a systems engineering department or degree 
programs. Prof. Grima felt that system engineering should be a master’s degree, not an 
undergraduate program. The work done in his group is purely focused on basic chemistry, 
biology and chemical engineering, with core science as the primary focus. 
The University of Almeria offers renewable energy courses but none focused on systems 
engineering. The university offers a masters degree in Industrial and Agrifood Biotechnology. 
This program trains students to explore new environments related to biotechnology from a wide 
and interdisciplinary vision and to identify problems of interest, find original solutions, and apply 
them from a bioengineering perspective both in professional and research contexts. This 
master’s program is related to official national and international doctorates and master’s 
focused on the application the principles of bioprocesses, chemical engineering, biotechnology 
of the environment, and renewable energies. The main work opportunities for students of the 
Master in Industrial and Agrifood Biotechnology program, within its Itinerary of Bioprocesses 
and Industrial Biotechnology, are in the areas of academic, research, and professional careers 
at universities, institutes, research centers, R+D+I departments, and bioprocess plants of 
companies related to: bioenergy agriculture, food, environment and pharmacy (see: 
http://cms.ual.es/UAL/en/estudios/masteres/ 
plandeestudios/MASTER7041_EN for more information.) 
The university also has a master’s degree in Bioenergy. The focus of this program is on 
biological education embedded in the engineering programs, although most times the 
connections biology-engineering are not sufficiently explained and remain obscure. This likely 
prevents engineers from realizing the full potential of what they have learned. The university 
also has a interdisciplinary MS in Chemical Engineering, Biology and Economics that is taught 
by the Chemical Engineering faculty. 

ASSESSMENT 
Professor Grima noted that successful implementation of bioenergy is both a biology problem 
and an engineering challenge. There are bottlenecks on both sides. The Almeria group has 
identified primary challenges that need to be solved if bioenergy is going to be viable at societal 
scale. Overall they believe the hardest problems will be on the engineering side. 
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OVERVIEW 
Uppsala University in Sweden is one of the top-rated universities of northern Europe, 
established in 1477. It serves roughly 23,500 full-time students and graduates 4,500 graduate 
and undergraduate degrees per year (300 doctorate degrees/yr). We were hosted by Mats 
Leijon, who currently also serves as the elected Dean of the Faculty of Science and 
Technology. Dr. Leijon led a tour of the departments while explaining various research 
programs. He also gave a presentation that provided an overview of the Division of Electricity, a 
unique open-space area surrounded by small groups of students actively engaged in their 
studies. 
The Division of Electricity within the department of Engineering Sciences has grown steadily 
over the past decade to 19 faculty, 90 staff, and 45 Ph.D. students who have produced an 
average of ~65 peer-reviewed publications per year over the past five years. The course 
offerings from this department have grown from 1 to 35 since the year 2000, and educational 
outreach to pre-college students is worldwide. 

FUNCTIONAL FOCUS 
The focus of the research areas we visited within the Division of Electricity was on systems for 
electrical power generation, and more specifically developing the components for electrical 
power generation. Within the Division of Electricity, there are five major research centers: 

• Swedish Center for Renewable Energy Conversion (fundamentals, wave, wind, and marine 
current power) 

• Swedish Hydro Power Center (hydroelectric generation) 
• European Institute of Technology (EIT), “Innoenergy” (smart grid, storage, and wave power) 
• Center for Natural Disaster (CNDS) (emergency power) 
• Electric Energy and Propulsion System (STandUP), (wave, marine current, hydro, 

electronics, and propulsion) 
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These centers reflect a major focus of the research on power generation including wave, marine 
and river currents, hydroelectric, and wind power. 

RESEARCH & DEVELOPMENT ACTIVITIES 

Wave Power 
The wave power technology being developed at Uppsala consists of a bobber that is tethered to 
a plunger that moves up and down within a stator that is on the floor of the ocean (Figure B.11). 
As we walked down the hall towards the high-bay fabrication area, Dr. Leijon pointed out 
pictures of successive generations of prototypes and described the quantitative advances. The 
multiple iterative steps in the development of this technology were one of the absolute highlights 
of the WTEC study site visits, and the basis of repeated discussions (and comparison) 
throughout this benchmarking activity. Dr. Leijon described the process of starting with basic 
principles, then moving rapidly to full scale where the transition from Gen1 proof of principle to 
Gen2 iteration yielded twice the power with half the weight. The Gen3 iteration further reduced 
materials by a half, and although it only achieved 20% increase in power, extensive 
improvements were achieved in performance and design. 

 
Figure B.11. Schematic of the Uppsala wave power system consisting of a bobber and 

plunger-stator that generates power based on reciprocation of the tethered 
plunger. 

The adjacent photographs show the fabrication of the stator and the partial 
assembly of the unit (courtesy of Division of Electricity, Uppsala University). 

Dr. Leijon described the design process including an emphasis of using fundamentals to provide 
increasingly detailed description. At the same time, he also described the value of functional 
prototypes, and noted that these units have been in the ocean continuously for over six years. It 
was not until we reached the high-bay fabrication area that we could appreciate the scope and 
complexity of the effort. The picture from the high-bay balcony (Figure B.12) captures only a 
piece of the efforts. The highly instrumented shell in the upper right is the housing for the tidal 
current prototype. The frame in the lower right provides for testing the assembled wave power 
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stator and plunger under highly controlled and instrumented conditions. Dr. Leijon also 
described another area where this manual fabrication process was being adapted to robotic 
assembly. One could feel the “can do” mentality of undertaking whatever challenge was 
encountered, which is reflected in the commercialization effort of this technology by the 
associated startup company SEABASED AB noted below in the Translation section. 

 
Figure B.12. View into the high-bay facility taken from the balcony catwalk. 

The approach to design was highly interdisciplinary and included taking advantage of the unique 
opportunity provided by a marine installation to include a study of sea animal life in “nooks and 
crannies” designed into the cement base of one of the installations. 

Vertical Turbine Wind Power 
The Division of Electricity has been actively developing the vertical blade wind turbine. The most 
recent demonstration unit is shown in Figure B.13. Although this concept is hundreds of years 
old, the group has promoted further engineering analysis based on their prescribed systems 
engineering approach that notes numerous advantages of this system. One of the most 
important is the insensitivity to changes in the wind direction. Other advantages are related to 
mechanics and maintenance. While none of the site review team considered themselves to be 
experts in wind power technology, the logic of simplified mechanics as a way to reduce the 
usual cause of turbine failure made tremendous sense. Moreover, the ability to place the 
generator at the base of the tower seemed to be a significant advantage in terms of 
maintenance (and protection from lightning strikes). 
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Figure B.13. Schematic of the concept of vertical turbines to capture wind energy (courtesy of 

Vertical Wind AB). 

The systems perspective is illustrated in the description of the results of studies that show 
reduced noise and almost no bird kill with this design. Dr. Leijon described the propeller turbines 
as hitting birds from above as they are looking down. In contrast, the combination of lower 
speeds and vertical/cylindrical orientation of the vertical blades seems to be naturally avoided 
by flying birds. 
The design also sought to greatly reduce turbine cost by replacing steel-cement support with 
fiberglass reinforced, laminated wood. Dr. Leijon stated that it is unlikely that vertical turbines 
will be adopted in the United States and Europe, where there has been so much investment in 
conventional turbines; but the Asian market is very seriously examining this option. 

Vertical Turbine Current Power 
The vertical impeller design noted above for wind power is also being developed for capturing 
flowing currents in the ocean or in rivers. This is visualized in Figure B.14. In this case, the 
ability to house the generator in a gas-enclosed space at the base of the turbine is a key 
advantage. Consistent with the overall approach of carrying out the engineering analysis, and 
then rapidly testing at full scale, the group has a generation-1, proof-of-principle prototype that 
has been constructed and was awaiting deployment in a river at the time of the WTEC visit. The 
scale of execution of this project is evidenced by the generator housing and highly instrumented 
cap in the lab (Figure B.15). 



154 Appendix B. Site Visit Reports – Europe 

 

 
Figure B.14. Schematic of the concept of vertical turbines to capture water current energy 

(courtesy of Current Power Sweden AB (left) and Uppsala University. 

Dr. Leijon felt that this technology would require several additional iterations, but would be ready 
for a standard deployment within about three years. 

 
Figure B.15. Highly instrumented housing of the water current turbine enclosure. 

Systems Engineering Design Process 
Dr. Leijon described a four-step process that is the basis of his systems design approach. While 
this process is not explicitly cast in systems design theory, it embodies exceptional insight into a 
well conceived process that is producing very tangible outcomes. The four steps are: (1) hand 
calculations of a couple of pages of “back of the envelope”/order of magnitude calculations to 
define the problem in the context of technical feasibility; (2) more detailed modeling analysis 
focusing on achieving improved theoretical description of proposed functional goal of the device; 
(3) experimental lab prototype construction and instrumentation; and (4) field demonstration. Dr. 
Leijon explained the systems engineering process as an iteration through steps (2) through (4), 
where additional details of complexity are considered within this iterative process such as 
manufacturing costs, reliability, and environmental impact. The systems engineering thinking 
employed at Uppsala is illustrated by comparisons of the degree of utilization among energy 
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sources. Some sources, such as nuclear, have a high degree of utilization, whereas wind and 
solar have relatively low degrees of utilization (Leijon et al. 2010). Wave and current power 
systems have a high degree of utilization because they are not subject to the inherent variability 
of other renewable sources. The potential of such systems to provide base load has not been 
recognized sufficiently by energy planners. 
A systems perspective that Dr. Leijon conveyed with specific relevance to power systems is the 
need to avoid the temptation (and outside pressure) to rapidly place demonstration units on the 
grid. He noted that, although the Division of Electricity’s commercialization group has 
substations in place for wave power, he has resisted the pressure to jump that benchmark too 
quickly because being on the grid decreases the ability to take advantage of highly instrumented 
design steps. 

Education 
Dr. Leijon illustrated a passion for teaching and inspiring of learning that extended from the 
soldering iron workstations in his office to a stripped down Volvo being modified into an electric 
car (Figure B.16). The Volvo electric car is a group senior design project that includes all 
aspects including complete replacement of the electrical system, and the introduction of a 
flywheel as a novel means to store braking power as mechanical energy rather than requiring 
electrical conversion. 

 
Figure B.16. Dr. Leijon (left) shows Wayne Curtis a Volvo being converted into a 

technologically advanced electric car as a senior design project. 

The site visit revealed a passion for teaching focused on technology development that has need 
for creativity—such as new technologies for renewable energy production. It is somewhat ironic 
that this is taking place in a country such as Sweden that is endowed with the rich renewable 
energy resource of extensive hydroelectric power. Clearly, Dr. Leijon is an engineer who has 
pursued an effective systems engineering perspective while inspiring students to embrace the 
fundamental principles of engineering in implementing renewable energy designs. 

TRANSLATION 
The Division of Electricity clearly has a strong emphasis on developing real-world power 
generation systems. In addition to its support from companies, this Division has initiated seven 
new companies over roughly ten years with several smaller daughter companies. The following 
paragraphs describe examples of some of the companies formed by the Division of Electricity: 
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Energy Potential AB: http://www.energypotential.se/ This company invests in energy sector 
companies including assessments of the potential for long-term survival and growth. 
Seabased AB: http://www.seabased.com/ The goal of 
this company is the commercialization of wave energy 
technology—largely developed within the division. 
Working with Uppsala, they have more than six years of “in sea” experience off the Swedish 
west coast. A typical deployment is shown in Figure B.17. Seabased has estimated the potential 
for wave energy to be 10-15,000 TWh/year. (The Baltic Sea could provide 18% of Sweden 
power use in 2007, 24 TWh). A wave power park has been authorized for construction near 
Sotenäs, Sweden that is planned to have a 10 MW capacity (420 generators). The location has 
been chosen with considerations for shipping, environmental impact, and substation 
connectivity; the equipment is currently being manufactured. 

 
Figure B.17. Deployment of a recent delivery of the wave power generation systems to the 

Nordic region. Note person on the central buoy for scale (courtesy of Seabased 
AB). 

Vertical Wind AB: http://www.verticalwind.se/SV/ The goal of this company is 
to commercialize the vertical wind turbine technology. It has been testing a 200 
kW unit at Torshholm, Falkenburg, Sweden since December 2011 and the unit 
has survived two hurricanes without damage. The company is now promoting 
the development of multi-turbine (hexicons) for offshore implementation (a 
separate spin-off company). 
Current Power Sweden AB: This company seeks to commercialize power generation from 
currents using vertical turbine technology analogous to the vertical wind technology. A 5 kW 
prototype has been constructed and was deployed on March 7, 2013. 
Electric Line Uppland AB: http://www.electricline.se/ This 2007 startup company is developing 
an propulsion system for electric vehicles. 
Dr. Leijon noted in conversation that representatives from both China and Japan would be 
visiting the same week as our WTEC visit. The Japanese Department of Defense is interested 
in exploring the large-scale implementation of wave power as logical replacement for nuclear 
power. He also mentioned that while vertical wind power is likely to meet with considerable 
resistance in established wind markets, the Chinese wanted to seriously explore this option and 
might avoid problems such as the recent GE-Mitsubishi legal battles over turbine design. 

http://www.energypotential.se/
http://www.seabased.com/
http://www.verticalwind.se/SV/
http://www.electricline.se/


 Appendix B. Site Visit Reports – Europe 157 

Competing Technologies 
The obvious competitors for vertical wind are traditional propeller turbines that are already 
commercialized. Wave power has numerous competitors; just a few have been selected, with a 
focus on those that have reached the commercial prototype stage. 
Wavebob: http://www.wavebob.com/ This company seeks to capture wave energy between two 
differentially buoyant bobbers (Figure B.18). Technology development for 10 years including a 
collaboration with University College Cork, Ireland. It launched its first 30 kW prototype off the 
Galway coast in 2006 with a 250 MW project that was planned for 2011. 

 
Figure B.18. Wavebob technology (courtesy of Wavebob, Ltd.). 

Norwegian Ocean Power: https://www.norwegianoceanpower.com/ A 2009 startup company 
focused on tidal current power based on the Darieus-turbine (Figure B.19). They reportedly had 
plans for a prototype to be demonstrated in 2011. 

 
Figure B.19. Darieus-turbine used by Norwegian Ocean Power (courtesy of Norwegian 

Ocean Power AS). 

Tidal Sails: http://tidalsails.com/ This company is a startup based on the idea of a “chain of 
sails” traveling in a triangular pattern to drive a turbine generator. The company claims that, 
because of savings in materials and manufacturing, the tidal sail concept can provide power at 
1/5 the cost of conventional tidal turbines. A small (28 kW) prototype has been constructed and 
implemented in a river near Hougesund, Norway. 
A compilation of wave and ocean current startup companies can be found at http://www. 
seao2.com/oceanenergy/. 

SOURCES OF SUPPORT 
External funding levels for the Division of Electricity in 2011 corresponded to $5.4 million (35 
MSEK) of which, approximately $1.5 million (9.5 MSEK) was from companies. The amount of 
company funding is roughly the same as support for STEM education. Support from the 
Swedish Research Council (VR) amounted to 5 MSEK. Significant funding also comes from The 
Swedish Foundation for Strategic Environmental Research (MISTRA, 3 MSEK), which is about 
the same as support from European Institute of Technology (EIT). The Swedish Institute (SI) 
and the Swedish Agency for Innovation Systems (VINNOVA) accounted for about 1 and 2 

http://www.wavebob.com/
https://www.norwegianoceanpower.com/
http://tidalsails.com/
http://www.seao2.com/oceanenergy/
http://www.seao2.com/oceanenergy/
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MSEK, respectively, in 2010. Funding for the STandUP Government Center for Electric Energy 
led other centers (~3 MSEK) with support for the Natural Disaster Center (CNDS) at ~0.5 
MSEK. Donations and Foundations each provided about 2 MSEK. Figure B.20 shows the 2010 
funding sources. 

 
Figure B.20. External funding 2010 (courtesy of the report author). 

ASSESSMENT 
The work at Uppsala University Division of Electricity spans the breadth of multiple conventional 
disciplines to achieve a systems view for the development of commercializable renewable 
power systems. Highlights of our visit and discussions with Dr. Leijon include: 

• Inspirational description and implementation of a systematic and iterative design process 
• Tremendous funding, including substantial company and international involvement (e.g., 

India, China) 
• Wave power that has gone through a dozen design revisions to increase power and 

decrease materials cost and is well along the development curve for full-scale 
implementation 

• Compelling advantages to vertical blade turbines discussed including easier maintenance, 
low-cost implementation, reduced environmental impact, and minimal bird and bat mortality 

• Vertical blade technology for sea and river current power, with full-scale devices ready for 
placement in a river test site 
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Vestas Wind Systems 
Site Address: Hedeager 44 

8200 Aarhus N 
Denmark 
Tel.: +45 97 30 00 00 
 
http://www.vestas.com 

  
Date Visited: October 10, 2012 
  
WTEC Attendees: D. Durham (report author), M. Realff, R. Raffaelle, F. Huband 
  
Host(s): Dr. Frank Ormel 

Chief Specialist for Product Performance 
Vestas Wind Systems A/S. 
frorm@vestas.com 

OVERVIEW 
Vestas is a major global manufacturer of wind energy systems with headquarters in Denmark. In 
our meeting at Vestas with Dr. Ormel, the discussion focused on his answers to the questions 
sent to all sites prior to our meeting. The focus of the discussion was on design methodologies 
and processes that could accommodate the systems engineering approach. 

RESEARCH & DEVELOPMENT ACTIVITIES 
There were a number of challenges identified that Dr. Ormel indicated were critical gaps. The 
greatest challenge in his opinion is that of addressing systems interfaces, putting everything 
together when going from one technological subsystem to another. Associated with this is the 
second gap, the need for a well constructed requirements management tool that can capture 
cost, time, reliability, and systems/subsystems integration. Standards such as the IEC standard 
in Systems Engineering, and the INCOSE standard are difficult to apply. 

Wind 
While the wind turbine models can be verified according to ISO definitions, it is difficult or 
impossible to validate the turbine design. There are tools for specifics such as noise, structural 
analysis and dynamics, but there is a need to understand the context of how these fit together in 
a rigorous design methodology. 

Manufacturing 
Records of manufacturing changes are a critical to systems engineering implementation in 
industry. Implementing Six Sigma, design for sustainability, design for service, and lean 
manufacturing all require complete production data. Global supply chains are the norm, and 
management of quality and reliability of components and assemblies is dependent upon 
international standards. There are a number of instances where failures have occurred that can 
be attributed to a resurgence of national standards at the expense of more rigorous international 
requirements and certification. 
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Systems Engineering 
The discussion focused on the need for process and tools for design that included decision 
making, model validation, and remapping of the integration of subsystems. The current practice 
typically focuses on a specific design mode, following up with requirements later. This can lead 
to overdesign or underdesign. Vestas management is working to correct this. Companies are 
typically not able to conduct design of experiments because they are viewed as taking too long 
and being too expensive. 

Policy 
Systems engineering standards must be readily implementable and more must be done to make 
these more operational. International standards for wind turbines include a systems approach 
through the life cycle that link design and manufacturing with maintenance and reliability. 

Education 
Currently, there is a concern that qualified personnel need 20 years of experience, and are not 
coming out of colleges well prepared to do systems engineering. Industry needs test engineers 
and is having to train them because there are few programs in universities that provide the 
education and hands-on experience. 

ASSESSMENT 
Vestas is currently adopting a more systematic approach to the design of its wind energy 
systems, intent on focusing beyond reliability issues to a broader systems view. They are 
examining ways to interpret and make operational the necessary steps to define and realize 
requirements, design methods, and metrics/standards definitions to implement a fully coherent 
design for sustainable systems engineering approach within their company. Manufacturing 
follows the principles of lean manufacturing. Training of employees continues to be a challenge 
as they move forward, with a need for more test engineers and engineers familiar with the 
nuances of the design process. 

SELECTED REFERENCES 
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Site visit reports are arranged in alphabetical order by organization name. 
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Center for Study of Science, Technology and Policy (CSTEP) 
Site Address: Center for Study of Science, Technology and 

Policy 
Dr. Raja Ramanna Complex 
Raj Bhavan Circle, High Grounds 
Bangalore - 560001 
India 
Tel.: +91 (80) 4249-0000 
 
http://www.cstep.in/ 

  
Date Visited: January 31, 2013 
  
WTEC Attendees: A. Deshmukh (report author), P. Collopy, W. Curtis, P. Foland, A. Damle 
  
Host(s): Dr. Anshu Bharadwaj 

Executive Director 
rekha@cstep.in 
 

 Dr. Mridula Dixit Bharadwaj 
Principal Research Scientist 
mdixit@cstep.in 
 

 Mr. N.C. Thirumalai 
thirumalai@cstep.in 
 

 Mr. Saptak Ghosh 
saptakg@cstep.in 
 

 Murli 
Murli@cstep.in 
 

 Dr. Sharath P. Rao 
Senior Research Scientist 
Sarath.rao@cstep.in 
 

 Mr. Sunil J. Kumar 
Sunili@cstep.in 
 

 Ms. Kiran Pal 
Kiranp@cstep.in 
 

OVERVIEW 
As described on its web site, CSTEP is a non-profit research organization incorporated in 2005. 
Today it is a multi-disciplinary policy research organization focusing on the areas of energy, 
infrastructure, materials, and security studies. Its research team has more than 50 members 

mailto:rekha@cstep.in
mailto:mdixit@cstep.in
mailto:thirumalai@cstep.in
mailto:saptakg@cstep.in
mailto:Murli@cstep.in
mailto:Sarath.rao@cstep.in
mailto:Sunili@cstep.in
mailto:Kiranp@cstep.in
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with expertise in science, engineering, management, economics, policy, and social sciences. 
CSTEP is recognized as a scientific and industrial research organization by the Ministry of 
Science and Technology, Government of India. 
Personnel at CSTEP number 65, of whom 10 have doctorates and 33 have bachelor’s or 
master’s degrees in science, engineering, economics, and the social sciences. The annual 
budget is approximately US$1.8 million. 
CSTEP believes in applying an interdisciplinary approach to addressing national problems. 
Their policy research uses theory, computation and experimentation to develop tools and 
models for policy research and analysis. Research today is in the following fields. 
• Energy is a major focus because nearly 40% of India’s population lacks access to 

electricity. CSTEP’s efforts are directed at developing science and technology based options 
for low carbon energy growth, including demand-side management, more efficient 
distribution (smart grids), and improving supply through studies of solar, wind, and nuclear 
power sources as well as energy storage to support renewables. 

• Infrastructure is vital for India’s economic and social growth. CSTEP develops models for 
the design of infrastructure. The emphasis is on smaller towns as centers of growth to avoid 
congestion in cities. 

• Security Studies Management focuses on the modeling and simulation of to minimize the 
effects of natural and man-made disasters. Combined with GIS, these tools are used to 
determine the best locations response assets such as hospitals. 

• Materials are critical to technological progress, and recent advances of materials and 
computing technologies have led to a paradigm shift. CSTEP has responded by focusing on 
batteries for transportation, integration of renewable energy with the grid, and alternatives to 
rare earth and energy-critical elements. 

FUNCTIONAL FOCUS 
The vision of CSTEP is “to enrich the nation with technology-enabled policy options for 
equitable growth.” 

RESEARCH & DEVELOPMENT ACTIVITIES 
The WTEC panel was shown examples of specific projects at CSTEP and provided with an 
overview of research activities there. The latter is summarized below to provide a sense of the 
breadth of CSTEP’s research activities. 
With the support of the Ministry of New and Renewable Energy, Government of India, CSTEP is 
conducting a solar thermal study, which evaluates the performance and economic viability of 
various concentrated solar power (CSP) options, including parabolic trough, linear Fresnel, dish 
Stirling, and solar tower. Hybridization and energy storage options are also being considered. 
Another study is assessing the wind power potential in the states of Karnataka and Andhra 
Pradesh (Sudhakar et al. 2013). The study considered intermittency and variability and storage 
options. 
In the area of conservation, CSTEP explored energy efficiency in the Indian cement and iron 
and steel industries. The aim is to identify ways to conserve energy and improve efficiency so 
as to ensure the economic viability of these energies while aligning them for less energy-
intensive growth. 
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CSTEP is also working on plans for low carbon, inclusive growth of the national economy by 
modeling and analysis for industry and the power sector. Emissions reduction, technology 
pathways, costs, and policy initiatives are key features. 
CSTEP participates in the SERIIUS (Solar Energy Initiatives for India and the United States) 
project, which is administered by the Indo-US Science and Technology Forum (IUSSTF) and 
the U.S. Department of Energy (DOE). Other participants include the National Renewable 
Energy Laboratory (NREL), RAND Corporation, and Sandia National Laboratory from the United 
States and the Indian Institute of Technology (Mumbai), Indian Institute of Science, as well as 
industry members from both countries. Among the projects CSTEP is working on are: 

• SEI-1: Road mapping and policy assessment 
• SEI-2: Computational tools for economic assessment, bankability, and deployment of solar 

energy in India 
• SEI-3: Grid integration and energy storage including testing and validation 
Other CSTEP projects focus less on specific engineering challenges and more on policy, such 
as: low carbon growth and climate change-resilient development of Karnataka, challenges of 
renewable energy manufacturing in India, clean coal technologies, potential for widening 
Perform Achieve and Trade (PAT, the Energy Conservation Act of 2001), and development of 
computational models and tools. 
CSTEP is also working with Arizona State University to study the feasibility of developing a 
“Decision Theater” for modeling complex policy problems, such as large scale integration of 
wind and solar power, large scale emergencies and disasters, and transportation networks. 
CSTEP has an active publications program that includes policy briefs, articles in refereed 
journals, reports, conference papers, and newsletters. A sampling of these is listed below in 
Selected References. 

TRANSLATION 
While translation of research results was not the focus of our meeting, it is clear from CSTEP’s 
mission and activities that its work is intended to impact the economy and society in India, so it 
could be described as inherently translational. 

SOURCES OF SUPPORT 
CSTEP receives grants from domestic and international foundations, industry trusts and 
governments. It has wide range of “funding partners” listed on its web site that includes the 
Bureau of Energy Efficiency, Government of India, Central Power Research Institute, 
Government of India, Climateworks Foundation, Government of Andhra Pradesh, Government 
of Karnataka, International Development Research Centre, Canada, Ministry of New and 
Renewable Energy, Government of India, Next Generation Infrastructures Foundation, 
Netherlands, OAK Foundation, Switzerland, Power Finance Corporation of India, Government of 
India, Shakti Sustainable Energy Foundation, and the World Bank. 

ASSESSMENT 
The approach of CSTEP, combining research with advancing national goals, ensures that its 
efforts are tuned to the reality in India and focus on meeting real social and economic needs. 
This represents systems engineering for renewable energy development in the deepest sense. 
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GE Global Research Shanghai/GE China Technology Center 
Site Address: 1800 Cai Lun Road 

Zhangjiang High-tech Park 
Pudong, Shanghai 201203 
China 
+86.21.38771888 
 
http://ge.geglobalresearch.com/locations/shanghai-china/about 

  
Date Visited: January 29, 2013 
  
WTEC Attendees: Ryne Raffaelle (report author), Matthew Realff, Jian Cao, Hassan Ali 
  
Host(s): Dr. Bing Zhang 

GE China Technology Growth Leader 
Bing.zhang@ge.com 
 

 Sarah Shen 
GE 

  

OVERVIEW 
GE is a $147 billion company with 300,000 employees at more than 150 global locations. Power 
is the biggest sector and traces its roots all the way back to the development of the light bulb. 
They do a significant amount of oil and gas development including wellhead Christmas trees, 
engines, and turbines. 
GE entered China in the late 1980s. They had a huge increase in investment in all sectors in the 
1990s. They now employ 8000 people in Shanghai and 4000 to 5000 at the Global Research 
campus we visited. GE Global Research in Shanghai has no students on site. 

FUNCTIONAL FOCUS 
One of the main challenges in China is that the resources are mostly located in the northeastern 
part of the country and most of the people are in the southeastern part. Like the United States, 
China also has a lot of shale gas. Unfortunately, it is in some pretty complicated geographical 
locations. Health care and imaging are now huge parts of GE global business in addition to 
energy. All of these make up GE core strategy, which is to focus on the “basic needs of society.” 
The Global Research Center is focused on how to go from R&D to manufacturing. In relative 
numbers, for every research scientist, they hire 10 development engineers and 100 
manufacturing employees. So with 300,000 total, that means they have around 3,000 scientists. 
The Shanghai site focuses on energy, whereas their Beijing and Wuxi sites focus on healthcare. 
They also have many small sites around China that focus on customer innovation. Of their 
research staff at Shanghai, 60% hold a Ph.D., 30% an M.S., and 10% a B.S. 
GE Global Research has an internal effort called “ecoimagination.” This program includes clean 
energy, energy infrastructure, environmental infrastructure, and shale gas. These sectors do 
crossover a little, as demonstrated by their development of what is truly the gold standard for 
CO2 ppm detection. 

mailto:Bing.zhang@ge.com
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RESEARCH & DEVELOPMENT ACTIVITIES 
In the energy realm, they are trying to recycle blast furnace gas from steel mills and looking at 
combined heat and power (CH&P) systems. Unfortunately, there are a lot of challenges (i.e., 
low volume of gas, relatively low temperature, and very dirty). If successful, they could do 
similar things for coal oven gas. Once again, the big problem is the tars in the gas. Solutions to 
these problems do exist in the United States, but they are very customer specific and hard to 
replicate in China. The reality is that biogas will be even dirtier. 
So, energy is not the problem with these systems, cleaning is. Water treatment is not the 
answer because of its high cost. Essentially you would need the equivalent of a full-scale water 
treatment facility. Hot gas cleanup is easier than water sorption for sulfur removal. 
Of course if you can clean it up, then the output gas becomes fuel for a gas turbine. The waste 
heat is useful as well. However, the only way this can work is to leverage local supplies to make 
the process cost-effective. The good news is that China is well-positioned for low-cost 
manufacturing. For example, it turned out to be better to design and build steam engines locally 
than to import. They now have a best-in-class product that they sell to others. 
In terms of coal gasification and clean coal technologies they are working on: 

• Sulfur removal 
• NOx control 
• Heavy metal removal 
They use computational fluid dynamics (CFD) to model these reactions, but the models are not 
good enough for the more complicated chemical reactions. They intend to hire more chemical 
and catalysis engineers. They use double column reactors for mass balance. 
They model parts of systems, not whole systems. University modeling is good on fundamentals, 
but not very good on costing models. The catch 22 is that the university needs real cost 
numbers, but industry is not going to provide them. 
In addition, there is a real lack of uncertainty analysis and error analysis coming out of 
academia. However, GE continues to outsource most of the more fundamental work. 
For biogas, cost is a bigger challenge than the technical problems. The issue is how to collect 
the fuel and the low energy density of the fuel. 
In the wind area, GE works on the entire wind system—blade to mechanical to electricity. They 
are modeling the noise from the turbine and they can actually be operation in a “noise-
reduction” mode. One can sacrifice a little electrical efficiency to reduce the noise. Their system 
modeling can take into effect all the environmental variables. It includes the turbine, control 
system, gearbox design, and blade design. They cannot compete with the four other Chinese 
manufacturers on cost, but can on quality. They see their sourcing department as a strategic 
advantage. 
For PV, GE feels what is needed is better modeling that includes cost, reliability, and what Si is 
likely to do (both technologically and within the market). Regardless, they see the need for 
better accelerated testing. GE has ongoing testing and has established a PV Test Lab in 
Munich. They are focused on wet chemistry approaches, fundamental limitations, and 
replacement of the Cd window materials. They are trying to leverage their local university 
expertise and facilities for R&D (e.g., the flat panel institute in Shanghai). The feel that the key 
to future of PV lies in long-term reliability at the cell level. GE long term goal is to build entire PV 
power plants. 
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TRANSLATION 
The Chinese government also has 10 and 15-year plans for wind. The want 7-10 GW wind 
farms and 1-10 GW of off-shore wind, most likely in the Jianzhou province. The government is 
aware of the difference between power and installed capacity, and has based the plan on 
annual electricity production and capacity factor. 
One of the biggest challenges is the electrical subsystem. GE is looking at down-tower designs 
for on-shore and up-tower designs for off-shore. Cost is the big driver. 
They did feel there was a shortage of power engineers; there are many jobs and attractive jobs 
for students studying power engineering. Since the Chinese grid is state owned, it makes jobs 
there a very attractive option. Although they could use more power engineers, they were pretty 
confident that the need would be met, and that they were better off than a lot of other countries 
with regard to the supply of power engineers. 
However, they felt that new graduates from college needed a better understanding of corporate 
culture and topics such as cost and statistical analysis. Component thinking is not enough; they 
must be able to use systems thinking and to understand the component interactions. For 
example, an electrical engineer must be able to understand the basic mechanical engineering of 
turbines. Also, it is a long way from “know what” to “know how.” Students need to be better 
equipped to establish design criteria. Our hosts hate what they call “Google students.” They 
want people with real domain knowledge. 

SOURCES OF SUPPORT 
GE has what is called an “extended partnership” with the Chinese government in these areas. 
This is a $100 million program, which they call green and green, meaning green for money and 
green for the environment. The extended partnership with China is important because 
everything in China depends on a 5-year plan. For example, China recently announced it was 
going to start building commercial aircraft according to one of these plans. GE will be the 
provider of the engines. 
The 5-year plans focus on four trends: consumption, urbanization, lowering-carbon emissions, 
and basic public needs. The trend towards urbanization is predicted to continue as a means to 
bring the rural poor up to first-world standards. 
In 2007, GE Global Research launched a new R&D program designed to focus on “Chinese-
specific” new products. This program has grown to $40 million today and has produced 30 new 
product lines. It now accounts for 20% of their total R&D budget. 

ASSESSMENT 
Currently China boasts the 2nd, 3rd, 7th, and 10th largest wind companies, as well as a number 
of up and comers. Production already exceeds worldwide demand, so there is no way the 
market will continue to support this many companies. Because many of these companies are in 
trouble and there are a lot of jobs in jeopardy, the Chinese government has decided to restrict 
production and to focus on improving the core technology. 
China has real grid integration and power transmission issues with the wind it already has, 
specifically, how to get the energy from the good wind resource in Mongolia to the people in the 
southeastern part of the country. They believe that high voltage transmission lines will be part of 
the solution. GE is working on the systems issues on turbines to go from 1.5 MW to 20 MW. 
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PV currently consumes about 10% of GE Global Research’s R&D budget and focuses on 
panels. They employ about 50 people globally on PV, with about 10 in Shanghai. The focus is 
on the whole panel process and in Shanghai it is mainly wet chemistry of thin films. 
GE has suspended all their PV manufacturing and panel production lines for 18 months due to 
the global oversupply and market instabilities. 
They were quite proud of their improvement in the CdTe space (Primestar). Their panels went 
from 0% to 15% very quickly and recently demonstrated a new cell world record of 18.3%. 
They feel that the numbers of engineers in a given field to support PV isn’t a problem for China, 
but the quality is. The students need to be more creative. The universities need to start teaching 
students how to innovate. There are plenty of chemists, but they need to focus on systems. 

SELECTED REFERENCES 
Dong, M., D. Yang, Y. Kuang, D. He, S. Erdal, and D. Kenski, D. 2009. PM(2.5) concentration prediction using 
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Indian Institute of Science at Bangalore 
Site Address:  Department of Inorganic & Physical Chemistry 

Bangalore - 560 012, India 
Tel.: +91-80-229315 
Fax: +91-80-2360-1552 

  
Date Visited: January 31, 2013 
  
WTEC Attendees: W. Curtis(report author), P. Collopy, A. Deshmukh, P. Foland, A. Damle 
  
Host(s): Dr. A.K. Shukla 

Indian Institute of Science 
Solid State and Structural Chemistry Unit 
Tel.: 91-80-22932795 
shukla@sscu.iisc.ernet.in 
akshukla2006@gmail.com 
 

 Prof. S. Sampath 
Indian Institute of Science 
Department of Inorganic & Physical Chemistry 
2011sampath@gmail.com 
http://ipc.iisc.ernet.in/sampath.html 
 

 Dr. Vijayamohanan K. Pillai 
CSIR (Council of Scientific and Industrial Research) 
Director, Central Electrochemical Research Institute 
Karaikudi-630 006 
Tamil Nadu, India 
Tel.:+91 (4565)227777, 227778 
www.cecri.res.in 
director@cecri.res.in 

  

OVERVIEW 
The Indian Institute of Science (IISc) is a research university started in 1909 with two 
departments related to this visit: Applied Chemistry and Electro-Technology. Until, 2011, it 
offered only M.S. and Ph.D. degrees. Over half of the more than 3000 students are Ph.D. 
candidates. The focus of IISc is almost exclusively in science and technology with five 
departments in the chemistry division, two of which were represented as hosts. The Department 
of Inorganic and Physical Chemistry consists of 16 faculty and about 95 graduate students. The 
focus of Dr. Sampath’s group is interfacial and surface chemistry as it relates to electrocatalysis 
(including fuel cells), expanded graphite “composites” (for electrodes) and advanced electrolytes 
for these electrochemistry applications. The Solid State and Structural Chemistry unit (SSCU) 
was started in 1976 and consists of 17 faculty and over 100 research personnel of whom slightly 
more than half are Ph.D. students. The focus of Prof. Shukla’s group is in fuel cells, batteries 
and supercapacitors. Battery work includes Li-ion, Ni-metal hydride, and valve-regulated lead 

mailto:akshukla2006@gmail.com
http://ipc.iisc.ernet.in/sampath.html
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acid batteries. The Council of Scientific & Industrial Research (CSIR) is an industrial research 
and development organization that was established in 1942. CSIR is an industrial R&D 
organization with 39 laboratories and 50 field stations encompassing about 17,000 employees. 
The development of sustainable, renewable energy is a key component of its ongoing research 
mission. Dr. Vijayamohanan K. Pillai became director of CSIR-Central Electrochemical 
Research Institute (CECRI) at Karaikudi, South India in 2012 after having been at another 
national laboratory, National Chemical Laboratory (CSIR-NCL), Pune for nearly 20 years. Dr. 
Pillai’s research focuses on batteries, fuel cells, bio-electrochemistry, electrochemical sensors, 
chemically modified electrodes, functional nanostructures, electro-deposition, and electro-
organic synthesis. 

FUNCTIONAL FOCUS 
Electrochemical energy storage consists of a complex mixture of materials, electrochemistry, 
and electrolytes with a diverse range of application requirements including cycle-life, thermal 
load, safety, cost, portability, manufacturing complexity, and more. Dr. Shukla notes that this 
critical integration of materials science and electrochemistry expertise can often be overlooked. 
Different aspects of these applications impinge on different considerations for this study at 
different levels: manufacturing, renewable energy integration, and, in the case of India in 
particular, off-grid electrical use. Although the portability of lithium-ion batteries caters to 
electronic miniaturization, the tremendous advances in power density and capacity have made 
this a candidate for next generation plug-in hybrids and all-electric vehicles (replacing Ni-MH), 
which is highly relevant to the target of deploying millions of electric vehicles within India over 
the next decade. Mahindra Reva appears to be a key initial player, with a new facility capable of 
producing 30,000 cars per year expected to launch production on March 18, 2013. 
An appreciation of the breadth of expertise and technological advances at IISc/CSIR required 
delving into the literature, where there are both thorough technology reviews and state-of-the-art 
basic science advances. This report has been augmented with some reference to these 
materials to complement the focus of the site visit of supercapacitors and battery 
testing/performance capabilities at IISc. 

RESEARCH & DEVELOPMENT ACTIVITIES 
The research discussion focused on the general need for storage while working with intermittent 
renewable energy production. This led to a more specific discussion of ultracapacitors and a 
tour of the battery testing center. 

Batteries 
Dr. Shukla reminded us to not overlook the simple “Edison Battery” Ni-Fe rechargeable battery 
(originally developed by Waldemar Junger in Switzerland). This battery is known to be robust 
against abuse (overcharge, short-circuit, etc). It is made of inexpensive materials, but is heavy 
and has low energy density. Its characteristics make it a candidate for stationary applications 
such as the integration of renewable power into the grid or off-grid applications, which will 
experience daily charging. Since the electrolyte does not participate in the reactions, it is not 
clear there is much room for improving this type of battery. However, the real opportunity could 
be in reducing cost of manufacturing. 
Dr. Sampath’s work in batteries has provided advances in electrolytes for several battery (and 
supercapacitor) types. He has been actively developing rechargeable zinc batteries. Like the Ni-
Fe battery, Zn-based batteries have been around for over 100 years; a major manufacturing 
advantage is the abundance of zinc relative to alternative battery materials. Instability of simple 
Zn batteries toward cycling limits their application for situations with extensive charge cycling. 
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Advances in this battery are being pursued through improved electrolytes such as “room-
temperature molten electrolytes” based on actinomide. Polymer electrolytes provide for high 
conductivity while providing the stability of a solid matrix, and are being developed for 
supercapacitors as noted in more detail below. The Zinc-Bromine Redox Flow Battery is a 
system being developed at CSIR-CECRI for solar energy, exclusively funded by CSIR at Dr. 
Pillai’s group. 

 
Figure C.1. Charging of lead-carbon hybrid ultracapacitors being developed for the Rural 

Lighting Project. 

Supercapacitors 
A hybrid ultracapacitor utilizes the two electrode types. One is non-faradaic double-layer 
electrode and a faradaic charge-transfer electrode. The advantage of this approach is that it 
provides both high energy density associated with a battery and high power density and cycle 
life of a capacitor. Lead oxide (PbO2) is electrochemically formed as an integral component of 
the positive plate, allowing for rapid charge and discharge through redox reactions. The 
negative plates are composed of graphite that is coated with activated carbon to provide the 
electrical double-layer electrode. Recent work has focused on improved electrolyte solutions 
such as silica gel as well as polymer electrolyte hydrogels. Testing includes discharge rates 
under fixed loads as well as open-circuit leakage and associated self-discharge rates. 
The Energy Storage Systems Initiative provided the initial resources to create a national battery 
testing center with capabilities to test large-capacity stationary batteries. 
It was also noted that this group has been had a major effort in fuel-cell development, ranging 
from basic materials development (such as Nafion membrane/carbon nanotube composites) to 
performance testing, but this was not the focus of discussion for our group. 

TRANSLATION 
Dr. Shukla noted that numerous technologies developed at IISc have been licensed and 
commercialized. The valve-regulated lead acid battery technology was commercialized by NED 
Energy Ltd., Hyderabad at a project cost of Rs.120 million. Commercialization is a major focus 
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of CSIR; for example, he stated that CSIR had 61% of the U.S. patents assigned to Indian 
inventors in 2004/2005. 

 
Figure C.2. Dr. Shukla explains one of the battery testing platforms with the Energy 

Storage Systems Initiative. 

SOURCES OF SUPPORT 
The following comments on funding were noted along with notations taken from recent 
publications. The Energy Storage Systems Initiative, which created the battery testing facility 
(Figure C.2), was started with funds amounting to $0.5 million start which has grown to over $5 
million. This battery testing facility has specific support from TATA Industries and India Oil. The 
Department of Inorganic and Physical Chemistry and SSCU have obtained funding from the 
Indian Department of Science & Technology DST-FIST Initiative (Fund for Improvement of 
Science & Technology Infrastructure). CSIR is a publicly funded research entity. 

ASSESSMENT 
There is clearly a productive interface between IISc and CSIR, which invariably contributes to 
technology commercialization. It seems that there may be an opportunity for integration of the 
work and policy planning at CSTEP with the battery technology at IISc. There was little to no 
mention of sodium-sulfur batteries at IISc that seem to be a candidate for grid storage. Similarly, 
it would appear that IISc can play an important role in future initiatives such as the deployment 
of electric vehicles and solar power initiatives. The rapid charge, simplicity, and high energy 
density of supercapacitors seem to make them a practical option for providing a simple electrical 
source to provide short-term, off-grid lighting. 
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Indian Institute of Technology - Bombay 
Site Address: Indian Institute of Technology Bombay 

Powai, Mumbai - 400 076 
India 
Tel.: +91-22-2572-2545 
 
http://www.iitb.ac.in/ 

  
Date Visited: January 30, 2013 
  
WTEC Attendees: P. Collopy and W. Curtis (report coauthors), A. Deshmukh, P. Foland, A. Damle 
  
Host(s): Prof. Rangan Banerjee 

Forbes Marshall Chair Professor 
Department of Energy Science and Engineering 
Tel.: +91-22-2576 7883 
rangan@iitb.ac.in 
 

 Prof. Juzer Vasi 
Department of Electrical Engineering 
Tel.:+91-22-2576-7408 
vasi@ee.iitb.ac.in 
 

 Dr. Yogendra Shastri 
Assistant Professor 
Department of Chemical Engineering 
Tel.: +91 (22) 2576 7203 (O) 
yshastri@iitb.ac.in 
 

 Prof. Ranjan K. Malik 
Department of Chemical Engineering, CAD Center 
Tel.: +91 (22) 2576 7796 
 

 Prof. Sachin Patwardhan (Head) 
Department of Chemical Engineering 
Tel.: +91 (22) 2576 7211 
sachinp@che.iitb.ac.in 
 

Additional Attendees: Sharad Bhatri, Professor, ChE (Systems modeling and control), 
bhartiya@che.iitb.ac.in 
N. Hemachandra, IEOR-Convenor (Computational methods, Markov, game 
theory applied to supply chain, logistics and power systems), nh@iitb.ac.in 
Ashutosh Mahajan, Assistant Professor, IEOR (non-linear optimization), 
amahajan@iitb.ac.in 
Supreet Saini, Assistant Professor, ChE (Systems biology, biofuels, pathogens), 
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Promod Wangikar, Professor, ChE (Biofuels, cyanobacteria), wangikar@iitb.ac.in 
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OVERVIEW 
The Indian Institute of Technology - Bombay (IIT) has grown from a university established with 
foreign assistance (UNESCO, 1958) to a world-recognized technology and engineering leader. 
The 14 academic departments conferred 1846 degrees in 2011 (173 Ph.D.). The departmental 
faculty members the WTEC panel visited were from Energy Systems Engineering (ESE), 
Industrial Engineering Operations Research (IEOR), Electrical Engineering, and Chemical 
Engineering, each of which is discussed individually below. 

Energy Systems Engineering (ESE) 
After 25 years as an interdisciplinary program hosted in the Mechanical Engineering 
Department, ESE in 2009 became a department, which currently has eight core faculty 
members and 30 associated faculty members. The program includes roughly 300 students and 
produces 25-30 M.Tech./Ph.D. students per year. The department’s mandate is to serve the 
energy sector in the context of mitigation of global climate change. Core courses include: 
energy systems modeling and analysis, power generation and systems planning, and non-
conventional energy systems, with electives in wind, solar-thermal, nuclear, and building energy 
conservation. Research areas include thin-film PV, solar-thermal, and bio-refineries, as well as 
associated device and process technology (e.g., heat pumps, power electronics). 

Industrial Engineering Operations Research (IEOR) 
This interdisciplinary program has a strong emphasis on systems modeling and considerable 
emphasis on supply chain, pricing, and manufacturing performance measures that include a 
continuing education component. The program has seven faculty members and offers an 
M.Tech. degree. It maintains strong industrial ties through extensive consulting of particular 
interest to this study are manufacturing, transportation and semiconductors. 

Electrical Engineering 
Electrical Engineering is one of the original departments of IIT Bombay and currently has about 
500 undergraduate students enrolled and 550 post-graduate students. Within this department 
16 of the approximately 45 faculty members are in the Microelectronics specialization, which 
has become increasingly involved in photovoltaics and associated power electronics. 

Chemical Engineering 
Chemical Engineering is an original IIT Bombay department that has 33 core faculty members 
and 40 staff. The program graduates ≈60 students/year in the 4-year B.Tech. program; other 
programs include M.Tech. (40 students/year, duration 1.5 years), 5 year dual degree (15 
students/year) and Ph.D. (8 students per year). Research related to renewable energy 
technology can be found throughout the many thrust areas within the department such as 
Biological Systems Engineering, Energy & Environment, and Process Systems Engineering, 
The visit included a tour of a computer aided design (CAD) instructional laboratory by 
Professors Y. Shastri and Ranjan K. Malik, followed by a lunch and a visit to the algae biofuels 
laboratory of the collaborative work of Professors Shastra and Wangikar. 

FUNCTIONAL FOCUS 
Dr. R. Banerjee described the Energy Systems Engineering program, followed by a meeting 
with Dr. Vasi of Electrical Engineering who has been moving from microelectronics into PV 
technology. Together they described the research and educational goals of the National Center 
for Photovoltaic Research and Education (NCPRE), which was established in 2010. This center 
plans to provide capabilities for c-Si solar module fabrication as well as considering broader 
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issues of environmental impact and rural deployment. A focus of this NCPRE program has also 
been the manufacturing of solar-thermal energy. The fields of modeling, simulation, and 
characterization are foci of the center aimed at accelerating implementation, reducing 
manufacturing costs, and increasing PV lifetime. The solar thermal program also includes 
biomass to energy via pyrolysis and associated biorefinery technology. IIT Bombay is to be a 
key participant in the 2012 United States-India Solar Research Initiative (Solar Energy Research 
Institute for India and the United States, SERIIUS) which is led by the U.S. National Renewable 
Energy Laboratory (NREL) and the Indian Institute of Science. Educational programs in PV 
technology have been moved to online/distance format, and available in multiple languages. 
Dr. Vasi described the India solar initiatives (discussed at other locations), which include PV 
installation at 20 GW on the grid and 2 GW off the grid. The implementation is to be in phases 
that expand rapidly by 2017 (9 GW), with the full 22 GW by 2022. Discussions with Dr. 
Hemachandra focused on modeling and performance measured associated with supply chain, 
noting that approximately 70% of current electricity comes from coal and hydropower. The 
problems of the India solar power industry were noted (as in other countries) due to the inability 
to compete with China’s subsidized manufacturing. TATA-BP Solar and others were based on 
single crystal wafers, which were not “supported” by governmental PV installation initiatives. As 
a result, all three major solar cell/module plants in India are currently not operating. 
Dr. Patwardhan described the history of “systems engineering” education and research within 
the Chemical Engineering (and Metallurgy) departments. Their work continues to support 
industry with fault analysis, optimization, process control and tools development. 

RESEARCH & DEVELOPMENT ACTIVITIES 
Dr. Banerjee’s research includes energy planning and policy, energy management and 
efficiency as well as more specific topics such as cogeneration and fuel cell technologies. 
Dr. Batwardhan’s research focuses on process modeling and control including nonlinear 
predictive control and fault-tolerant control. 
Dr. Hemachandra studies “operations research methodologies” such as Markov decision 
models, queuing models, and game theory. The research of particular interest to the SEEM 
study is supply chain and logistics as well as power systems. 
Dr. Saini is starting a research program to develop industrial solvents/biofuels by manipulating 
the metabolism of the bacterium Clostridium acetobytylicum. 
Dr. Vasi has long-standing expertise in metal-oxide-semiconductor field-effect transistor 
(MOSFET) technology, but has more recently moved to research in silicon photovoltaic devices, 
nanocrystal based solar cells, and more applied research in the area of PV module reliability. 
Drs. Wangikar and Shastri conduct research in the area of algae biofuels, which ranges from 
the genetic engineering of cyanobacteria metabolic networks to evaluations of process 
implementation including life cycle analysis. Dr. Shastri is also developing a research program 
in biomass feedstock systems to deal with the diverse agricultural regions of India. 

TRANSLATION 
A theme from the IIT Bombay departments was an emphasis on consulting as a means to 
provide academic-industrial interaction, which facilitates job placement and research funding 
support. 
One approach to technology transfer is the IIT Bombay Society for Innovation-Solar Incubator, 
which includes 18 incubator companies. The incubator is faculty driven with industrial support 
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(e.g., Thermax, KAT). Efforts in biomass-to-energy research are trying to achieve a distributed 
implementation format for less than 30 rupees/unit at the 1-10 kW scale, with at least a 28-30% 
capacity factor. 

SOURCES OF SUPPORT 
Examples of funding sources taken from various web-pages, departmental procedures, and 
other sources are as follows: 

• The National Center for Photovoltaic Research and Education (NCPRE) is supported by 
Ministry of New and Renewable Energy. 

• Dr Banerjee is involved in a project entitled “Development of megawatt scale solar thermal 
power testing, simulation, and research facility” sponsored by Ministry of New and 
Renewable Energy. 

• The project “Synthetic biology of cyanobacteria for solar ethanol” is supported by the Indo-
French Centre for the Promotion of Advanced Research. 

• The chemical engineering experimental and computational facilities have received 
considerable support from the Ministry of Human Resources Development. 

ASSESSMENT 
Efforts at IIT Bombay reflect a combination of a considerable history in applied process systems 
engineering and aggressive movements toward renewable energy technologies. 
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Srinivas, S., R.K. Malik, and S.M. Mahajani. 2009. Feasibility of reactive distillation for Fischer-Tropsch 
synthesis. 2. Industrial & Engineering Chemistry Research 48(10):4710-4718. 

Srinivas, S., R.K. Malik, and S.M. Mahajani. 2009. Feasibility of reactive distillation for Fischer-Tropsch 
synthesis. 3.. Industrial & Engineering Chemistry Research 48(10):4719-4730. 

Vinh, N.X., M. Chetty, R. Coppel, S. Gaudana, and P.P. Wangikar. 2013. A model of the circadian clock in the 
Cyanobacterium cyanothece sp. ATCC 51142. BMC Bioinformatics 14(Suppl. 2):S14. 
http://www.biomedcentral.com/1471-2105/14/S2/S14. 

http://www.biomedcentral.com/1471-2105/14/S2/S14
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Indian Institute of Technology - Centre for Energy Studies (IIT-CES) 
Site Address: Block V (First Floor) 

Indian Institute of Technology 
Safdarganj Development Area 
Hauz Khas, New Delhi, Delhi 110016 
India 
Tel.: 01126591257/1251 
 
http://ces.iitd.ac.in/ 

  
Date Visited: January 29, 2013 
  
WTEC Attendees: A. Deshmukh (report author), P. Collopy, W. Curtis, A. Deshmukh, P. Foland, A. 

Damle 
  
Host(s): Professor R.P. Sharma 

Head, CES 
rpsharma@ces.iitd.ac.in 
 

 Ambuj D. Sagar 
Dean, Alumni Affairs & International Programmes & Vipula and Mahesh 
Chaturvedi Professor of Policy Studies 
Department of Humanities and Social Services 
deanaaip@admin.iitd.ac.in 
 

 Atul Vyas 
Deputy Registrar 
Alumni Affairs & International Programmes 
araaip@admin.ittd.ac.in 
 

 Dr. Sanjeev Jain 
Professor, Department of Mechanical Engineering 
sanjeevj@mech.iitd.ernet.in 
sanjain65@hotmail.com 
 

 Prof. Suneet Tuli 
Dean Research and Development 
suneet@iitd.ac.in 
 

 Prof. S.C. Kaushik 
Centre for Energy Studies 
Kaushik@ces.iitd.ac.in 
 

 Prof. Saroj Mishra 
Department of Biomedical & Biotechnology 
saroj@dbeb.iitd.ac.in 
 

mailto:rpsharma@ces.iitd.ac.in
mailto:deanaaip@admin.iitd.ac.in
mailto:araaip@admin.ittd.ac.in
mailto:sanjain65@hotmail.com
mailto:suneet@iitd.ac.in
mailto:Kaushik@ces.iitd.ac.in
mailto:saroj@dbeb.iitd.ac.in
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 Dr. G. Bhuvaneshwari 
Department of Electrical Engineering 
bhuvan@ee.iitd.ac.in 
 

 Dr. Sreedevi Upadhyayula 
Department of Chemical Engineering 
sreedevi@chemical.iitd.ac.in 
 

 Dr. Munawar Shaik 
Department of Chemical Engineering 
munawar@iitd.ac.in 
 

 Prof. V.K. Vijak 
Centre for Rural Dev. & Appropriate Technology 
vkvijay@rdat.iitd.ac.in 
vkvijay14@gmail.com 
 

 Prof. Sukumar Mishra 
Biochemical Engineering & Biotech. Department 
sukumar@ee.iitd.ac.in 
 

 Prof. S.N. Naik 
Centre for Rural Development & Appropriate Technology 
snn@rdat.iitd.ac.in 
 

  

OVERVIEW 
The Centre for Energy Studies (CES) is one of 11 centers operating within the Indian Institute of 
Technology Delhi (IITD). CES was established in 1976 to perform research and development 
conventional and non-conventional energy technology. CES has offered a master’s program in 
Energy Studies since 1981 and an evening master’s course in energy since 1989, which in 1998 
was revised to become a master’s program in the Energy and Environment Management. In 
addition, CES offers six courses in various aspects of energy for third and fourth year 
undergraduates. 
Research and development activities at CES fall into four main areas: 1) energy and 
environment, 2) fuel technology, 3) solar energy, and 4) plasma. There are 17 members of the 
faculty at CES and 15 staff members. 

FUNCTIONAL FOCUS 
CES aims to prepare a new generation of energy technologists who are cognizant of the 
interdisciplinary nature of energy studies and practice. CES provides trained manpower for the 
energy industry while performing R&D studies to advance the field. 

mailto:bhuvan@ee.iitd.ac.in
mailto:sreedevi@chemical.iitd.ac.in
mailto:munawar@iitd.ac.in
mailto:vkvijay14@gmail.com
mailto:sukumar@ee.iitd.ac.in
mailto:snn@rdat.iitd.ac.in
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RESEARCH & DEVELOPMENT ACTIVITIES 

Energy and Environment 
R&D work on energy and environment includes studies of energy efficiency, environmental 
pollution and abatement, and renewable energy. Energy efficiency studies seek to improve the 
performance of conventional internal combustion engines, improve the performance and reduce 
transmission losses in electrical grids, optimize daylighting and minimize energy use in 
buildings, and use auditing to improve energy use and conservation in industry. 
Environmental pollution and abatement studies focus on the quality of air, both outdoor and 
indoor. Significant work has been done on fly ash resistivity as a tool for assessing the 
performance of electrostatic precipitators (ESPs). Other studies involve managing liquid waste, 
such as slurries from the coal industry. 
In the renewable field, CES has studied solar thermal technologies (hot water, dryers, space 
heating/cooling, and cookers) and the testing and simulation of solar photovoltaic systems 
components and systems under various conditions of load and climate. Other studies have 
been initiated on the integration of solar, wind, diesel, and hybrid power systems. 

Fuel Technology 
The Fuel Technology group is working to improve the efficiency of burning and diminish the 
pollution from the use of Indian coals, which are characterized by having a high mineral content. 
In addition, finding uses for wastes or coal extracts as chemical feedstocks or liquid fuels is a 
priority. 
Alternative fuels such as hydrogen, compressed natural gas (CNG), biodiesel, hydrogen-
supplemented natural gas, ethanol, and methanol, are topics of research. For example, CES 
worked with IIT Delhi, Mahindra, and Air Products Corporation to develop the world’s first 
hydrogen-powered three-wheel vehicle (Figure C.3), which was launched early in 2012. 

 
Figure C.3. HyAlpha three-wheeled vehicle powered by hydrogen. (Courtesy of IIT-CES, 

New Delhi). 

Solar 
The Centre has worked extensively on solar thermal technologies. Accomplishments of CES 
scientists and engineers in this area include: 

• Methods and tools for design and optical performance evaluation of linear solar 
concentrators 
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• An improved technique to compute heat loss in flat plate solar collectors, linear 
concentrators, and solar stills (including output of solar stills) 

• Test methods for thermal performance evaluation of following solar thermal devices, 
including box type, paraboloid, and flat plate solar cookers 

Photovoltaic (PV) energy studies are planned that utilize third-generation solar cell concepts 
derived from recent research work with nanoscale metal and semiconducting materials. The 
Photovoltaics lab at CES also has been conducted R&D on more conventional PV systems and 
devices. For example, a 25 KW generator atop the Synergy building was used to show that 
rooftop generators can generate 100 units of electricity per day depending on the solar 
insolation, temperature, and other factors. 

Plasma 
CES conducts both theoretical and applied research on plasma. Emphasis has been on coating 
of surfaces to improve hardness and on helicon wave plasma sources. 

SOURCES OF SUPPORT 
United Nations Industrial Development Organization (UNIDO) and Government of India. 

ASSESSMENT 
The IIT-CES has a diverse program of research that covers renewables, energy conservation, 
and other types of energy work that fall outside the renewable/conservation sphere. In all of its 
work, CES remains focused on the unique needs of India. 

SELECTED REFERENCES 
Alam, S., S.C. Kaushik, and S.N. Garg. 2009. Assessment of diffuse solar energy under general sky condition 

using artificial neural network. Applied Energy 86(4):554-564. 
Das, L.M., D.K. Bora, S. Pradhan, M.K. Naik, and S.N. Naik. 2009. Long-term storage stability of biodiesel 

produced from Karanja oil. Fuel 88(11):2315-2318. 
Gupta, M.K. and S.C. Kaushik. 2010. Exergy analysis and investigation for various feed water heaters of direct 

steam generation solar-thermal power plant. Renewable Energy 35(6):1228-1235. 
Gupta, M.K. and S.C. Kaushik. 2009. Exergetic utilization of solar energy for feed water preheating in a 

conventional thermal power plant. International Journal of Energy Research 33(6): 593-604. 
Kaushik, S.C. and A. Arora. 2009. Energy and exergy analysis of single effect and series flow double effect 

water-lithium bromide absorption refrigeration systems. International Journal of Refrigeration-Revue 
Internationale Du Froid 32(6):1247-1258. 

Meher, L.C., R. Gopinath, S.N. Naik, and A.K. Dalai. 2009. Catalytic hydrogenolysis of glycerol to propylene 
glycol over mixed oxides derived from a hydrotalcite-type precursor. Industrial & Engineering Chemistry 
Research 48(4):1840-1846. 

Mishra, Y., S. Mishra, M. Tripathy, N. Senroy, and Z.Y. Dong. 2009. Improving stability of a DFIG-based wind 
power system with tuned damping controller. IEEE Transactions on Energy Conversion 24(3):650-660. 

Shukla, S., S. Mishra, and B. Singh. 2009. Empirical-mode decomposition with Hilbert transform for power-
quality assessment. IEEE Transactions on Power Delivery 24(4):2159-2165. 

Venkataraman, C., A.D. Sagar, G. Habib, N. Lam, and K.R. Smith. 2010. The Indian National Initiative for 
Advanced Biomass Cookstoves: the benefits of clean combustion. Energy for Sustainable Development 
14(2):63-72. 
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Institute of Engineering Thermophysics (Chinese Academy of Sciences) 
Site Address: 11 Beisihuanxi Road 

Beijing 100190, 
China 
Tel.: +86-10-62554126 
 
http://english.iet.cas.cn/ 

  
Date Visited: January 30, 2013 
  
WTEC Attendees: J. Cao (report author), M. Realff, Ryne Raffaelle, H. Ali 
  
Host(s): Dr. Qibin Liu 

Associate Professor 
qibinliu@mail.etp.ac.cn 

  

OVERVIEW 
The Institute of Engineering Thermophysics (IET) conducts research in the area of 
thermophysics applications, seeking breakthroughs in core technologies related to energy and 
power. As described on the IET web site, the aim is to develop the Institute into a strong, first-
class institute, providing innovative ideas, technologies, and talents for the sustainable 
development of China’s energy and power. In the field of renewable energy, one major area is 
the solar powered heating system shown in the photo above. A huge array of parabolic mirrors 
focuses solar energy into the double-walled center tube, which contains working fluids, such as 
molten salt, synthetic oil, or water. The heated media, which could reach a temperature of about 
500°C for molten salt and water/steam or nearly 400°C for synthetic oil, can be used for a 
variety of applications, including power generation or solar fuels production. 
The power generation technology is aimed to be used in the western part of China, which has 
3000 hours of quality sunshine per year. The solar-to-electric efficiency, however, is a challenge 
as it now varies from 10 to 19%; and the manufacturing cost for the collection mirror and the 
vacuum tube also hinders the wide application of this technology. The most popular parabolic 
trough design in China is a 300kW model using synthetic oil, which has a working temperature 
from 200 to 400°C. In addition, solar fuels production with mid- and low-temperature solar 
thermal energy can lay a solid foundation for the development of advanced distributed energy 
supply technology. It serves as one of the most feasible ways to provide energy for remote 
areas. 

FUNCTIONAL FOCUS 
The main functions of the Institute are conducting research and educating graduate students. 
The Institute awards only graduate degrees. The Laboratory of Integrated Energy and 
Renewable Energy has 21 faculty members (eight professors, six associate professors and 
others), 30 graduate students, and ¥20M (≈$4M) in annual research funding. 
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RESEARCH & DEVELOPMENT ACTIVITIES 
Research activities include numerical simulation of the system to identify the optimal operating 
parameters—thermodynamic and thermoeconomic optimization as well as experimental 
verfication. Numerical simulations include key processes such as solar-to-heat transfer or 
chemical conversion, cost analysis, and life cycle analysis. For the heat transfer, it is known that 
efficiency drops when the operating temperature of the vacuum tube increases. The use of a 
vacuum tube helps to reduce temperature loss, but increases the manufacturing cost. The 
Institute conducts innovative design to add another focal layer to help increase the solar 
capture. Researchers have identified system integration as a key gap in their numerical 
simulations. 

TRANSLATION 
The cost of the solar thermal power system is about ¥30-40K per 1 kW, which is 3-5 times of the 
cost for the same size coal plant. Therefore, government support is crucial to make this 
renewable energy alternative implementable. However, the cost of mid- and low-temperature 
solar fuels production is relatively low, which makes this an effective approach for utilizing solar 
energy. 
The course requirements for M.S. and Ph.D. students are 8 and 11 courses, respectively. The 
system engineering and decision making courses are taught by the Business School, and the 
uncertainty and statistics courses are taught by the Mathematics Department. Most of the 
professional courses are taught by the Engineering Department. 

SOURCES OF SUPPORT 
The IET is supported mostly by government funding. 

ASSESSMENT 
The IET has a good balance between numerical and experimental work and is well funded by 
government as well as having a good collaboration with industry. Multiple buildings have 
recently been finished at the site WTEC visited. These include student dorms and rooms for 
hosting visiting students and scholars. 

SELECTED REFERENCES 
Han, W., H. Jin, and R. Lin. 2011. A novel multifunctional energy system for CO2 removal by solar reforming of 

natural gas. Journal of Solar Energy Engineering 133:0410041-8. 
Hong, H., H. Jin, J. Ji, Z. Wang, and R. Cai. 2005. Solar thermal power cycle with integration of methanol 

decomposition and middle-temperature solar thermal energy. Solar Energy 78 (1):49-58. 
Hong, H., Q. Liu, and H. Jin. 2009. Solar hydrogen production integrating low-grade solar thermal energy and 

methanol steam reforming. Journal of Energy Resources Technology 131(1):012601. 10 pp., doi: 
10.1115/1.3068336. 

Hong, H., Q. Liu, and H. Jin. 2012. Operational performance of the development of a 15 kW parabolic trough 
mid-temperature solar receiver/reactor for hydrogen production. Applied Energy 90(1):137-141. 

Hong, H., T. Han, and H. Jin. 2010. A low temperature solar thermochemical power plant with CO2 recovery 
using methanol-fueled chemical looping combustion. Journal of Solar Energy Engineering 132 
(3):0310021-8. 

Liu, Q., H. Hong, J. Yuan, H. Jin, and R. Cai. 2009. Experimental investigation of hydrogen production 
integration methanol steam reforming with middle-temperature solar thermal energy. Applied Energy 
86:155-162. 
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Liu, Q., H. Jin, H. Hong, J. Sui, J. Ji, and J. Dang. 2011. Performance analysis of mid-and-low temperature 
solar receiver/reactor for hydrogen production with methanol steam reforming. International Journal of 
Energy Research 35:52-60, doi: 10.1002/er.1738. 

Liu, Q., Y. Wang, Z. Gao, J. Sui, H. Li, and H. Jin. 2010. Experimental investigation on a parabolic trough solar 
collector for thermal power generation. Science in China, Series E 53(1):15-19. 

Liu, Q., Y. Yang, J. Lei, and H. Jin. 2012. Modeling and optimizing parabolic trough solar collector systems 
using the least squares support vector machine method. Solar Energy 86(7):1973-1980, doi: 
10.1016/j.solener.2012.01.026. 

Sui, J., Q. Liu, J. Dang, D. Guo, and H. Jin. 2011. Experimental investigation of solar fuels production 
integrating methanol decomposition and mid-and-low temperature solar thermal energy. International 
Journal of Energy Research 35:61-67, doi: 10.1002/er.1729. 

Yawen, Z., H. Hong, and H. Jin. 2013. Proposal of a solar-coal power plant on off-design operation. Journal of 
Solar Energy Engineering 135(3):0310051-11. 

Yawen, Z., H. Hong, X. Zhang, and H. Jin. 2012. Integrating mid-temperature solar heat and post-combustion 
CO2-capture in a coal-fired power plant. Solar Energy 86(11):3196-3204. 



188 Appendix C. Site Visit Reports – Asia 

 

Institute of Process Engineering (Chinese Academy of Sciences) 
Site Address: No. 1 Zhongguancun, North Second Street 

Beijing 100190 
China 
Tel.: +86-10-62554241 
 
http://english.cas.cn/ 
http://english.ipe.cas.cn 
http://english.ipe.cas.cn/rh/rd/200906/t20090629_9233.html 
http://english.ipe.cas.cn/rh/rd/200907/t20090731_26566.html 
 

  
Date Visited: January 30, 2013 
  
WTEC Attendees: M. Realff (report author), R. Raffaelle, Jian Cao, Hassan Ali 
  
Host(s): Chunshan Li 

Professor 
Tel.: +86-10-66466322 
chunshanli@gmail.com; csli@home.ipe.ac.cn 
 

 Weihua Qiu 
whqiu@home.ipe.ac.cn 

  

OVERVIEW 
The Chinese Academy of Sciences has as one of its research institutes the Institute of Process 
Engineering. Within the institute two laboratories were visited: (1) State Key Laboratory on 
Biochemical Engineering and specifically the Biomass Engineering Research Center (BERC) 
(tour conducted by Weihua Qiu) and (2) State Key Laboratory of Green Process and 
Engineering, the specific research program on Ionic Liquids (tour conducted by Professor 
Chunshan Li). 

FUNCTIONAL FOCUS 
The State Key Laboratory of Biochemical Engineering describes its mission as [our] “main tasks 
involve breaking the bottlenecks of transition from experimental achievements to 
industrialization to meet the requirements of rapidly developed biotechnologies.” The goal of 
BERC is “to improve the overall level of biomass engineering research of our institute and 
provide technical support, theoretical basis and development proposals for large-scale utilization 
of biomass.” The Key Laboratory of Green Process and Engineering focuses “on the key 
scientific and technological problems in green utilization of resources including natural and 
secondary resources and applying the theories and methods of environmentally benign green 
process engineering, the laboratory aims to investigate and develop new theories, new 
processes, and originally innovative technologies.” The CAS does not have an undergraduate 
program, but does have both master’s and Ph.D. students working directly within the institute. 

mailto:csli@home.ipe.ac.cn
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RESEARCH & DEVELOPMENT ACTIVITIES 
The focus of the biochemical research lab that we visited was on cellulosic biomass and 
specifically solid state fermentation (SSF). However, the broader activities of the lab were on the 
pretreatment of lignocellulosic materials and the use of steam explosion as a pretreatment 
method for straw. Steam explosion process optimization was being pursued through modeling 
of the explosion process. The SSF equipment was instrumented to enable parameter estimation 
of the fermentation in order to improve the energy and mass transfer, the poor features of which 
are one of the reasons for low productivity from SSF processes. The scale-up of SSF is difficult 
because of the non-uniformity of the heat and mass transfer, particularly transport of oxygen, 
the lack of which causes the fermentation to switch from aerobic to anaerobic metabolism. 
Research on biochemical pretreatment using cellulase enzymes to break down the cellulose to 
sugars aimed to improve cellulase activity using two means: (1) surfactants and water washes 
of the solid to enable the recovery of the enzyme after treatment and (2) hollow fiber 
membranes to concentrate the enzymes. This research is important because the enzyme cost is 
one of the major drivers of overall biochemical pretreatment costs. 
The research in ionic liquids is very comprehensive and occurs at multiple scales. The lab is 
pursuing system and process integration using ionic liquids as solvents and potentially catalysts. 
They are developing the necessary scale-up principles for ionic liquid technology, including the 
scale-up of the production of ionic liquids themselves, which has been an Achilles heel of ionic 
liquids due to their cost. The scale-up involves molecular modeling and thermophysical property 
measurement of newly synthesized ionic liquids, and translating this information into 
environments for process simulation and life cycle assessment. The lab is working on a variety 
of applications of ionic liquids, including the production of ethylene glycol from ethylene oxide, 
and the capture of CO2. Specifically for the use of ionic liquids in renewable energy production, 
there is a synergy between ionic liquid solvents and biomass pretreatment, since it has been 
demonstrated that ionic liquids can dissolve cellulose. Ionic liquids were also being tested as 
electrolytes for batteries where they were demonstrating significantly better low temperature 
behavior compared to traditional electrolyte materials. 
Below is a selection of the advances being made at the Institute for Process Engineering that 
are relevant to energy manufacturing, most of which we were unable to observe. 

• Optimal Structural Bioreactor for Botryococcus Braunii developed by Computational Fluid 
Dynamics Simulation http://english.ipe.cas.cn/rh/rp/201210/t20121030_94134.html 

• A strategic Method to Improve Hydrogen Production via the Thermophilic Fermentation of 
Cornstalk Waste http://english.ipe.cas.cn/rh/rp/201209/t20120929_91620.html 

• Pyrolysis of the Lignocellulose Fermentation Residue by Fixed-bed Micro Reactor http:// 
english.ipe.cas.cn/rh/rp/201209/t20120920_91227.html 

• Multiscale Modeling Established to Optimize Steam Explosion Condition http://english.ipe. 
cas.cn/rh/rp/201208/t20120814_89869.html (Zhang and Chen 2012) 

• Ionic Liquids, a New Role in Biofuel Production http://english.ipe.cas.cn/rh/rp/201205 
/t20120523_86229.html (Liu et al. 2012) 

• Green Method for Fuel Ethanol Production from Sweet Sorghum Stalk 
http://english.ipe.cas.cn/ 
rh/rp/201112/t20111231_80534.html (Kwon, Wang, and Liu 2011) 

• Technology Provides Potential for Improving Algal Harvesting http://english.ipe.cas.cn/ 
rh/rp/201112/t20111228_80461.html (Xu et al. 2011) 

http://english.ipe.cas.cn/rh/rp/201210/t20121030_94134.html
http://english.ipe.cas.cn/rh/rp/201209/t20120929_91620.html
http://english.ipe.cas.cn/rh/rp/201209/t20120920_91227.html
http://english.ipe.cas.cn/rh/rp/201209/t20120920_91227.html
http://english.ipe.cas.cn/rh/rp/201208/t20120814_89869.html
http://english.ipe.cas.cn/rh/rp/201208/t20120814_89869.html
http://english.ipe.cas.cn/rh/rp/201205/t20120523_86229.html
http://english.ipe.cas.cn/rh/rp/201205/t20120523_86229.html
http://english.ipe.cas.cn/rh/rp/201112/t20111231_80534.html
http://english.ipe.cas.cn/rh/rp/201112/t20111231_80534.html
http://english.ipe.cas.cn/rh/rp/201112/t20111228_80461.html
http://english.ipe.cas.cn/rh/rp/201112/t20111228_80461.html
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• Researchers Extract Cellulose from Wood Chip http://english.ipe.cas.cn/rh/rp/201110/ 
t20111014_76256.html (Wang et al. 2011) 

• With Protection of Tween-80 on the Adsorbed Cellulase, Cellulose Conversion Improved 
http://english.ipe.cas.cn/rh/rp/201111/t20111130_79539.html (Yang et al. 2011) 

• Kudzu Roots Used to Produce Acetone-butanol-ethanol and Extract Isoflavone 
http://english.ipe.cas.cn/rh/rp/201111/t20111122_79182.html (Wang and Chen 2011) 

Several of the above projects show synergy between different programs within the Institute. For 
example, thermochemical processing of biomass has a direct link with the treatment of coal, and 
the harvesting of algal biomass through the use of magnetic particles shows an application of 
nanoparticle synthesis, which is another Institute research program. 

TRANSLATION 
In the biochemical lab, a poster on the wall gave a description of a pilot scale facility that was 
running at 3000 tons of ethanol per year with the idea of scaling to 300,000 tons/year to produce 
both cellulose for paper and butanol from the C5 sugars in the biomass. There was a clear goal 
of moving technologies through different scale-up activities to enable large scale deployment. 
The production of novel ionic liquids is done at a full scale facility with the ability to produce 
10,000 tonnes/year based on a batch plant. They can produce 20 different kinds of ionic liquids 
for commercial use in processes such as production of methyl methacrylate. They have 
measured physical and thermodynamic properties of many different ionic liquids and have 
incorporated the data into life cycle databases. They have used the measurements to help 
develop molecular simulation tools that can predict ionic liquid properties. 

SOURCES OF SUPPORT 
The Chinese Academy of Sciences receives support from the National Natural Science 
Foundation of China, Beijing Natural Science Foundation, The National Basic Research 
Program of China, National High Technology Research and Development Program of China 
and through its own research funding. Details of specific funded grants can be found as part of 
the citations of the various references listed in the Selected References section. 

ASSESSMENT 
The Chinese Academy of Sciences has comprehensive programs in biomass pretreatment to 
generate useful sugars from biomass wastes such as straw that are relevant to China. These 
programs are at the lab level all the way to significantly sized pilot plants that enable them to 
test technologies at scale. The same is true of the ionic liquids efforts, where lab scale 
syntheses and property determinations can be scaled to a full production plant for novel ionic 
liquid variants. Ionic liquids are an emerging technology for chemical processing and could play 
a role in biomass pretreatment due to its solvation of cellulose. The CAS is ideally positioned to 
make innovations in this and other uses of ionic liquids. 

SELECTED REFERENCES 
Chen, H.Z., and W.H. Qiu. 2010. Key technologies for bioethanol production from lignocellulose. Biotechnology 

Advances 28(5): 556-562. 
Kwon, Y.J., F. Wang, and C.Z. Liu. 2011. Deep-bed solid state fermentation of sweet sorghum stalk to ethanol 

by thermotolerant Issatchenkia orientalis IPE 100. Bioresource Technology 102:11262-11265. 
Li, C.S., X.P. Zhang, S.J. Zhang, and K.Z. Suzuki. 2009. Environmentally conscious design of chemical 

processes and products: multi-optimization method. Chemical Engineering Research & Design 87(2A):233-
243. 

http://english.ipe.cas.cn/rh/rp/201110/t20111014_76256.html
http://english.ipe.cas.cn/rh/rp/201110/t20111014_76256.html
http://english.ipe.cas.cn/rh/rp/201111/t20111130_79539.html
http://english.ipe.cas.cn/rh/rp/201111/t20111122_79182.html
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Liu, C.Z., F. Wang, A.R. Stiles, and C. Guo. 2012. Ionic liquids for biofuel production: Opportunities and 
challenges. Applied Energy 92:406-414. 

Qiu, W.H. and H.Z. Chen. 2012. Enhanced the enzymatic hydrolysis efficiency of wheat straw after combined 
steam explosion and laccase pretreatment. Bioresource Technology 118:8-12. 

Wang, B., C.S. Li, D. Hirabayashi, and K. Suzuki. 2010. Hydrogen evolution by photocatalytic decomposition of 
water under ultraviolet-visible irradiation over K2La2Ti3-xMxO10+δ perovskite. International Journal of 
Hydrogen Energy 35(8):3306-3312. 

Wang, L., and H.Z. Chen. 2011. Acetone-butanol-ethanol fermentation and isoflavone extraction using kudzu 
roots. Biotechnology and Bioprocess Engineering 16:739-745. 

Wang, X.J., H.Q. Li, Y. Cao, and Q. Tang. 2011. Cellulose extraction from wood chip in an ionic liquid 1-allyl-3-
methylimidazolium chloride (AmimCl). Bioresource Technology 102:7959-7965. 

Xu, L., C. Guo, F. Wang, S. Zheng, and C.Z. Liu. 2011. A simple and rapid harvesting method for microalgae 
by in situ magnetic separation. Bioresource Technology 102:10047-10051. 

Yang, M.H., A.M. Zhang, B.B. Liu, W.L. Li, and J.M. Xing. 2011. Improvement of cellulose conversion caused 
by the protection of Tween-80 on the adsorbed cellulase. Biochemical Engineering Journal 56:125-129. 

Zhang, X., H.F. Dong, Y. Huang, C.S. Li, and X.P. Zhang. 2012. Experimental study on gas holdup and bubble 
behavior in carbon capture systems with ionic liquid. Chemical Engineering Journal 209:607-615. 
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Korea Institute of Energy Research (KIER) 
Site Address: 152 Gajeong-ro, Yuseong-gu 

Daejeon 305-343 
Korea 
Tel.: +82-42-860-3496 
 
http://www.kier.re.kr/eng 
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Host(s): Jae Ho Yun, Senior Researcher 
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135-502 Teheran-ro 114gil 14 
Gangnam-gu Seoul 
Tel.: +82-2-3469-8307 
chpark@ketep.re.kr 

  

OVERVIEW 
Korea’s overall energy consumption in 2010 was 182 GW, and the Republic of Korea (ROK) 
has a target of reaching 11% renewable energy supply by 2030. According to the National 
Energy Roadmap of 2008, Korea wants to increase its overall renewable energy by a factor of 
5.1 between 2010 and 2030, from 70 to 370 TWh. Korea’s CO2 emissions were 528,130,00 
tonnes/year in 2009 (8th in the world) according to the Energy Information Administration (EIA) 
report. Furthermore, 90% of Korea’s total energy consumption was from imported sources, so 
energy security is of concern. 
Korea is investing 250 million dollars for R&D in 2013 in clean and renewable energy. The 
Korea Institute of Energy Research (KIER) was founded in 1977 with the purpose of “R&D on 
clean and new energy technology and its efficient use with a long term view on future energy 
security.” We met with program directors from several of the research areas within KIER along 
with Professor Chinho Park from the Korea Institute of Energy Technology Evaluation and 
Planning (KETEP) who coordinated our visits to both KIER and Yeungnam University. 

FUNCTIONAL FOCUS 
KIER is involved in a broad range of research activities related to energy policy, energy 
efficiency, renewable energy technologies, and climate change. It has created a branch on Jeju 
Island that will carry out research and perform pilot demonstrations of renewable energy 
technologies. Specific programs in renewable energy are being undertaken across a broad 
range of generation technologies. 
The international collaborations being pursued in the area of green energy are substantial with 
specific programs with the EU, United States, Canada, Chile, China, and Japan. The EU-Korea 
Green Energy Forum was established in 2011 with an agenda of research in PV, wind, smart 
grids and hydrogen fuel cells. This research program is complemented with activities in IPR and 
policy, and involves the Korean Ministry of Knowledge Economy (MKE) and the European 
Commission. A joint project with the United States will start in 2013 in the areas of organic PV, 
Li-air batteries, and smart grids. For China and Japan there is a trilateral agreement signed in 
October of 2011 that involves MKE, the Ministry of Science and Technology of China, and the 
Ministry of Economy, Trade and Industry (METI) of Japan. 

RESEARCH & DEVELOPMENT ACTIVITIES 

Wind Energy 
The stimulus for wind power is coming from renewable portfolio standards, but the challenges 
for ROK are significant, in particular the mountainous and complex terrain where wind speeds 
are high, and the relatively low wind speeds elsewhere. The goals for wind energy for ROK 
have been set based on a National Wind Atlas produced by KIER that establishes a wind map 
at high resolution (1km x1 km) that is being extended to 10m x 10m resolution for micro-siting 
decisions. The atlas has both spatial and temporal information on wind power density. The atlas 
has identified the high altitude area to the northwest of ROK and Jeju Island as the main 
candidates for wind power. The future candidates are likely to be offshore in the West once low 
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speed wind turbines have been developed. Examples of wind farms in ROK are given in Table 
B.1. 
The Korean wind industry has nine manufacturers, a number that is recognized as far too many 
for the domestic market, so their orientation is towards export. The manufacturers all have 
different turbines of increasing size developed over several years. The goal is to develop 
offshore wind power, rather than onshore, due to the concerns mentioned above. This is being 
pursued through three phases of development of an offshore farm on the west side of ROK 
between Saemangum and Goehang. This will involve sizeable investments by the ROK 
government. There is a clear strategy in the R&D investments, leading from wind turbine system 
developments with core technology purchased from non-Korean vendors from 1990-2005 and 
then a switch to development of core components and offshore wind turbines in 2005, and a 
further evolution to off-shore wind farms and floating substructures after 2010. 

Table C.1. Wind farms in Korea (from Kim 2013). 
Location Size (Nominal Generation MW x Number) 
Daekwanlyoung 2 x 49 
Taegisan 2 x 20 
Youngdeok 1.65 x24 
Youngyang 1.5 x 41 

The strategy in R&D investment is backed by a strategy of human resource development. This 
has four components: (1) developing basic labor force skills of high school graduates, (2) re-
educating mid-career individuals for operation of energy-related technology, (3) educating high-
level R&D experts with master’s or doctoral degrees to provide leadership in future energy 
technologies, and (4) promoting globalization of the labor force based on overseas scholarships 
and international exchanges. The budget for this activity has grown from $31.4 to $33.9 million 
from 2008 to 2010. 

Biomass Energy 
As part of reaching the goal of increasing renewable energy by a factor of 5.1, bioenergy will be 
required to grow by a factor of 14.8, from 8 TWh to 118 TWh. Given the limited land area of 
Korea, this presents a significant challenge. The currently available biomass supply is projected 
to be able to provide 34 TWh and so additional sources of biomass will have to be found. This 
includes aquatic biomass sources and particularly the use of macro and micro algae, and 
lignocellulosic sources from outside ROK. 
KIER has a microalgal biodiesel production project with the goal of low cost cultivation of a 
suitable algal strain. For microalgal biodiesel KIER has achieved a yield of 3 L/m2/yr, and 
various unit operations are being developed. There is a significant focus on the harvesting and 
oil extraction steps of the biodiesel from algae, with the goal of using CO2 from power plants. 
KIER has two major research projects in biofuels (bio-ethanol and bio-oil) from lignocellulosic 
biomass, which may be sourced from outside Korea. The ethanol project is at the pilot process 
scale to use palm residues at the 70,000 L ethanol/year level. The focus of the research is on 
the pretreatment of the biomass through steam explosion, ionic liquids, and hot water 
treatments. For conversion of lignocellulosics to bio-oil the process is thermochemical, using 
fast pyrolysis at the local level and then shipping the crude bio-oil to a secondary processing 
site for conversion to the final fuel. 
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Photovoltaics 
KIER was the first research institute in Korea on PV technology beginning its work in the 1980s. 
There was an acceleration in interest in the 2000-2010 period and the goals for 2010 onward 
are first to develop new core technology in areas such as crystalline Si and thin film (CIGS, Si) 
and Dye Sensitized Solar Cell (DSSC) devices, and second to develop new solar cell concepts 
that can be manufactured cost-effectively using printing and reel-to-reel technologies. 
KIER has three research group areas: the solar cell technology itself, the PV system 
technology, and international collaboration in measurement and standards. Within these three 
groups there are five current R&D projects. The first is in CIGS and has achieved a goal of a 
CIGS thin film solar cell with 20% efficiency on glass and has transferred the technology to LG 
Innotek to improve commercialization. KIER is also working on flexible CIGS stainless steel and 
polymer substrates with 15% and 7% efficiencies. The second area is multi-junction silicon solar 
cells, Si nanoparticle, and quantum dot systems. Crystalline silicon research focuses on 
interdigitated back contact solar cells and moving to high efficiency modules with 150 μm and 
thinner c-Si modules. For PV systems KIER has a series of projects working towards overall 
module efficiency (e.g., a project on performance monitoring and optimization during field 
deployment). The final area of activity for KIER in PV is on evaluation and certification of cells, 
modules, and power conversion systems, with active participation in international 
standardization activities. 

Hydrogen Fuel Cells 
KIER has a significant program in fuel cell research. The program includes: 

• Improving the electrolyte membrane by using a porous substrate impregnated with a 
crosslinked polymer electrolyte for greater mechanical and chemical durability and ion 
conductivity 

• Developing a durable electrocatalyst by adopting more stable supporting materials that do 
not corrode under cycle conditions 

• Predictive modeling of electrode performance using ab initio calculations to optimize the 
design of the electrode layer and structure based on cost effectiveness and including a reel-
to-reel manufacturing process 

This program is driven by a sophisticated understanding of the global driving forces in fuel cell 
applications and technology and a government program that supports the supply chain from 
R&D to incentives for adoption. For example, Korea has established a feed-in tariff (FIT) for fuel 
cell plants that is $0.25/kWh up to 50 MW of capacity for 15 years. Renewable portfolio 
standards (RPS) will require utility companies that produce over 500 MW of power to generate 
an increasing percentage of their power from new and renewable energy sources over the next 
decade, rising from 2.0% in 2012 to 10% by 2022. The One Million Green Homes energy 
program will provide 80% of a green energy system cost, with a subsidy budget of $10M for 
1kW fuel cell systems. 

TRANSLATION 
KIER and Korea have a sophisticated R&D strategy and roadmap to guide the transition from 
laboratory scale research through pilot plants to full scale implementation. This has been 
outlined in each of the R&D sections above. 
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SOURCES OF SUPPORT 
R&D for algal biofuels is being strongly supported by the Korean Government with a total of 
$200 million from 2009-2019 for biodiesel from algae and $16 million from 2010-2012 on 
bioethanol from macroalgae. For cellulosic alcohols the ethanol pilot facilities are being funded 
over a 2010 2016 timeframe for a total of $32 million. The funding for the off-shore wind farm 
development is substantial, with the first phase (2011-2013) at $500 million, the second phase 
(2014-2016) at $27.7 billion, and the third phase at $51.6 billion for 1.5 GW of capacity. The 
Korean Government through KETEP is a major source of funding for fuel cell and hydrogen 
research. The R&D budget from 1988 to 2011 was about $640 million with the government 
providing 55.6% of these funds. The 2012 R&D budget is $40 million for fuel cell and hydrogen 
research, spread across polymer electrolyte, molten carbonate, and solid oxide fuel cells. 

ASSESSMENT 
KIER is at the heart of Korean research in green and renewable energy technologies. It has a 
very strong research strategy and has clearly articulated how this strategy fits with national 
goals and national strategies as expressed in R&D roadmaps. In each area—wind, solar, 
biomass, and fuel cells—there are projects to address the major technology and system barriers 
to implementation, including considerations of manufacturing and other system costs. 

SELECTED REFERENCES 
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National Natural Science Foundation of China 
Site Address: No. 1 Zhongguancun North Second Street 

Beijing 100190 
China 
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OVERVIEW 
In the early 1980s, the State Council consented to the suggestion by 89 members of the 
Chinese Academy of Sciences on the establishment of a national natural science fund for 
further promoting the reform of the science and technology system and the appropriation for 
science and technology in China. The National Natural Science Foundation of China (NSFC) 
was established under the ratification of the State Council on February 14, 1986. The NSFC is 
now working on its 12th Five-Year Plan period, which focuses on strategic guidance, balanced 
development, mechanism improvement, and innovation inspiration. 

FUNCTIONAL FOCUS 
NSFC has gradually established its funding system focusing on the three categories of 
programs: promoting research, fostering talent, and constructing infrastructure for basic 
research. Energy is a very important priority of NSFC. There are specific programs on 
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renewable energy for wind and PV, and a smaller effort on wave energy. A major theme of 
these programs is integration. 
Most of the energy storage focus is on wind, with a little on PV. The power electronics portion of 
this work is managed within the Electrical Engineering Division. The turbine tower studies reside 
in the Mechanical Engineering Division. 

RESEARCH & DEVELOPMENT ACTIVITIES 
With regard to wind, NSFC is trying to address power conditioning instability (i.e., 20% yield). 
They have also introduced a program to look at grid level energy storage. Their funding is 
broken into three levels: big/major projects, key projects, and projects. 
Focus areas for the NSFC funding are generated by scientists. They believe in the “bottom up” 
approach to generating new areas of funding. They are also currently funding projects on solar 
thermal. This work is managed through both the Thermal Physics and Mechanical Engineering 
Division. 
There is also a program focused on transport phenomena in renewable energy systems. 
Specific fields include solar, wind, biomass, and fuel cells. For example, they are looking at the 
materials problems with OPV. The focus on PV is to raise device efficiency. There is a major 
research plan (200 M¥ from NSFC) on OPV. 
Six key programs ($3M) on renewable energy in this century are: 

• Biomass 
• Solar Thermal 
• Wind 
• Solar tracking 
• Two biomass projects (conversion of plants to fuel) 
There is also the possibility for “follow on funding” for renewable energy projects in which 
funding is shared with the Ministry of Science & Technology (i.e., 1 M¥ from NSFC and 30 
M¥ from MOST). For example, there is a wind power integration study funded by MOST in 
Wuhai. 

TRANSLATION 
Support for manufacturing is outside the purview of the NSFC. Funding for manufacturing 
studies resides in a different ministry. The NSFC only funds fundamental work. 
In terms of any fundamental manufacturing challenges for renewable energy, they are looking at 
how to make large blades from new materials, i.e., how to use fiber (carbon) processing. 
Currently China imports most turbine parts. In addition, they are funding efforts on developing 
roll-to-roll technology. 
They have 10 key projects designed to boost manufacturing of RE with a total funding of 30 M¥, 
funded by three divisions. The best projects will be chosen and they can be in any area of 
renewable energy. 
The conflict of interest for reviewers of this particular program is very challenging. They may use 
foreign reviewers. The division balance will be important for this multidisciplinary review. The 
standard program contract will be five years. A major research plan can be 6-8 years, with three 
different levels of funding. The divisions must agree on one common priority per year. 
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China has also funded renewable energy efforts through the National Basic Research Program 
(also called 973 Program), which is China’s ongoing national keystone basic research program. 
It was approved by the Chinese government in 1997 and is organized and implemented by the 
Ministry of Science and Technology. The 973 Program was created on the basis of existing 
research activities and deployments made by the National Natural Science Foundation and 
major dedicated pre-studies, to organize and implement basic research to meet the nation’s 
major strategic needs. 
The Program has funded work on major scientific issues relating to sustainable development 
such as agriculture, energy, information, resources and environment, population and health, and 
materials. To date there have been 133 projects under the authorized program by the end of 
2002, including 15 in energy and 19 in synthesis and frontier science. A few examples are: 
supercritical fluids for biomass, Guangzhou Institute for Energy Conversions, which is 
developing energy and gas storage systems and a small stationary methane fuel cell, Ocean 
University’s tidal energy program, and the Energy Materials Research Institute of the Chinese 
Academy of Sciences in Shanghai. 

SOURCES OF SUPPORT 
Along with the increasing investment to basic research by the government, the budget for the 
National Natural Science Fund has been increased from 80 million ¥ in 1986 to 10.4 billion ¥ in 
2010, which has significantly improved the funding environment for basic research, and the 
funding for individual projects has been gradually raised. 
They have a development project in inverter reliability being done in collaboration with the 
European Union. This project is funding four efforts currently under way in the U.K. 
They also have a joint project with the U.K. Engineering and Physical Sciences Research 
Council (EPSRC) involving smart grid and have just issued a new call on electric vehicles (EVs). 
The focus of this joint study is to try and understand how the temporary storage provided by 
EVs on the grid can be used. The funding is a 50:50 split between the U.K. and China. It 
currently funds nine projects in the U.K. and three in China. However, each project involves both 
U.K. and Chinese institutions. 

ASSESSMENT 
The Chinese funding agencies are focusing on much the same issues as the Europeans and 
the Americans. The United States and China face some of the very same challenges when it 
comes to renewable energy i.e., the best resources are not necessarily where most of the 
people are. Distributed generation, storage, and how to handle the anticipated influx of electric 
vehicles onto the grid are also common concerns being addressed. 
The NSFC appears very open to international collaborations in dealing with some of the “big 
issues” associated with energy. They are already supporting a number of “joint-funded” 
programs, mostly with the U.K. 

SELECTED REFERENCES 
http://www.nsfc.gov.cn/e_nsfc/desktop/zn/0101.htm 
http://www.epsrc.ac.uk/pages/default.aspx 
Wang, X.D., J.L. Xu, and D.J. Lee. 2012. Parameter sensitivity examination for a complete three-dimensional, 

two-phase, non-isothermal model of polymer electrolyte membrane fuel cell. International Journal of 
Hydrogen Energy 37(20):15766–15777. 
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National University of Singapore (NUS) 
Site Address: 7 Engineering Drive 1 
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Assistant Head 
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OVERVIEW 
The National University of Singapore (NUS) has been working for many years to build its 
capability as an international research institution. As of 2011, there were nearly 2,100 active 
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research faculty members, publishing more than 6,600 papers in internationally refereed 
journals. They are supported by nearly S$425 million in external grant funding. Of the 23 major 
research institutes or centers hosted by the university, four have significant ongoing work in the 
renewable energy field: 

• Energy Studies Institute (ESI, http://www.esi.nus.edu.sg/) 
• NUS Environmental Research Institute (NERI, http://www.nus.edu.sg/neri/) 
• Solar Energy Research Institute of Singapore (SERIS, http://www.seris.nus.edu.sg/) 
• Tropical Marine Science Institute (TMSI, http://www.tmsi.nus.edu.sg/) 
In addition, the university maintains the NUS Energy Office (http://www.nus.edu. 
sg/dpr/energy/index.htm). According to the web site of the NUS Energy Office: 

NUS has over 160 researchers from various disciplines conducting energy-
related research. Current research studies range from climate change, energy 
efficiency management, energy storage, and exploration of new energy sources. 
The convergence of these specializations creates a dynamic multi-disciplinary 
environment in which our researchers shine. 
NUS energy experts work across disciplines and faculties, and closely with 
government institutions and industry. In addition to their individual work in NUS 
faculties, many of our experts are also involved in research with specialized 
institutes established within the university. 

Meeting at the NERI offices, the WTEC panel conferred with representatives of NERI, SERIS, 
TMSI, and the NUS Energy Office. 

FUNCTIONAL FOCUS 
NERI is a leading interdisciplinary center for environmental research in Singapore and Asia. It 
brings together researchers and expertise to foster collaborative and multidisciplinary 
environmental studies, coordinate the development of strategic thematic research, train 
graduate students in the environmental sciences and engineering, and facilitate technology 
transfer. 
SERIS aims to be a leading solar energy research institute in the world, contributing to a 
sustainable global energy supply and reduced greenhouse gas emissions. To accomplish this, 
SERIS conducts R&D, testing, and consulting in the fields of solar energy conversion and solar 
building technologies. 
The mission of TMSI is to be a leader in tropical marine science R&D and education. It also 
serves as a regional and international training center for tropical marine science and a resource 
center. 

RESEARCH & DEVELOPMENT ACTIVITIES 

NUS Environmental Research Institute 
Research at NERI includes (i) environmental surveillance and treatment, (ii) environmental and 
human health, (iii) green chemistry and sustainable energy, and (iv) impacts of climate change 
on the environment. NERI is continuously expanding on key projects and partnerships with local 
and international institutions. 
Of interest to the present WTEC study are studies on environmental microbial processes related 
to waste-to-energy conversion and reducing impacts of peatlands degradation on climate 
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change. Also of interest is the Energy and Environmental Sustainability Solutions for Megacities, 
with a component on waste management in megacities for sustainability and energy recovery. 

Solar Energy Research Institute of Singapore (SERIS) 
With more than 100 scientific personnel representing many countries from around the world, 
SERIS conducts R&D in the areas of novel photovoltaic (PV) concepts, silicon materials and 
cells, PV modules, solar energy systems, and solar and energy efficient buildings. SERIS 
maintains various laboratories, including testing facilities for characterization of silicon wafers 
and solar cells, fabrication and characterization of organic solar cells, and an off-campus facility 
for testing and certification of PV modules (indoors, outdoors). 
A service of SERIS is its pilot fabrication line facility for PV devices and PV modules, which are 
offered to industry partners on a service or contract basis. Further downstream, SERIS is 
working on monitoring of PV systems in real-time (“live”), optimizing PV systems' performance 
and the safe and reliable integration of the variable solar power into electric utility grids (e.g. 
through spatio-temporal irradiance forecasting). SERIS’s scientists published more than 60 
journal articles and conference publications in 2013 alone covering a broad range of research 
areas, with particular emphasis on the functioning of solar cells, modules and systems. 

Tropical Marine Science Institute 
TMSI conducts research on marine acoustics, physical oceanography, marine and freshwater 
biology and ecology (e.g., biology of fouling organisms), climate change, flooding, and marine 
mammals. TMSI was commissioned by the government to conduct the first-of-its kind study on 
Climate Change Projection and Impacts on Singapore. Currently it is leading a government 
commissioned Risk Map Study. 

TRANSLATION 

SERIS offers R&D and services to governments and commercial customers in the area of solar 
energy, particularly through the pilot lines, characterization of devices, and testing and design 
services for complete PV systems. The know-how gained from its research is offered in various 
forms of consulting services to the market (e.g., feasibility studies, due diligence). 

ASSESSMENT 
NUS approaches the subject of renewable energy across a broad front, covering economics, 
social impacts, education and training, engineering and science R&D, and cooperation with 
industry. Its research programs are focused on the unique circumstances of tropical Asia. 

SELECTED REFERENCES 
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exponential smoothing state space model. Energy 55:1104-1113. [Available online 15 Jun 2013]. 
Reindl, T., J. Ouyang, A.M. Khaing, K. Ding, Y.S. Khoo, T.M. Walsh, and A.G. Aberle. 2012. Investigation of 

the performance of commercial photovoltaic modules under tropical conditions. Japanese Journal of 
Applied Physics 51(10):10NF-1-10NF-4, http://dx.doi.org/10.1143/JJAP.51.10NF11. 

Romano, M., S.Y. Liong, M.T. Vu, P. Zemskyy, C.D. Doan, M.H. Dao, and P. Tkalich. 2009. Artificial neural 
network for tsunami forecasting. Journal of Asian Earth Sciences 36(1):29-37. 

Ye, J.-Y., K. Ding, T. Reindl, and A.G. Aberle. 2013. Outdoor PV module performance under fluctuating 
irradiance conditions in tropical climates. Energy Procedia 33:238-247. 

Ye, Z., A. Nobre, T. Reindl, J. Luther, and C. Reise. 2013. On PV module temperatures in tropical regions. 
Solar Energy 88:80-87. 



204 Appendix C. Site Visit Reports – Asia 

 

Samsung Heavy Industries Co. 
Site Address: 493, Banweol-Dong, Hwasung-Si 

Gyeounggi-Do 
Korea 445-97 
 
http://www.shi.samsung.co.kr/Eng/Product/wind_overview.aspx 
http://www.digitalvessel.com/ 

  
Date Visited: January 31, 2013 
  
WTEC Attendees: J. Cao (report author), M. Realff, R. Raffaelle, H. Ali 
  
Host(s): Youngsun Hong 

Senior Engineer 
Tel.: +82-31-229-1038 
Ys01.hong@samsung.com 

  

OVERVIEW 
Samsung Heavy Industries has total assets of $16B. Its shipbuilding and offshore facilities are 
key business units. The company started its wind power unit in 2009 with the first 2.5MW 
windmill in Cielo (United States) and Ontario (Canada). The company is currently developing a 
7MW offshore windmill as it foresees that the market for windmills will grow to be about $8.6B 
by 2020. There are currently 600 people involved in design and manufacturing of windmills. 

FUNCTIONAL FOCUS 
Samsung takes an integrated approach, i.e., integrating in its windmills, a gearbox from Japan, 
a generator from the United States, and blades from China with its own monitoring and control 
system. 

RESEARCH & DEVELOPMENT ACTIVITIES 
The 7 MW system poses many challenges, such as vibration monitoring and control system 
integration between generator and gearbox and change of the resonant points compared to the 
2.5MW system. Due to the difficulties with the numerical simulation of integrated systems, 
Samsung has approached the challenge through small-scale physical testing followed by large-
scale physical testing. Physical trials have been used to determine the selection of components 
as part of the cost analysis. 
In the area of human resource development, Samsung recognizes the need for people trained 
in “classical” mechanical engineering areas, such as vibration, and the need for people with 
previous industrial experience. 

TRANSLATION 
Samsung Heavy Industries is at the forefront of translation. They collaborate with universities in 
their power unit research. Korea’s geography does not provide a good market for windmills. 
Therefore, Samsung markets in Europe, North America, and Japan. It is now selling its control 
panel to Japan. 
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SOURCES OF SUPPORT 
It was mentioned by Samsung that a track record is extremely important in the windmill 
business, i.e., how reliable and how safe the system is and how much power that can be 
generated. Government support is acknowledged as an important aspect for establishing that 
track record. All four trials that Samsung has had for the demonstration projects are funded or 
co-funded by government. On the research side, Samsung has participated in government 
funded projects with Korea University, Kangwon National University, Seoul National University, 
and others on effective power management systems, vibration prediction, and health monitoring 
systems. Other research includes new algorithms for condition monitoring and prolonging the 
life of gearboxes. 

ASSESSMENT 
Samsung Heavy Industries is a relatively new player in wind power industry, but it clearly has 
analyzed its technical and business strengths. The approach that it takes, i.e., integrating first 
and then developing core technologies, provides the company a system perspective, which is 
critical to its business success. Its collaboration with universities seems to be rooted in its 
culture. 
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Shanghai Jiao Tong University 
Site Address: 800 Dongchuan Rd. 

Shanghai, 200240 
China 
Tel.: +86 21 34206750 
 
http://en.sjtu.edu.cn 

  
Date Visited: January 28, 2013 
  
WTEC Attendees: J. Cao (report author), M. Realff, R. Raffaelle, H. Ali 
  
Host(s): Prof. Ru-Zhu Wang (R.Z. Wang) 

Director, Engineering Research Center for Solar Power and Refrigeration 
Tel. +86-21-34206548 
rzwang@sjtu.edu.cn 

  

OVERVIEW 
The Engineering Research Center (ERC) for Solar Power and Refrigeration at Shanghai Jiao 
Tong University was funded by the Ministry of Education of China and jointly by domestic funds 
and donations from international corporations, such as Daikin and Panasonic. It is housed in a 
newly constructed building sponsored by the Italian Ministry of Environment, Land, and Sea, 
shown in Figure C.4. The building has many interesting features, such as two fully-instrumented 
model apartments (70 m2 and 90 m2) on the top floor, solar panels on the roof, air source heat 
pump water heater installed, and a monitoring system that monitors current energy generation 
from its renewable sources and energy utilization of the building, and displays its historical data. 

 
Figure C.4. Green Energy Laboratory of the Engineering Research Center (courtesy of 

Shanghai Jiao Tong University). 
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FUNCTIONAL FOCUS 
The site focuses on research activities associated with solar power and refrigeration. The site 
hosts labs and demonstration units. 

RESEARCH & DEVELOPMENT ACTIVITIES 
The ERC has four major research areas: 

• Solar energy conversion and utilization 
• Distributed energy systems (such as combined cooling, heating and power generation 

system, etc.) 
• Thermally driven cooling and refrigeration technologies 
• Solar PV, wind energy, and combined cooling, heat, and power (CCHP) forming smart grid 

technologies. 
Due to time limitations, most of the research activities that the team encountered during the visit 
focused on solar-absorption cooling and solar-assisted heat pumps. 
Research has been focused on addressing specific energy requirement in China, particularly in 
the southern area of China which has one third of the Chinese population, i.e., 400 million. For 
example, a typical Chinese family consumes about 40% of that of an American family, because 
Chinese do not use a dishwasher, occupy a smaller accommodations, and typically households 
are empty during the daytime. Another example of the local need is the difference in dress 
behavior in the Shanghai area and its surrounding areas, where people typically wear multiple 
layers indoors in the winter, and therefore, the room temperature to be maintained is lower than 
those in the northern area. A hot water temperature of 45°C is usually sufficient compared to a 
typical 70°C obtained from an electrically-heated hot water source. Therefore, air-source heat 
pump research is a very active area of the center. 
The center also performs research on solar boilers. The main challenge is manufacturing cost. 
The target price is about one fifth of the current cost. One costly element is the coating of 
double-wall glass. The group has been researching an alternative design using single-wall tube 
made of stainless steel (a cavity absorber). 

TRANSLATION 
The ERC invented a heat pump water heater in China, which was then commercialized in 2004 
in Huayang Solar Co. Now the total air source heat pump water heater market is ¥6 billion. The 
ERC has also studied extensively the solar heat pump water heater, which will be 
commercialized in 2013 by Linuo Paradigma, a joint venture in the city of Jinan, Shandong 
province. Of the total energy used in China, 1.5-2% is used to supply hot water. Earlier work 
aimed at addressing the needs of the countryside of China (where the electrical grid is 
incomplete) has helped to establish the alternative renewable energy industry. 
China is becoming more centralized, and new towns or cities are being built. This trend 
represents a good opportunity for integrating energy-efficient technologies into urban planning. 
Since about one year ago, Shanghai has had a budget of 50 CNY/m2 (i.e., $0.80/ft2) for 
renewable energy sources for every new building project. 
Currently the ERC is helping Linuo Paradigma to produce air source heat pump multifunction 
energy center for residential heating, cooling, and hot water supply. The main features are small 
temperature difference air handling units indoors and air source heat pump water systems 
outdoors. Prof. Wang stated: “35°C hot water will be good to heat the room to 18-22°C.” This 
new system may bring a new model for winter heating to China. 
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SOURCES OF SUPPORT 
The research center has been funded by federal, state and foreign governments, and by 
domestic and multi-national industries. For example, the center is a partner in EU FP7 projects; 
all the appliances in the two demonstration apartments (70 m2 and 90 m2, respectively) have 
been donated by industrial collaborators (e.g., Panasonic, Daikin). The two units have installed 
a home energy management system and use innovative and practical engineering solutions. 
These aim to reduce energy consumption at home, for example, air-conditioned curtain beds to 
minimize cooling needs on a hot summer night (Figure C.5). 

 
Figure C.5. Air-conditioned bed to minimize summer cooling needs (courtesy of Shanghai 

Jiao Tong University). 

ASSESSMENT 
The site has an excellent collaboration among all stakeholders and has been making real 
impacts to address local needs. The integration between research activities and teaching 
activities is also clear. Shanghai Jiao Tong University established a 4-year undergraduate 
degree program in renewable energy about two years ago. It is managed within the School of 
Mechanical Engineering. Courses in the area of decision making, system engineering and 
uncertainty analysis are taught by the School of Business. 
International collaboration is another area of strength at SJTU. The center has collaborations 
with Norway, Italy, France, Germany, and the United States. 
Prof. Wang mentioned that excellent local manufacturing capabilities have allowed the center to 
have a short design cycle and to translate their research results to implementation. The 
challenge, however, is the lack of standards that can be tailored to local needs. For example, 
the standard for “comfortable room temperature” differs between the southern and northern 
parts of China, and between China and United States.. Costs of air-source heat pump units will 
depend on the required temperature difference. 
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Singapore University of Technology and Design (SUTD) 
Site Address: 20 Dover Drive 

Singapore 138682 
Tel: +65 6303 6600 
 
URL: www.sutd.edu.sg 

  
Date Visited: February 2, 2013 
  
WTEC Attendees: Paul Collopy, Wayne Curtis, Patricia Foland 
  
Host(s): Prof. Saif Benjaafar, Ph.D. 

Head of Pillar: Engineering Systems and Design 
saif@sutd.edu.sg 
 

 David Chai 
Lead, Entrepreneurship Centre 
davidchai@sutd.edu.sg 
 

 Prof. Martin Dunn (contact) 
Associate Provost for Research 
Martin_dunn@sutd.edu.sg 
 

 Alex Lin. Ph.D. 
Director, Undergraduate Practice Opportunities Programme 
Office of Education 
alex_lin@sutd.edu.sg 
 

 Dr. Woon Kwong Wong 
Director, Research & Industry Collaborations 
wongwoonkwong@sutd.edu.sg 
 

 Dr. Erik Wilhelm 
SUTD - MIT Postdoctoral Fellow 
erikwilhelm@sutd.edu.org 

  

OVERVIEW 
The university’s website (SUTD 2013) gives a top down view. Its mission is: 

The Singapore University of Technology and Design is established in 
collaboration with MIT to advance knowledge and nurture technically 
grounded leaders and innovators to serve societal needs. This will be 
accomplished, with a focus on Design, through an integrated multi-disciplinary 
curriculum and multi-disciplinary research. 

And they view their approach as unique: 

mailto:saif@sutd.edu.sg
mailto:davidchai@sutd.edu.sg
mailto:Martin_dunn@sutd.edu.sg
mailto:alex_lin@sutd.edu.sg
mailto:wongwoonkwong@sutd.edu.sg
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Slated to be the first university in the world to integrate the concept of design 
and innovation as a common thread in research and engineering, we will 
attract and groom the very best faculty, staff and students to create an 
environment that will propel SUTD to become an intellectual hub and engine 
of growth for Singapore, Asia and the world. 

The university is quite new; it admitted its first cohort of about 350 undergraduates in April, 
2012. Thus much of this report is about their plans, not an assessment of past 
accomplishments. They expect to have a total of about 4,000 undergraduate students, about 
2,300 graduate and postgraduate students, and about 375 faculty members. SUTD will have 
campuses in Dover and Changi, Singapore; the illustration above is their interim location at the 
Institute for Technical Education in Dover. They collaborate with international partners, including 
Zhejiang University (ZJU) in China, as well as MIT in the U.S. Their president is Thomas 
Magnanti, who is a former dean of engineering at MIT. He continues to be a professor at MIT, 
as do many of SUTD’s faculty members, because of this close collaboration. MIT’s 
management clearly views this as an important educational experiment, which it hopes will pay 
big dividends for the U.S. as well as Singapore (Young, 2010). 

 
Figure C.6. From left: Alex Lin, Woon Kwong Wong, David Chai, Saif Benjaafar, Paul 

Collopy, Wayne Curtis, Martin L. Dunn, and Patricia Foland at SUTD, Feb. 2, 
2013. 

FUNCTIONAL FOCUS 
SUTD has a multidisciplinary approach to systems-level engineering and design. In a cohort-
based class with a hands-on approach, undergraduates first learn the fundamentals, including 
mathematics, physical sciences, biological sciences, and the humanities, and then go on to 
study analytics, economics, and management. The program then leads to a design focus on 
large-scale complex systems, including not only power generation and distribution, but also 
supply chains and logistics, transportation systems, healthcare delivery systems, financial 
services, and communication systems. 

RESEARCH & DEVELOPMENT ACTIVITIES 
In addition to their focus on design education, SUTD professors are also heavily engaged in 
research, a list of articles are available at http://www.sutd.edu.sg/idc_journalarticles.aspx. About 
half of the professors are also on the faculty at MIT, which has very high standards for research. 

http://www.sutd.edu.sg/idc_journalarticles.aspx
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SUTD collaborates with Zhejiang University on healthcare, transportation, and environmental 
research among others, a list of projects done in 2011 is listed at http://www.sutd.edu. 
sg/research_zju.aspx. 

TRANSLATION 
The SUTD education is closely coupled to the design of real-world large-scale systems, which 
should enhance the abilities of their graduates to make immediate contributions in industry. The 
SUTD collaboration blueprint shows other paths for translations. (Figure C.7). 

 
Figure C.7. Collaboration opportunities with SUTD (from http://www.sutd.edu.sg/idc_ 

opportunities.aspx). 

Also as part of the program, SUTD partners with industry to give students during the summer 
break an opportunity to work on real world problems: a list of projects is available at 
http://www.sutd.edu.sg/idc_projects.aspx. 

SOURCES OF SUPPORT 
SUTD is a public, but autonomous, national university. In 2013 its income was about $56 million 
(U.S.). Its sources of revenue are tuition payments, donations, endowment income, and 
Singapore government grants, which provided more than 90% of the income in 2012. 

ASSESSMENT 
The Singapore University of Technology & Design may well become a world leader in 
incorporating the systems approach to education into its programs in engineering and design. 
SUTD’s interdisciplinary approach to engineering and design, including systems engineering 
education, involves a number of potential advantages when compared with traditional 
engineering education curricula in the United States. Some think that engineering programs in 
American universities tend to lose students because they does not get them into design work 
quickly enough, whereas a fairly rapid immersion in design and real-world problems is a staple 

http://www.sutd.edu.sg/research_zju.aspx
http://www.sutd.edu.sg/research_zju.aspx
http://www.sutd.edu.sg/idc_opportunities.aspx
http://www.sutd.edu.sg/idc_opportunities.aspx
http://www.sutd.edu.sg/idc_projects.aspx
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of SUTD’s educational philosophy. While interdisciplinary academic programs have their 
strengths and weaknesses, the WTEC panel believes that SUTD’s approach on getting students 
involved in solving real-world and systems-level challenges is something that U.S. universities 
could learn from. 

SELECTED REFERENCES 
SUTD. 2013. Singapore University of Technology and Design. Accessed 3/31/13: http://www.sutd.edu.sg/ 
Wikipedia. 2013. Accessed 3/31/13: 
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Education, Nov. 28, 2010. Accessed 3/31/13: http://chronicle.com/article/Singapores-Newest-
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The Energy and Resources Institute (TERI) 
Site Address:  Plot No. 10 Institutional Area 

Vasant Kunj 
Darbari Seth Block, IHC Complex, Lodhi Road 
New Delhi - 110 003 
 
http://www.teriin.org/index.php# 

  
Date Visited: January 28, 2013 
  
WTEC Attendees: W. Curtis (report author), P. Collopy, A. Deshmukh, P. Foland, A. Damle 
  
Host(s): Dr. V.V.N. Kishore 

Professor and Head 
Dept. of Energy and Environment 
vvnk@teri.res.in 
 

 Amit Kumar 
Director, TERI 
Energy-Environmental Technology Development Division 
akumar@teri.res.in 
 

 Arun Kansal, Ph.D. 
Associate Professor 
Department of Natural Resources 
akansal@teri.res.in 
 

 Priyanka Kaushal, Ph.D. 
Assistant Professor 
Department of Energy and Environment 
Priyanka.kaushal@teriuniversity.ac.in 
 

 Najmur Rahman, Ph.D. 
Assistant Professor 
Department of Energy and Environment 
Najmur.rahman@teri.res.in 
 

 Ram Kishore Singh, Ph.D. 
Lecturer 
Department of Energy and environment 
Ramkishore.singh@teri.res.in 
 

 Anil Kane, Ph.D. 
President Emeritus 
World Wind Energy Association 
kaneanil@hotmail.com 

  

mailto:vvnk@teri.res.in
mailto:akumar@teri.res.in
mailto:akansal@teri.res.in
mailto:Priyanka.kaushal@teriuniversity.ac.in
mailto:Najmur.rahman@teri.res.in
mailto:Ramkishore.singh@teri.res.in
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OVERVIEW 
TERI University is a relatively recent (1999) spin-off from TERI (The Energy and Resources 
Institute), which has a history of prominence in sustainability public policy and research. TERI 
continues a long tradition of providing information and forums for discussion about climate 
change. The TERI University building (Figure C.8) is a testament to the “Green Buildings” and 
the GRIHA rating system adopted nationally to assess building energy use and waste 
generation. The Lighting a Billion Lives (LaBL) initiative aims to provide lighting for the hundreds 
of millions off the grid in India and in remote villages throughout the world. 

 
Figure C.8. The TERI University “Green Campus” showcasing energy efficient 

architecture/infrastructure. 

TERI University is a private graduate institution engaged in teaching and research on 
sustainability issues, with nearly 700 students of whom 100 are Ph.D. students. The 2-year 
MTEC degree seeks to develop “generalists,” who are widely trained using elective clusters with 
cross-training in mathematics and biology. There is a focus on interacting with industry both for 
relevance and job placement; 6-month projects undertaken in the 4th semester are conducted in 
conjunction with industrial partners. Due to being a small and relatively new university, there is a 
reliance on guest faculty. While there is no formal curriculum in renewable energy, five of the 68 
faculty are specifically within the renewable energy space. TERI University is seeking 
international collaborations, and has a programmatic memorandum of understanding (MOU) in 
Forest Management with Yale and numerous other universities for various programs (North 
Carolina State, Free University of Berlin, Michigan State University). Since our visit was 
accommodated at TERI University, this limited some of the discussion of more general TERI 
initiatives. The university itself is a prime example of green building technology where it has 
been designed for rain-water capture. In addition to passive solar design, the air handling 
passes through underground tunnels to reduce heating and cooling load. 
The relevance of off-grid power became clear when it was pointed out that there are more 
people in India who lack electrical power than the entire population of the United States. A 
discussion of wind power involving Dr. Kane noted the “difficulty” of scale-up of vertical wind 
turbines might represent an opportunity for small-scale distributed power generation compatible 
with the rural electrification initiative. 
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FUNCTIONAL FOCUS 
TERI is also recognized worldwide for its organization of summits on 
sustainability such as Delhi Sustainable Development Summit and World 
Sustainable Development Forums. At its inception, TERI focused on 
information technology to seek an answer to the question of how 
sustainable energy will transition to replace fossil fuels. As an early voice 
in climate change, it based its philosophy on serving the underprivileged, 
noting “the poor and most vulnerable are least responsible and affected 
most.” TERI has grown from an advisory role for sustainable development 
policy to nearly 1000 employees, who facilitate and conduct research in areas ranging from 
bioremediation to plant propagation and increasing agricultural production. 
While some of the discussion focused on TERI areas of strength such as “Green Buildings,” the 
specific area most relevant to the SEEM study was the development of off-grid renewable 
power. There was considerable discussion on the development and deployment of small 
biomass syngas gasifiers—building upon historical experience with efficient cook stoves and 
more generally on waste management and wastewater treatment. The focus on distributed 
production and use of energy lends itself to a highly-distributed manufacturing paradigm where 
technologies are “tweaked” for regional implementation. The advantage of avoiding power 
distribution, and the value of delivering critically transformative base technology to rural 
communities offsets the absence of economies of manufacturing scale. TERI has promoted a 
view of India as a “Renewable Energy Manufacturing Hub.” 

RESEARCH & DEVELOPMENT ACTIVITIES 

TERI Research 
The research work at TERI is described in detail on the university web site 
(http://www.teriin.org/index.php#). Research is divided into the following areas: 

• Biotechnology and Bioresources 
• Earth Science & Climate Change 
• Educating Youth for Sustainable Development 
• Energy Environment Technology Development 
• Environmental and Industrial Biotechnology 
• Green Growth and Development 
• Industrial Energy Efficiency 
• Information Technology and Services 
• Knowledge Management 
• Resources, Regulation and Global Security 
• Social Transformation 
• Sustainable Development Outreach 
• Sustainable Habitat 
• Technology Dissemination & Enterprise Development 
• Water Resources 
One project, the solar night lights initiative, was a noted success that involved hundreds of small 
industry partners (covering areas of solar panels and battery technology). The importance of 

http://www.teriin.org/index.php


 Appendix C. Site Visit Reports – Asia 217 

this initiative to the economically disadvantaged was emphasized, where a few hours of light at 
night facilitates children studying and women doing crafts and other activities for increased 
household income. 
Two agricultural advances promoted by TERI were also highlighted with a focus on increasing 
plant productivity on marginal land. Mycorrhizal fertilizer has been developed to replace 
chemical fertilizers by plant-specific fungi that establish a symbiosis with the plants to result in 
more efficient uptake of soil nutrients and tolerance to drought stress. The Biotechnology & 
Bioresources Division works on plant improvement and produces over a million disease-free 
tissue-cultured plants per year for forestry, fruit, medicinal, and flower industries. TERI has an 
Industrial Energy Efficiency Division that can provide audits of plant energy use, while promoting 
environmentally sound technologies. This program also has the ability to provide greenhouse 
gas emission accounting based on international guidelines. Although very relevant to this study, 
this was not emphasized either in discussions or on the website. 
Of particular relevance to the current study is the Energy-Environment Technology 
Development (EETD) Division, which includes a very active focus on biomass energy. This 
group is engaged in the implementation of small-scale biomass gasifiers (10-150 kW) for heat 
and power applications in the developing world in remote/isolated communities as well as 
applications in small industry. How this group overcomes the problem of tar accumulation 
associated with low-temperature biomass gasification invariably builds on the technological 
advances of the preceding work of the Indian Institute of Sciences bio-energy systems, which 
includes the injection of 10-20% diesel fuel to provide for ignition. It should be noted that routine 
(even daily) maintenance is not infeasible in developing countries with low labor costs. Over 400 
TERI gasifiers are in use in small industries such as textiles, rubber, metal and mineral 
processing. These follow a historical initiative (National Biomass Gasifier Programme, 1987-
1993) that reported installation of more than 1000 units, mainly for irrigation. More recently, the 
TERI Rural off-grid electrification is based on a 10 kW package with plans for integration of solar 
and possibly small-scale wind power. A major goal of the off-grid initiative is now to provide 
“community refrigeration,” which will help reduce waste in the country’s food supply chain. TERI 
is currently developing a 5-ton solar/biogas chiller system that is in its seventh design iteration 
between field and laboratory studies. This illustrates the ability to interact with regional 
manufacturers in the design and deployment process. 
TERI also has research in lignocellulosic biomass pretreatment and conversion to ethanol as 
well as wastewater treatment technologies including the TEAM (TERI’s Enhanced Acidification 
and Methanation) process for the production of methane (biogas) of a high-organic extract of 
vegetable waste—the fixed-dome biogas plant for rural households. A discussion of biogas 
implementation in India suggests that this renewable energy resource has remained 
underdeveloped. This may be in part due to comparatively less centralized municipal waste 
management systems, compared to those in the United States, for example. In addition, there 
was discussion of micro-regional waste management that has become an issue due to rapid 
growth of the more modern suburban parts of India where sub-communities are mandated to 
deal with their waste within a specified boundary. The rotating disk wastewater technology 
installed at the TERI University (Figure C.9) is an example of small-scale wastewater 
technology. It was also noted that programs such as the gasoline-ethanol blending incentive or 
the rural lighting initiative provide an opportunity for the critical phase of design iteration 
improvements and deployment of smaller-scale distributed technologies. 

TRANSLATION 
To help disseminate sustainability practices into industry, TERI has an active Business Council 
for Sustainable Development (http://bcsd.teri.res.in/). This group provides workshops, 

http://bcsd.teri.res.in/
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publications and training to promote environmentally responsible business management and 
leadership. Research at TERI is heavily focused on applied problem solving with the goal of 
producing value. For example, the “Oil Zapper” is a bacterial mix that is used on oil spills to 
remediate by consuming the oil. There are similar products intended for use in enhanced oil 
recovery. 

 
Figure C.9. A small-scale rotating disk wastewater treatment technology installed on the 

TERI University campus. 

India views itself as an export manufacturer of wind and small biomass gasifiers and is 
partnering internationally to facilitate that goal. TERI is working with Indian manufacturers such 
as Sona Koyo Steering Systems Limited (SKSSL) and NTPC Limited (formerly National 
Thermal Power Corporation; a large state-owned electrical utilities company) on anaerobic 
digestion biogas production systems. They are working on thermal gasifiers with companies 
such as Chanderpur Works Pvt. Ltd. An agreement is being developed with the Technical 
University of Denmark on biomass gasifier design, and decentralized chiller systems 
development is planned with the Commonwealth Scientific and Industrial Research 
Organization (CSIRO) in Australia. A biomass gasification pilot plant effort is currently ongoing 
in Uganda and 20 community biomass gasifier-electrification projects involve Myanmar (Burma). 
The geopolitical component of TERI provides involvement in numerous energy-development 
activities in developing countries. For example, the Economic Community of West African 
States (ECOWAS) Regional Centre for Renewable Energy is being developed with the help of 
the United Nations Industrial Development Organization. The Energy Efficiency initiative in 
Sierra Leone, Africa, the Pacific Islands Forum for Capacity Development, and the Centre for 
Energy Innovation and Sustainable Cities in Mexico City are also being pursued. A discussion 
with TERI University personnel suggested they had not yet had to deal with issues of patents 
and intellectual property, which may reflect some of the “minimum-technology” distributed 
platforms being developed. 

SOURCES OF SUPPORT 
TERI is a private university, and does not currently receive regular grants from the government. 
It has been very active in numerous large government initiatives and has benefited from the 
increased importance of sustainable systems and economic development for rural communities. 
TERI has a strong interaction with the Indian government as a result of its role in providing input 
for energy policy. 
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ASSESSMENT 
TERI has a respected history related to sustainability that has included both informing policy 
and development of specific technologies. This role will become increasingly important as 
greater pressures of “energy versus environment” develop in the future. While many “developing 
world” initiatives have focused on Africa, the issues facing India encompass both providing 
absolute basic needs and minimal but critical improvements in standard of living. Having the 
resources of an emerging world economy that has the intellectual capabilities to work on these 
problems is an integral part of their own governmental policy. This provides a potentially 
powerful combination of experience that spans the developed and developing world. The 
proliferation of the Internet has enabled TERI to reach more people, underpinned by its origin in 
information technology. 
TERI University is a young university immersed in a culture of sustainability thinking. It seems 
appropriate that they would take a keen focus on the underserved population in this 
sustainability spectrum. The development of scaled-down systems is amenable to development 
without large investments in research infrastructure and operating costs. Similarly, the growth of 
regional manufacturing places these efforts closer to the end user where the critical innovations 
and improvements can be assessed. The role of Teri University in producing the next 
generation that will shape sustainable technology thinking should not be overlooked. There 
seems to be an opportunity within TERI to integrate is Agricultural Productivity enhancement 
efforts with biomass gasification and off-grid power generation initiatives. 
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The Solar Energy Centre 
Site Address: 19th Milestone, Institutional Area 

Gurgaon-Faridabad Road 
Gwalpahari, Gurgaon 
India 
0124- 579207 
 
http://mnre.gov.in/centers/about-sec-2/ 

  
Date Visited: January 28, 2013 
  
WTEC Attendees: P. Collopy (report author), W. Curtis, A. Deshmukh, P. Foland, A. Damle 
  
Host(s): Dr. Bibek Bandyopadhyay 

Director, Solar Energy Centre 
Ministry of New and Renewable Energy 
Tel: 0124 2579207 
Tel: 011 24360331 
bbibek@nic.in 
 

 Dr. J.P. Singh 
Scientist F 
Solar Energy Centre, MNRE 
jp.singh.mnre@nic.in 
 

 Dr. Rajesh Kumar 
Scientist E 
Solar Energy Centre, MNRE 
Tel: 0124 2579212 
rajesh_kumar66@rediffmail.com 
 

 Shri S.S. Bedi 
Scientist F 
Solar Energy Centre, MNRE 
Tel.: 0124 2570205 
surender.bedi@nic.in 
 

 S.K. Bharadwaj 
Scientist D 
Solar Energy Centre, MNRE 
Tel.: 0124 2579026 
skb@nic.in 
 

  

mailto:bbibek@nic.in
mailto:jp.singh.mnre@nic.in
mailto:rajesh_kumar66@rediffmail.com
mailto:surender.bedi@nic.in
mailto:skb@nic.in


222 Appendix C. Site Visit Reports – Asia 

 

OVERVIEW 
The Solar Energy Centre (SEC) supports policy development for the transition of India into a 
greater use of solar energy through funding research and development and strategizing 
avenues for technology transition. They also operate outdoor laboratory trials of photovoltaic 
and concentrated solar thermal systems, and conduct policy analysis. The Centre’s activities fall 
into three categories: applications research, technology evaluation, and a visitors’ program for 
education and dissemination. What the Centre learns goes into the hands of users in electrical 
generation, in general industry, and in the Indian villages. 
The SEC walks the renewable energy talk. For instance, the Centre uses solar powered air 
conditioning, and by 2014 the Centre campus will consume net zero energy. 
The Ministry for New and Renewable Energy (MNRE) originated in the 1980s as the Committee 
for Additional Sources of Energy, one of the first governmental units in the world focused on 
renewable energy. Since that time, the charge has been to increase India’s utilization of 
renewable energy and to get energy into the isolated villages of India, to bring them into the 
national stream. MNRE has proposed a green electricity policy under which 15% of India’s 
electrical power will come from renewable sources by the year 2020. Progress to date suggests 
that this goal is achievable. 
The SEC is an element of MNRE tasked with transitioning solar energy technology into national 
service, in part to scale up the renewable energy flowing into the electrical power grid, and in 
part to transition small scale solar power solutions into the villages of India, where 700 million 
people live, half of whom have no electricity at all. 
India has been mainstreaming renewable energy for the last decade. Currently there are 1.8 
GW of installed capacity from wind turbines and over a gigawatt of solar power, including 
photovoltaics and solar thermal. A recent study from Lawrence Berkeley National Laboratory 
showed that India has a potential of 700GW of installed wind capacity. However, the SEC has a 
less optimistic figure, because they assume that only 1% of India’s land could be made 
available for wind farms, and the typical turbine will have an 8-meter hub height, which limits 
how much of the atmosphere it can intercept. 

FUNCTIONAL FOCUS 
SEC’s principal pathways of influence are to fund research at universities; transfer technology to 
industry, which is then developed into products using government subsidies; and devise policies 
such as subsidy programs to make new technology operational. 
SEC’s role is to improve systems design in the energy arena. A key is matching technologies to 
needs. For example, there are technologies becoming available for solar cookers that can be 
used in the villages. However, to fit the needs of the villagers, a cooker also needs to cook the 
evening meal. It also needs to be reliable if it is going to be successful in the market. 

RESEARCH & DEVELOPMENT ACTIVITIES 
The Solar Energy Centre (SEC) sponsors research at universities and conducts research within 
its own walls. An example is the solar resource assessment, which mapped the available solar 
energy at each point in the nation of India, considering cloud cover, atmospheric diffusion, and 
latitude. 

Concentrated Solar Thermal 
The SEC is looking at several concentrated solar thermal technologies. Two conventional 
methods are a mirrored parabolic trough (with a concentrator running down the axis) and a 
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linear Fresnel system, with strips of mirrors running across the ground and a concentrator 
suspended at the focus, a couple of meters off the ground. 

Biomass 
A systems point of view leads the SEC to also work with renewable biomass energy systems. 
One project is a biomass gasifier that can provide energy to three or four villages. An ammonia 
cycle system collects waste heat that can be used for heating at night. 
Industry wants to use biomass, but energy requirements for industry are much more rigid that 
for the villages. For example, if a factory needs heat at 150°C, they need 150°C for sure, 24 
hours a day and 7 days a week. 
SEC is also looking at industrial biomass systems that hybridize with existing diesel electrical 
power systems. The diesel systems are being selected in preference to hybrid coal/renewable 
systems, even though there are many industries that use coal. The reason is that government 
policy is to resist expanding the use of coal as an energy source. A 150kW biomass generator is 
being studied. Part of the energy output would be used for cooling. 
India can, in theory, deliver 18 GW of energy from biomass, but this is more difficult than people 
think, and especially difficult in India. To deliver a substantial amount of energy requires a 
substantial amount of biomass. For example, one approach was planned to generate electrical 
power from the waste husks of rice. But once the plant was constructed, the local people 
decided that they would not give rice husks to the energy plant. Instead the plant must pay for 
the husks. But this cost made the plant unprofitable, so now the rice husks are thrown out, as 
they always have been. 

Systems Engineering 
The SEC naturally engages in systems engineering research as a part of their big-picture 
approach to increasing the solar energy content of the Indian energy grid, and of using solar to 
increase energy availability to the villages. For example, storage is a systems engineering 
problem, both on the grid and in the villages. The SEC believes that a step-by-step systems 
engineering implementation can provide a reliable installed system. 
Electricity for the villages in India is an example of a very large scale application of small scale 
power technologies and systems. 35% of Indians have no electricity, which amounts to more 
people than the entire population of the United States. Many others are limited to six or seven 
hours of electricity per day. 
Battery technology is needed to enable the widespread use of solar panels in the village for 
small scale applications such as street lights or limited home power. The batteries must be 
inexpensive, easy to maintain in Indian villages, and able to last through many years of cycling. 
Standard car batteries are problematic because they require distilled water, which is unavailable 
in the villages, and they do not recover from deep discharges. These inevitably occur as the 
villagers try on special occasions to get more power for late night lighting or televised key cricket 
matches, or as villagers try to expand the use of power by, for example, plugging in an electric 
iron. 
A major problem in PV powered streetlights, uncovered through testing at SEC, is that birds 
perch on the solar cells at the top of the light pole, and their droppings reduce the sunlight that 
reaches the PV cells. Because the solar cells are mounted high on a light pole, they are 
inaccessible for cleaning. Similarly, photovoltaics in desert installations lose efficiency as they 
become dusty, and in some of these areas there is not enough water to keep the panels clean. 
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The administration building at the SEC was used as an example of a systems consideration. 
The building was designed around 1979, and was exemplary for energy efficiency at the time. It 
uses water to cool the roof in the hot summer, a good idea on the surface. However, water 
systems do not work well in buildings over the long haul. They have chronic maintenance 
issues. From the life cycle perspective, the water-cooled roof is not effective. This kind of long-
view systems perspective is typical of the work done at the SEC. 
The SEC is also working on many of the same electrical grid topics that are engaging 
researchers around the world. India is developing smart grid technology that can be used to 
allow people to elect to limit their electricity consumption to a certain threshold, and also to 
influence at what time of day people use electricity. 
India is in very preliminary phases of stabilizing the grid. The grid in Delhi experiences several 
power outages per day. Therefore, every manufacturing site has a backup diesel generator. 
When the diesels have been in place for a year or so, they must be replaced. The used diesel 
generators are acquired by entrepreneurial young men in the villages, who sell electricity to their 
neighbors. However, this is a high-cost, high-carbon-footprint solution. There must be a better 
way to expand electrification into the villages. 

TRANSLATION 
In support of expanding solar energy input to the electrical grid, the SEC conducts durability 
performance of PV and solar thermal concentration power systems. The problems worked by 
the SEC tend to be engineering, storage, installation, maintenance, and operation. Fundamental 
performance issues are worked out by manufacturers upstream of SEC testing. This is 
exemplary of the SEC role. While other research foundations and governments around the 
world are focused on increasing the quantum efficiency of photovoltaic junctions, SEC is 
concerned with making sure the systems that are integrated into the electrical grid or installed in 
the villages will be reliable and effective for years to justify the capital investment. 
Indigenous and imported PV panels are tested in pilot solar farms on site at their facility in 
Gurgaon. Some examples of PV modules that we observed on test are: 

• Uni-Solar US-64 16V 64W module (U.S. manufacture) 
• BP Solarex Millennia MST-43 MV/R 98V 43 W module (U.S. manufacture) 
• Siemens ST40 16V 40W module (German corporation, location of manufacture not 

indicated) 
• Alpex ALP250 W 30V 250W module (Indian manufacture) 
• Kaneka Z-EA075 87V 75W module (Japanese manufacture) 
Testing has revealed that 20 year PV panels do not last 20 years. Also, the efficiency drops off 
during hot afternoons, and overall performance in real installations is not near the performance 
that is advertised. 
Testing is also performed on solar thermal systems, primarily parabolic mirror systems and 
linear Fresnel mirror systems. These have been evaluated to be more costly than photovoltaic 
panels due to the high cost of the concentrator (the target of the mirrored sunlight). Only one 
source produces the concentrators, and monopolization increases the price. There is also a 
concern that solar thermal systems take up a great deal of land, which is a scarce resource in 
India. Solar thermal is also seen as an energy intensive source. Finally, current solar thermal 
systems can only utilize parallel solar radiation, which effectively means radiation that travels 
directly from the sun. Because of high particulate concentrations in the atmosphere, much of the 
incident radiation is scattered in India. This has minimal impact on photovoltaic systems, but 
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directly reduces the power output of solar thermal stations. The direct normal irradiation average 
across India is 700 kilowatt-hours per square meter, which is less than half what would be 
possible with completely clear, deep blue skies. 
The Solar Energy Centre also tests local power solutions for the villages including solar 
powered street lighting, home lighting, and lanterns. A typical village street light consists of a 
four meter pole with a low cost solar panel mounted on top, an LED light below the panel, and a 
lead acid battery mounted 1.5m above the ground. The top technical challenge currently is 
obtaining inexpensive batteries that are robust (for example, can tolerate deep discharges 
without a loss of performance) and can be maintained by the villagers (which means, for 
example, that they do not require distilled water). An example of a challenge that Solar Energy 
Centre is addressing is the performance deterioration of solar street lamps due to birds perching 
and defecating on the panels. In the current arrangement, the panels are too high to clean, and 
it is not certain the villagers would clean them if they could. 
In summary, the technical challenges in village-level solar power are not photovoltaic efficiency 
so much as low cost, durability, and robust to village handling and maintenance capabilities. 

Social Considerations 
There are also cultural challenges that must be addressed for solar interventions in the villages 
to be effective. For example, the government fielded a box style solar cooker, but in the villages, 
people preferred to use it as a mirror and as a storage box. It is not generally used for cooking. 
So it provides value to the villagers, but is not the efficient renewable energy source that was 
intended. The solar cooker program was originally driven by a government incentive, but now 
production is self-sustaining, so the incentive has been removed. 
Home lighting systems for the villages consist of three elements: a photovoltaic module, lights, 
and car batteries (12-volt lead-acid batteries). There are many problems in the field, primarily 
with the batteries. They require periodic addition of distilled water, which is not available in the 
villages. They also do not work well after deep discharge. The systems are designed for three 
hours of lighting in the evening, but periodically there will be a special event or holiday when 
people will stay up later. Then the battery will be deep-discharged, and its performance will be 
permanently compromised. 
The Ministry of New and Renewable Energy is not the only path for rural electrification. For 
example, villagers are acquiring photovoltaic-powered community televisions for watching 
cricket matches. Also, villages acquire diesel generators to locally produce electricity.. 

SOURCES OF SUPPORT 
The Solar Energy Centre is an element of the Ministry of New and Renewable Energy, an arm 
of the Central Government of India, so its support is from the government. 

ASSESSMENT 
The Solar Energy Centre facilitates the interactions among the Government and institutions, 
industry, and user organizations to advance the spread of solar energy in India. Its activities 
include R&D, testing and standardization, outreach/education, and advisory and consultancy 
services. In all of its activities SEC works to relate solar energy technology to the unique needs 
of India. 
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 Jon Hak Bae, Manager 
TÜV Rheinland Yeungnam University Photovoltaic Testing Center 
joonhak@ynu.ac.kr 
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STX Solar R&D Team 
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OVERVIEW 
The university was started in 1947 with the formation of Daegu College. Daegu merged with 
Chunggu College in 1967 to create Yeungnam University (YU), which has 25,000 students and 
190,000 alumni. It also has a law school and medical school. Korea has a strong national 
research and education program focusing on green energy. As a result, there are now 16 
different graduate programs in green energy and some 34 undergraduate programs around the 
country. 
Joining us in our discussions at YU was a large number of academic and industrial participants. 
Many of the invited faculty members are former corporate executives, so the attendees had a 
good knowledge of the industrial perspective on academic research and education. 

FUNCTIONAL FOCUS 
Professor Jae Hak Jung provided an introduction to YU’s new global Initiative called Global 
Frontier 10-3-10 with a focus they call “convergence research.” YU hopes to become one of the 
top 10 universities in the world in three study areas within 10 years by activating convergence 
research in order to make a lasting creation of new information. 
The three areas of convergence they are focusing on are green energy, culture, and biology. 
These three areas each have a separate plan for development. The GIFT Plan or Green 
Innovation for Tomorrow Plan, CVC Plan or Cultural Value Creation plan, and the H2O Plan 
(Happiness & Health Oriented Plan). 
YU currently offers courses in all aspects of applied PV, including materials, manufacturing, and 
the value chain of companies. They also have a large number of certificate programs that target 
industry. These are created by using a number of surveys and interviews to find out what the 
corporate training needs are. These courses often involve co-teaching from multiple 
departments and even external participants. 
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YU’s undergraduate major in green energy is modeled after the program at the University in 
New South Wales, which is widely considered to have the strongest photovoltaic-related 
academic program in the world. This program combines courses from: 

• Chemical Engineering 
• Materials Science & Engineering 
• Advanced Mechanical Engineering, such as Microsystems 
• Physics 
The green energy program is just starting up. They had six students (one female) in the first 
year, 18 (six female) the second year, and have already reached their steady state value of 25 
new students per year. Students admitted to this program receive a full scholarship along with 
free housing. Corporate partnerships guaranteed 25 jobs per year to the graduates. LG 
Electronics, LG Display, and LG Siltron are the participating companies for the job guarantee 
program. Yeungnam also has a co-op program. 
The PV convergence Graduate program currently has 150 students (M.S. & Ph.D.). They also 
offer a certificate program on solar cells with another 50 students per year. M.S. students must 
do a company defined project (half of the Chemical Engineering faculty and students are in the 
program). Advisors match up the students and companies. 20% of these students go on to do a 
Ph.D. 
In addition, YU also hosts a very popular and successful PV summer school. It is taught by Tim 
Coutts (retired from National Renewable Energy Lab.), Tim Anderson (from the University of 
Florida), and Angus Rockett (from the University of Illinois). 

RESEARCH & DEVELOPMENT ACTIVITIES 
The Solar Energy Research Institute (SERI) was founded in 2001 as a subcenter of the Institute 
of Cleaner Production Technology in YU. In 2008 this Institute was founded as one of the major 
research institutes supported by Yeungnam University. SERI has several research divisions, 
namely: 
Solar Cell Industry Technologies, Future Technologies in Photovoltaics, Research for Efficient 
Usage of Solar Energy, Co-operative Usage of Energy Systems of Solar Thermal Recovery and 
Power Generation, Solar Energy Economics, and Zero Energy Building Systems. This center 
has 40 professors whose activities support both industry and the regional government. 
Recently, they were selected to be a Regional Innovation Center (RIC) for Solar Cells and 
Modules, which is supported by the Ministry of Knowledge Economy in Korea. It is the only PV-
related RIC in Korea. 
This RIC has established an international co-op network with NREL and the Florida Solar 
Energy Center (FSEC) in the United States, the Advanced Institute of Science and Technology 
(AIST) in Japan, and several private companies in Germany, the United States, and China. 
They also have connections with a number of major domestic research institutes in Korea. 
Prof. Jung outlined the six major activities involving the RIC with major domestic research 
institutes for co-operative research: 

• Support for cell & module development 
• Pilot module manufacturing ($16 million, including the university and corporate matching) 
• Research foci: 

o Copper indium gallium selenide (CIGS) thin film, dye-sensitized, organic, hybrid, and 
next generation solar cells 
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o Optimization (software, simulation using genetic algorithms) of unit processes in PV 
value chain industries 

o Reliability 
• Cultivation of specialist and re-education 
• New item and business incubation 
• Co-operation with regional government 

TRANSLATION 
The RIC collaborates with over 100 companies. These companies range from small start-ups to 
large corporations. The government is supporting collaborations that team universities with 
small and large companies. To support their translation efforts they have established: 

• A PV fabrication facility along with complementary module fabrication equipment 
• A pre-certification program in conjunction with TÜV Rheinland, Korea Testing Laboratory 

(KTL), and KIER (MOU) 
• An enterprise support program focused on module fabrication improvement which involves 

more than 30 faculty members who are PV specialists 

SOURCES OF SUPPORT 
The Regional Innovation Center for Solar Cells and Modules, which is part of the convergence 
center for PV, green cars, and LEDs, is supported by the Ministry of Knowledge Economy in 
Korea ($16 million over 10 years). YU also hosts the Green Energy Education and Research 
Center with an annual project fund worth $5 million, which is a large scale national project 
amounting to $25 million dollars over five years. The center aims at fostering and supplying 
green energy human resources suitable for the “solar power parts and materials global 
competitiveness strengthening project” and “hydrogen energy cell global hub construction 
project,” which are specialized business areas of the green energy industry, the leading industry 
of the Daegu-Gyeongbuk expanded economic belt. The School of Chemical Engineering at YU 
also hosts a graduate program funded by the Ministry of Knowledge Economy ($0.5 per year for 
five years) that aims to foster core R&D workforce in the area of solar cell materials and 
processes. It is one of the four nationally funded, PV-related graduate programs in Korea. 
Organizations participating in the center are the School of Chemical Engineering, School of 
Materials Science and Engineering, and Major of Advanced Mechanical Engineering, 
Department of Physics. Professors from the Department of Chemistry, College of Commerce & 
Economics, Department of Environmental Engineering, and School of Biotechnology also 
participate. 

ASSESSMENT 
Yeungnam University has a very well integrated program combining curriculum, corporate 
cooperation, and cutting edge research in the area of photovoltaics. They host one of only two 
university-based TÜV Rheinland PV testing certification centers (of a total of seven) in the world. 
The other is at Arizona State University in the United States. The large number of faculty who 
specialize in PV, their cutting edge PV research facilities, combined with their international 
academic and corporate collaborations, provide one the best PV training programs in the world. 
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APPENDIX D. GLOSSARY OF ABBREVIATIONS AND ACRONYMS 

AAS - atomic absorption spectroscopy 
AC - alternating current 
AIST - Advanced Institute of Science and Technology (Japan) 
ASTAR - Agency for Science, Technology and Research, Singapore 
BEM - blade element momentum 
BERC - Biomass Engineering Research Center (unit of the Institute of Process Engineering, 

CAS) 
BESSY - Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung 
BIPV - building integrated photovoltaics 
BMBF - Bundesministerium für Bildung und Forschung [Federal Ministry of Education and 

Research] (Germany) 
BOL - beginning of life [performance] 
BTS - Billion-Ton Study (name for the 2005 study “Biomass as Feedstock for a Bioenergy and 

Bioproducts Industry: The Technical Feasibility of a Billion-Ton Annual Supply,” from 
the Oak Ridge National Laboratory, US DOE) 

CARMEN eV - Centrales Agrar-Rohstoff- Marketing- und Energie-Netzwerk (a part of CCRR at 
TUM, Straubing) 

CAS - Chinese Academy of Sciences 
CBET - Division of Chemical, Bioengineering, Environmental, and Transport Systems [at NSF] 
CCCEP - Centre for Climate Change Economics and Policy (United Kingdom) 
CCHP - combined cooling, heat, and power 
CCRR - Centre of Competence for Renewable Resources (TUM, Straubing) 
CdTe - cadmium telluride 
CEA - Commissariat à l'énergie atomique et aux énergies alternatives [Atomic Energy and 

Alternative Energies Commission] (France) 
CECRI - Central Electrochemical Research Institute [of CSIR] (India) 
CES - Centre for Energy Studies [of IIT] (India) 
CESUN - Council of Engineering Systems Universities 
CH&P - combined heat and power 
CIGS - copper indium gallium diselenide 
CIS - copper indium diselenide 
CMMI - [Division of] Civil, Mechanical, and Manufacturing Innovation [at NSF] 
CNDS - Center for Natural Disaster (Sweden) 
CNG - compressed natural gas 
CORPE - Center of Reliable Power Electronics (Denmark) 
CPSE - Centre for Process Systems Engineering (CPSE) 
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CPV - concentrated photovoltaic 
CSIR - Council of Scientific and Industrial Research (India) 
CSIRO - Commonwealth Scientific and Industrial Research Organization 
CSP - concentrated solar power 
CSTEP - Center for Study of Science, Technology and Policy (Bangalore, India) 
CZTS - copper zinc tin sulfide (CZTS) 
DAD - Deputy Assistant Director [at NSF] 
DBFZ - Deutsches Biomasseforschungszentrum (Berlin, Germany) 
DC - direct current 
DD - Division Director [at NSF] 
DDD - Deputy Division Director [at NSF] 
DoE, DOE - Department of Energy (United States) 
DSO - [electrical] distribution system owner 
DSSC -dye-sensitized solar cells 
DST-FIST - Department of Science & Technology -Fund for Improvement of Science & 

Technology Infrastructure [initiative] (India) 
DTC - Doctoral Training Centre (United Kingdom) 
DTU - Danish Technical University 
EC SET-Plan - European Strategic Energy Technology Plan (EC SET-Plan) 
ECCS -Division of] Electrical, Communications, and Cyber Systems [at NSF] 
ECOWAS - Economic Community of West African States 
EEC - [Division of] Engineering Education and Centers [at NSF] 
EERE - [Office of] Energy Efficiency and Renewable Energy [in US DOE] 
EETD - Energy-Environment Technology Development [division of TERI] 
EFL - Energy Futures Lab (Imperial College London) 
EIA - Energy Information Administration (United States) 
EIT - European Institute of Technology 
ELIF - excimer laser induced fluorescence 
EOL - end of life 
EPA - Environmental Protection Agency (United States) 
EPFL - École Polytechnique Fédérale de Lausanne (Switzerland) 
EPI - Earth Policy Institute 
EPSRC - Engineering and Physical Sciences Research Council (United Kingdom) 
ESA - Energy Systems Analysis [division of KTH] 
ESE - Energy Systems Engineering [department of IIT] 
ESI - Energy Studies Institute (Singapore) 
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ESP - electrostatic precipitator 
EU - European Union 
EV - electric vehicle 
FACTS - flexible AC transmission systems 
FERC - Federal Energy Regulatory Commission (United States) 
FFA - free fatty acid 
FhG - Fraunhofer Gesellschaft (Fraunhofer Corporation, Germany) 
FIT - feed-in tariff 
FOA - Food and Agriculture Organization (United Nations) 
FSEC - Florida Solar Energy Center (FSEC) 
FT - Fischer-Tropsch [process] 
FVEE - Forschungs Verbund Erneuerbare Energien [Renewable Energy Research Association] 

(Germany) 
GE - General Electric Company 
GHG- greenhouse gas 
GIS - geographic information system 
GTL - gas to liquid 
HEV - high efficiency vehicle 
HMI - Hahn-Meitner-Institut Berlin (Germany) 
HPR - heat-pipe reformer 
HTW - Hochschule für Technik und Wirtschaft [University of Applied Sciences] (Berlin, 

Germany) 
HVDC - high voltage DC transmission 
HZB - Helmholtz-Zentrum Berlin für Materialien und Energie 
ICL - Imperial College London (United Kingdom) 
ICT - information and communication technologies 
IEA - International Energy Agency 
IEOR - Industrial Engineering Operations Research [department of IIT] 
IES - Institute of European Studies [former name for IES Abroad] 
IET - Institute of Engineering Thermophysics (Chinese Academy of Sciences) 
IFAC - International Federation of Automatic Control 
IGAFA - Initiativgemeinschaft Außeruniversitärer Forschungseinrichtungen in Adlershof e.V. 

[Initiative of Extra-University Research Institutions at Adlershof] (Germany) 
IGERT - Integrative Graduate Education and Research Traineeship Program [of NSF] 
IIP - [Division of] Industrial Innovation and Partnerships [at NSF] 
IISc - Indian Institute of Science 
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IIT - Indian Institute of Technology 
IIT-CES - Indian Institute of Technology-Centre for Energy Studies 
IITD - Indian Institute of Technology Delhi 
IRENA - International Renewable Energy Agency 
ISE - [Fraunhofer] Institute for Solar Energy (Germany) 
IUSSTF - Indo-US Science and Technology Forum 
JSPS - Japan Society for the Promotion of Science 
KETEP - Korea Institute of Energy Technology Evaluation and Planning 
KIER - Korea Institute of Energy Research 
KTH - Royal Institute of Technology (Sweden) 
KTL - Korea Testing Laboratory 
LCA - life-cycle assessment 
LCC - life cycle costing 
LCI - life cycle inventories 
LENI - Laboratoire d'Energétique Industrielle [at EPFL] 
LFG - landfill gas 
LINC - Leaders in Industry-university Cooperation (membership organization of the Ministry of 

Education, Science and Technology and the National Research Foundation of 
Korea) 

LSE - London School of Economics and Political Science 
MBSE - model-based systems engineering 
MEP - methylerythritol phosphate 
METI - Ministry of Economy, Trade and Industry (Japan) 
MISTRA - The Swedish Foundation for Strategic Environmental Research 
MIT - Massachusetts Institute of Technology 
MKE - Ministry of Knowledge Economy (Korea) 
MMA - methylmethacrylate 
MNRE - Ministry of New and Renewable Energy 
MOSFET - metal-oxide-semiconductor field-effect transistor 
MOST - Ministry of Science and Technology [of the People’s Republic of China] 
MOU - memorandum of understanding 
MQW - multiple quantum well 
MSEK - million Swedish kronor 
MWel - megawatts electrical [energy] 
MWh - megawatt hour 
MWth - megawatts thermal [energy] 
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NCL - National Chemical Laboratory [of CSIR] (India) 
NCPRE - National Center for Photovoltaic Research and Education (India) 
NERI - NUS Environmental Research Institute (Singapore) 
NGInfra - Next Generation Infrastructures 
NIMBY - not in my back yard 
Ni-MH - nickel-metal hydride [battery] 
NIST - National Institute of Standards and Technology (United States) 
NREL - National Renewable Energy Laboratory (United States) 
NSF - National Science Foundation (United States) 
NSFC - National Natural Science Foundation of China 
NTPC Limited (formerly National Thermal Power Corporation, India) 
NUS - National University of Singapore 
ONR - Office of Naval Research (United States) 
OPV - organic photovoltaic 
ORC - organic Rankine cycle 
ORNL - Oak Ridge National Laboratory 
PAT - Perform Achieve and Trade (Energy Conservation Act, India) 
PBR - photobioreactor [for growing algae for biofuel] 
PCB - printed circuit board 
PDA - phase Doppler anemometry 
PET - Polyethylene terephthalate 
PI - principal investigator 
PLCM - product life-cycle management 
PNS - Photon and Neutrons for Science 
PSE - Process Systems Engineering (center at UCL, United Kingdom) 
PtJ - Project Management Jülich 
RFS - Renewable Fuel Standard (United States) 
RIC - Regional Innovation Center 
RICSCM - Regional Innovation Center for Solar Cells & Modules (Korea) 
RIN - Renewable Identification Number (United States) 
ROL - Republic of Korea 
RPS - renewable portfolio standard 
SEC - [The] Solar Energy Centre (India) 
SEEM - Systems Engineering for Clean and Renewable Energy Manufacturing 
SERI - Solar Energy Research Institute (United States) 
SERIIUS - Solar Energy Initiatives for India and the United States 
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SERIS - Solar Energy Research Institute of Singapore 
SES - Synthesis Energy Systems, Inc. 
SETO - Solar Energy Technologies Office [of US DOE] 
SJTU - Shanghai Jiao Tong University (China) 
SKSSL - Sona Koyo Steering Systems Limited (India) 
SNG -synthetic natural gas 
SSCU - Solid State and Structural Chemistry Unit [of IISc] 
STEM - science, technology, engineering, and mathematics [education] 
SUTD - Singapore University of Technology and Design 
TAG - triacylglycerol 
TCO - transparent conductive oxide [coating] 
TEAM - TERI’s Enhanced Acidification and Methanation [process for production of biogas] 
TERI - The Energy and Resources Institute (New Delhi, India) 
TKA - Technologiekreis Adlershof e.V. (Adlershof Technology Circle, Germany) 
TMSI -Tropical Marine Science Institute (Singapore) 
TPM - Technology, Policy, and Management [faculty at TU Delft] 
TU Delft - Delft University of Technology (Netherlands) 
TUM - Technische Universität München or Technical University of Munich (Germany) 
TUV - Technischer Uberwachungs-Verein (Technical Surveillance Association, Germany). 
U.K. - United Kingdom 
UCL - University College London (United Kingdom) 
UNIDO - United Nations Industrial Development Organization 
USDA - United States Department of Agriculture 
VINNOVA - Swedish Governmental Agency for Innovation Systems 
VR - Vetenskapsrådet (Swedish Research Council) 
VSC - voltage source converter 
WBG - wide band gap 
WDC - watts DC 
WSZ - Wissenschafts Zentrum (Center for Science, a part of CCRR at TUM, Straubing) 
WTEC - World Technology Evaluation Center, Inc. 
WTO - World Trade Organization 
YU - Yeungnam University (Korea) 
ZJU - Zhejiang University (China) 
 



 

WTEC Publications 
WTEC Books: 
Convergence of Knowledge, Technology, and Society: Beyond 

Convergence of Nano-Bio-Info-Cognitive Technologies. Mihail C. 
Roco, William S. Bainbridge, Bruce Tonn, George Whitesides (Ed.) 
Springer, 2013. 

Nanotechnology Research Directions for Societal Needs in 2020: 
Retrospective and Outlook. Mihail Roco, Chad Mirkin, and Mark 
Hersam (Ed.) Springer, 2011. 

International Assessment of Research and Development in Simulation-
Based Engineering and Science. S.C. Glotzer (Ed.) Imperial College 
Press, 2011 

International Assessment of Research and Development in Catalysis 
by Nanostructured Materials. R. Davis (Ed.) Imperial College Press, 
2011 

Brain-Computer Interfaces: An International Assessment of Research 
and Development Trends. Ted Berger (Ed.) Springer, 2008. 

Robotics: State of the Art and Future Challenges. George Bekey (Ed.) 
Imperial College Press, 2008. 

Micromanufacturing: International Research and Development. Kori 
Ehmann (Ed.) Springer, 2007. 

Systems Biology: International Research and Development. Marvin 
Cassman (Ed.) Springer, 2007. 

Nanotechnology: Societal Implications. Mihail Roco and William 
Bainbridge (Eds.) Springer, 2006. Two volumes. 

Biosensing: International Research and Development. J. Shultz (Ed.) 
Springer, 2006. 

Spin Electronics. D.D. Awschalom et al. (Eds.) Kluwer Academic 
Publishers, 2004. 

Converging Technologies for Improving Human Performance: 
Nanotechnology, Biotechnology, Information Technology and 
Cognitive Science. Mihail Roco and William Brainbridge (Eds.) 
Kluwer Academic Publishers, 2004. 

Tissue Engineering Research. Larry McIntire (Ed.) Academic Press, 
2003. 

Applying Molecular and Materials Modeling. Phillip Westmoreland (Ed.) 
Kluwer Academic Publishers, 2002 

Societal Implications of Nanoscience and Nanotechnology. Mihail Roco 
and William Brainbridge (Eds.) Kluwer Academic Publishers, 2001. 

Nanostructure Science and Technology: R&D Status and Trends in 
Nanoparticles, Nanostructured Materials and Nanodevices. R.S. 
Siegel, E. Hu, and M.C. Roco (Eds.) Kluwer Academic Publishers, 
2000. 

 
Selected WTEC Panel Reports: 
Assessment of Physical Sciences and Engineering Advances in Life 

Sciences and Oncology (APHELION) in Europe. P. Janmey (Ed.) 
(8/2012). 

International Assessment of R&D in Stem Cells for Regenerative 
Medicine and Tissue Engineering (12/2012). R. Nerem (Ed.) 

International Assessment of Research and Development in Human-
Robot Interaction (HRI) M. Veloso (Ed.) (5/2012). 

European Research and Development in Mobility Technology for 
People with Disabilities. D. Reinkensmeyer (Ed.) (8/2011). 

 
 

Selected WTEC Panel Reports, continued 
International Assessment of Research and Development in Rapid Vaccine 

Manufacturing. J. Bielitzki (Ed.) (7/2011). 
International Assessment of Research and Development in Flexible Hybrid 

Electronics. A. Dodabalapur (Ed.) (7/2010). 
Research and Development in Carbon Nanotube Manufacturing and 

Applications. P. C. Eklund (Ed.) (6/2007). 
High-End Computing Research and Development in Japan. A. Trivelpiece 

(Ed.) (12/2004). 
Additive/Subtractive Manufacturing Research and Development in Europe. 

J. L. Beaman (Ed.) (11/2004). 
Microsystems Research in Japan. R. T. Howe (Ed.) (9/2003). 
Environmentally Benign Manufacturing. T. Gutowski and C. Murphy (Eds.) 

(4/2001). 
Wireless Technologies and Information Networks. A. Ephremides (Ed.) 

(7/2000). 
 
Selected Nanotechnology Reports Published by WTEC: 
NNI Supplement to the President’s 2013 Budget (2/2014). 
Regional, State, and Local Initiatives in Nanotechnology (2/2011). 
NanoEHS Series: Capstone: Risk Management Methods & Ethical, Legal, 

and Societal Implications of Nanotechnology (3/2010). 
Defense Nanotechnology Research and Development Program: Report to 

Congress (12/2009). 
Manufacturing at the Nanoscale (2007). 
Building Electronic Function into Nanoscale Molecular Architectures 

(6/2007). 
Infrastructure Needs of Systems Biology (5/2007). 
X-Rays and Neutrons: Essential Tools for Nanoscience Research 

(6/2005). 
Sensors for Environmental Observatories (12/2004). 
Nanotechnology in Space Exploration (8/2004). 
Nanoscience Research for Energy Needs (3/2004). 
Nanoelectronics, Nanophotonics, and Nanomagnetics (2/2004). 
 
Selected Staff Research Papers: 
Publish or Patent: Bibliometric Evidence for Empirical Trade-offs in 

National Funding Strategies. Journal of the American Society for 
Information Science and Technology. Vol. 63(3): 498-511. R.D. Shelton 
and L. Leydesdorff (2012). 

The Race for World Leadership of Science and Technology: Status and 
Forecasts. Science Focus Vol. 5, No. 1, pp. 1-9 (Feb. 2010) in Chinese. 
Also, Proceedings of the 12th International Conference on 
Scientometrics and Informetrics, pp. 369-380, Rio de Janeiro, July, 
2009. R. D. Shelton and P. Foland. 

Relations Between National Research Investment Input and Publication 
Output: Application to an American Paradox, 9th International 
Conference on S&T Indicators, Leuven, Sept., 2006 and 
Scientometrics. Vol. 74 No. 2, 191-205, Feb., 2008. R.D. Shelton. 

All WTEC reports are available on the Web at http://www.wtec.org. 
Webcasts of recent workshops are available at http://www.tvworldwide.com. 
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