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1. GREENHOUSE GASES IN CLIMATE CHANGE 

The anthropogenic driver of climate change is the increasing concentration of greenhouse gases 
(GHG) in the atmosphere, chiefly CO2, but also including Methane, Sox and Nox gases. The 
World Resources Institute (WRI) estimates that buildings are directly responsible for 15.3 
percent of global GHG emissions. To this should be added a share of industrial emissions (for 
materials) and for road transport. A very conservative estimate of building-related GHG share 
would therefore be in the range of 20 percent to 25 percent, and this would be higher in 
developed countries. A strategy for the diminution of GHGs must therefore include the building 
sector as main target for GHG reductions. 

 
  

Current Status of Climate Change and Scenarios for Action 

Nils Larsson 
International Initiative for a Sustainable Built Environment 

Email: larsson@iisbe.org 

Abstract. This paper posits that the problems of climate change effects during the next 50-75 years will 
be coincident with scarcity and increasing costs of resources and increasing demand levels within the 
building sector.  A case is made that climate change effects may arrive abruptly, which may cause public 
policy responses that are illogical and ineffective. Proposals are made for more logical responses for a 
rapid reduction of greenhouse gases under such emergency conditions. 
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1.1. Energy and GHG emissions from buildings 

The IPCC AR5 report on buildings1 indicates that most global GHG emissions (6.02 Gt) are 
indirect CO2 emissions from electricity use in buildings, and these have shown dynamic growth 
in the studied period in contrast to direct emissions, which have roughly stagnated during these 
four decades (Figure 1). For instance, residential indirect emissions quintupled and commercial 
emissions quadrupled. 

Fig 1:  Direct and indirect emissions (from electricity and heat production) in the building subsectors (from 
IPCC WGIII, Chapter 9.2.1) 

 

2. GLOBAL CLIMATE CHANGE IMPACTS 

One of the sobering aspects of the work done by the IPCC is their exposition of the time scales 
involved. IPCC demonstrates that CO2 emissions today have a positive feedback on global 
mean temperature that lasts for over 100 years, and the resulting sea level rise due to thermal 
expansion lasts well over a 1,000 years. Even if action to reduce GHGs is immediate, the effects 
of current emissions are still to come. Action is therefore needed, but in addition to the difficulty 
of obtaining political action, the slow rate of change in the building sector creates a special 
problem.  

The overall impact is also clearly identified by IPCC, and identify some major global climate 
change projected impacts up to 2100, based on two different so-called Representative 
Concentration Pathways (RCP) that reflect differences in population and income growth as well 
as assumptions for technological change and energy intensity:  
  

                                                           
1  IPCC Working Group III, Chapter 9.2.1 
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Fig. 2a and 2b:  Changes to average global temperature and precipitation from the 1986-2005 period and 
projected to 2081-2100, from IPCC AR5 Summary for Policymakers, 2014. 

3. CLIMATE CHANGE EFFECTS COMBINED WITH RESOURCE DEPLETION 

3.1 Efficiency  

Great strides are being made in improving the ecological performance of materials and 
mechanical systems are rapidly increasing in energy efficiency.  Progress is also evident in the 
environmental performance of some new large buildings through changes in design practice, 
such as the adoption of Integrated Design Process protocols.   

Performance improvements are mainly applicable to large and expensive new buildings, and 
more so in Europe than in North America or Asia. It should also be noted that new buildings in 
most regions represent only from 2% to 3% of the total building stock.  Thus, high-performance 
exemplar projects represent only a very small portion of the total stock.  Clearly, the stock of 
existing buildings should be the major focus of performance improvement efforts in the building 
sector but it is far more difficult to devise general prescriptions for performance improvements 
in existing buildings because of the 

3.2 Consumption 

Irrespective of efficiency gains in residential and non-residential buildings, the trend in 
developed countries to massively over-consume housing, and to develop it in a very low-density 
pattern, has required large quantities of materials for both infrastructure and buildings, with 
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consequent embodied and operating GHG emissions. The urban development of Las Vegas 
from 1973 to 2000, mainly from single-family housing, provides a striking example in Fig. 3.   
 

Fig 3: Aerial photos of urban development in Las Vegas in 1973 and 2000, from UNEP 2005 

In the sub-sector of single-family houses (the most energy inefficient form of building) there has 
been considerable improvement in energy performance in North America over the last 15 years.  
However, there are compensating factors, as the data for single-family dwellings in the U.S.A 
indicate2. 

 Between 1950 and 2004, the size of the average new house in the US expanded by 
135%, from about 93 m2 to 218 m2; 

 One in five new houses now comes in at more than 465 m2. (The US National 
Association of Home Builder
than the 2004 model.  

 Forty-three per cent of new construction features 2.75 m ceilings compared with 15% in 
the 1980s.  

 Meanwhile, between 1950 and 2003, average US household size fell from 3.7 to 2.6 
people.  

 This means that floor space per capita increased by over 230% from 25 m2 to 84 m2.  
Such development patterns continue, and effectively wipe out efficiency gains.  Although the 
recent recession has resulted in a reduction in the size of units, the problem is likely to worsen 
in other regions, with substantial urban growth forecast for regions such as Asia, Africa and 
Latin America, and with increasingly affluent populations striving for Western standards of 
accommodation.  The sheer numbers, as shown below, will make solutions based on efficiency 
alone unlikely to succeed. 
 
  

                                                           
2From Rees, William E.(2009)  The ecological crisis and self-delusion: implications for the building sector, 
in Building Research & Information, 37: 3, 300  311 
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4. THE DILEMMA 

The overall situation is that, although impressive efficiency gains are being made in building 
and equipment performance, excess consumption is wiping out these gains.  More troubling is 
that consumption is culturally determined, and cultural changes usually require a decade or 
more of substantial information and incentives. Some regions and countries, especially in 
Europe, have responded in a positive way, but major private sector emitters are not likely to 
respond to a sufficient degree, especially not within the very small narrow window of 
opportunity for mitigation that still exists.  Add to this the need for substantial amounts of new 
construction in developing countries, and it is unlikely that global reductions in greenhouse gas 
emissions will be sufficient to result in levels below 450 ppm of GHG, which in turn will bring 
into play some of the more dire predictions of IPCC. 

 
Fig 4: UN World Population Prospects: The 2006 World Urbanization Prospects: 2007 Revision 

We therefore face a possibility of massive disruption of agriculture and industry and living 
and working conditions, possibly by mid-century and certainly by the end of the century.  We 
are not likely to avoid this fate unless there is a major paradigm shift, and such shifts usually 
require major external events.  It can be done: WW2 provides historical examples of such 
conditions3. 

5. SCENARIOS FOR THE DEBUT OF CLIMATE CHANGE EFFECTS 

A major problem in motivating decision-makers to act is that the harbingers of climate change 
in North America and northern Europe have been, until now, relatively gradual with benign 
effects.  This sequence may cause us to become numbed by a gradually escalating series of 
climate-related incidents and not act decisively until it is far too late.  However, climate change 
may also be announced by a series of major and sudden natural disasters, an outcome that is 
certainly within the bounds of projections made by the IPCC.  If such a series of sudden 
catastrophes were to have direct impacts on elites in developed countries, especially in North 
America or Europe, there would likely be a strong and immediate public demand for effective 
responses to mitigate the effects of the events.  This would provide a real opportunity to 
simultaneously deal with the greenhouse gas emissions that cause climate change, if key people 
and organizations had realistic plans and were ready to act. 

Our assumption for the type of major events related to climate change that are likely to occur 
during the next decade include coastal storms with related storm surges, inland storms, flash 
floods, droughts and major forest fires. 
  

                                                           
3  See appendix 2 for an example of the kind of consumption restraints that proved acceptable in the 

U.S.A. during WW2. 
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5.1. Business-as-usual scenario 

If a series of such events take place in first-world regions within the next decade, with extensive 
damage and multiple deaths, it is likely that the imminence of climate change will finally be 
accepted by the majority of decision-makers.  Based on the history of catastrophic events of 
other types, we can assume that the shock effect will open the minds of the public and elites to 
radical measures.  But such openness will last only for a few weeks, and desperate leaders will 
grab whatever plans are available.  The result could be hasty, ad-hoc and poorly considered 
action. We have unfortunate examples of this kind of reaction from the collapse of the USSR, 
the 9/11 event, SARS, the recent recession, and even the current Gulf of Mexico oil spill. 

5.2. Responses under conditions of extreme and rapid climate change 

In the case of the forthcoming weather shocks from climate change effects, we may 
unfortunately face a similar situation, but the consequences may be even more serious. The 
immediate concern will be to care for injured populations and to carry out immediate repairs, 
and this is likely to push the need for adaptation and mitigation measures to the back burner.   

Governments might be led to announce that, in addition to urgent repair and re-building 
efforts, national emissions must be reduced by large amounts over a very short period (say 80% 
by 2030 instead of 2050), along with promises of massive fines if targets are not met.  Reaching 
such performance requirements would be very difficult, because strategies for such a rapid and 
deep reductions would have to be invented on the fly. We can foresee that such actions might be 
achievable in, for example, in the automotive or the consumer goods sectors, but it will be much 
harder to do so in the building sector. The building industry is very large and complex, with a 
few large players and very many small ones on the production side, and with control even more 
dispersed on the demand side.  Finally, buildings, especially existing ones requiring renovation, 
are almost all unique, so global approaches need local modifications. 

Given the scenario outlined above, a government might well push the construction and real 
estate sectors towards a rapid a drastic reduction in emissions, along with promises of large 
fines if targets are not met.  Achieving such goals will be very difficult, because very few 
countries have central departments with direct responsibility for the building industry.  Also, the 
industry is very large and complex, with a few large players and very many small ones on the 
production side, and with control even more dispersed on the demand side. 

We can envision the results of these trends without too much speculation: 

o First, we can expect a surge in demand for man and materials to carry out urgent repair, 
re-building and re-location needs which would, within a short time, deplete the supply 
of skilled and firms in the affected region; 

o Manufacturers of building materials will be faced with urgent production requests, but 
would face greatly increased power costs, and might also have to cope with a disrupted 
labor force and plant conditions.  Prices for materials and services of this type would 
therefore reach very high levels; 

o Owners or managers of existing commercial buildings will have to reduce operating 
hours to meet GHG reduction targets; 

o Residential owners of properties that do not meet very high performance standards may 
face mandatory energy cuts.  When this is combined with the excessive size of many 
homes in North America, we can envision a surge in the sharing of accommodation; 

o The value of buildings with poor energy efficiency will plummet.  Suburban building 
land values will also face massive drops because of controls on new building and 
stringent limits on private vehicle emissions, which will bring new construction in outer 
suburbs to a halt.  

o Many standards for good design and operations, such as adequate lighting levels, indoor 
comfort conditions, and work to preserve heritage buildings will fall by the wayside, at 
least temporarily (say for 20 years); 
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o Social tensions will rise to very high levels when those who want to pursue their normal 
paths (commercial building development, building your dream home) are faced with 
permit refusals, while climate refugees and families suffering from energy poverty are 
given priority; 

o And the need to deal with repair and remedial work will lead governments to say that 
they cannot afford more GHG mitigation measures; 

In the context of such a series of effects, it will be difficult to achieve substantial reductions in 
emissions. 

5.3. A scenario for contingency planning 

A leading academic, referring to recent evidence of rapid climate change in the Arctic and 
dealing with general social and political effects,i We need a much more 
deliberate Plan Z, with detailed scenarios of plausible climate shocks; close analyses of options 
for emergency response by governments, corporations and nongovernmental groups; and clear 
specifics about what resources — financial, technological and organizational — we will need to 
cope with different types of crises.4 

Some of these consequences can be avoided if quick and decisive action takes place, but 
such responses are likely to be effective only if action plans have been developed before the 
emergency occurs, and are ready for immediate implementation.  Even though some 
government and many private-sector organizations have not been willing to take meaningful 
mitigation steps to date, they might be willing to prepare contingency plans for rapid reduction, 
as part of a due diligence process. 

Such plans must support very rapid reductions in GHG emissions over a short time-frame  
something like 75% over 5 years  but varying with the sector and specific cases.  To be 
available when the time comes, such plans must be voluntarily developed now by a variety of 
public- and private-sector organisations, so they will be ready when needed.  A large number of 
contingency plans will need to be prepared by individual governments and private-sector 
organizations, to cover most key sectors of the emission-producing economy.  

Measures proposed do not include those that require lengthy planning or implementation 
times, such as the introduction of carbon taxes or risk assessment studies of existing urban areas 
and building stock with regard to possible climate change impact events, such as floods, wind 
storms, heat waves etc.5.  Such work is a necessity for post-disaster recovery.   

Excluding measures that require lengthy planning of implementation times, a selection of 
essential contingency plans will probably include plans for the rapid introduction of the 
following measures. 

1. Immediately introduce carbon taxes, to reduce the carbon intensity of building-sector 
related goods and services; and simultaneously reduce existing income taxes; 

2. Immediately ban the construction of new coal-fired generation power plants and the 
extension of existing plants, unless significant GHG sequestration is provided.  It should 
be noted that much sequestration has been promised over the last decade, but very little 
has been delivered. 

3. Rapidly reduce peak loads in electrical networks through the rate structure and through 
load ceilings, especially in manufacturing plants and commercial facilities, by means of 
changes in industrial processes, operating hours or other relevant means. This is 
intended to minimize the need for new power plants to handle peak loads. 

                                                           
4Disaster at the Top of the World, Thomas Homer-Dixon, New York Times, 22 Augsut, 2010 
5See for example Methods for risk assessment and mapping in Germany, preface to special issue of Natural Hazards 

Earth System Science 6, 721-733, 2006, and also Winter storm risk of residential structures - model development 
and application to German state of Baden-Würtemberg, P. Heneka, T. Hofherr, B, Ruck and C. Kottmeier, in 
Natural Hazards Earth System Science 6, 721-733, 2006. 
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4. Accelerate the introduction of feed-in tariff policies from decentralized renewable 
power sources, at rates that do not distort energy markets. 

5. Ensure that facilities and services of critical importance, such as hospitals, public 
transportation systems, food supplies, water and sewage treatment and pumping 
systems, can remain functional at a basic level.  This may require the provision ofback-
up electrical power, heat, water and other vital services on a decentralized basis. 

6. Prepare for the relocation of key facilities such as docks6 and airports and of populations 
in areas vulnerable to flooding, storm surges or fire7.  It should be noted that such 
projects may require 5 years or more to carry out, even on an urgent basis. 

7. In developed countries, impose a freeze on new construction in un-serviced or low-
density areas or potential flood areas, and a zero operating GHG emissions requirement 
for new construction that is permitted.  This is undoubtedly one of the most important 
measures to minimize demand for scarce construction materials or land and also to 
minimize the generation of embodied emissions. 

8. Ensure a rapid reduction programs in operating emissions of existing public buildings, 
private office, hotel and multi-unit residential buildings, through implementation of 

-
disruption or reduction in service levels to occupants. 

9. Implement measures for the rapid and ambitious performance improvements in energy, 
peak loads and water consumption for existing single-family dwellings. 

10. In areas designated for performance upgrading, establish immediate programs of urban 
infill to increase densities and renovation of existing buildings to greatly reduce GHG 
emissions (by at least 80%) and to improve water performance; 

11. Launch programs for the rapid conversion of surplus office buildings to residential uses 
and identification of empty non-primary dwellings.  Such a measure may be needed if 
residential areas are damaged or destroyed or if there is an influx of climate refugees. 

12. Introduce measures to minimize short-term speculative price rises for construction 
materials.  Under emergency conditions, free-market speculation can lead to material 
shortages and an inability to carry out urgent repair and upgrade projects. 

13. Prohibit the sale of appliances and equipment that do not meet certain operating 
efficiency criteria (e.g. "A" label in Europe). 

14. Establish priority training programs for regulators, renovation contractors, simulation 
specialists and others needed to upgrade performance in new and existing buildings. 

15. Rapidly implement public education programs to promote conservation in energy, water 
and materials, for office tenants and residential owners or tenants. 

The question of which of the measures outlined above will be the most effective is being 
partly addressed by major international organizations, such as IEA, OECD, the new Global 
Alliance for Building and Construction (Global ABC) and others, but there is little available so 
far that reflects the views of individual experts and knowledgeable individuals in diverse 
regions.  The SBE partners, CIB, iiSBE. UNEP-SBCI and FIDIC are launching an international 

                                                           
6 The U.S. military is well aware of the dangers that many of its coastal bases are facing; see National Security and 

the Threat of Climate Change, CNA Corporation, 2007. 
7  The dismal efforts at relocation and rebuilding in New Orleans are a reminder of how extensive and well 

coordinated the required efforts will have to be if they are to be successful; 
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survey in 2016 to address this issue8, building on the results of a pilot survey carried out in late 
2015 by iiSBE. It is hoped that the analysis of this large-scale survey will supplement the top-
down policy prescriptions that are being developed. No matter what measures emerge from the 
survey as considered most effective, they will have to be implemented by existing governments, 
professional associations and companies. 

In any case, it is clear that the content of GHG rapid reduction plans proposed above would 
be a sensitive matter in some cases, where the leakage of information under current conditions 
might pose political difficulties because of limitations on personal freedom of action that are 
implicit in such measures, as well as harm that might occur to companies in a highly 
competitive market.  It is therefore suggested that participating organizations would not be 
compelled to share their plans with any outside organization, but only to report that they have 
completed a plan that satisfies the content criteria established in the project.  The main emphasis 
here is to ensure that workable and humane plans are available for rapid implementation when 
circumstances demand it.  There are certain characteristics that such plans would have to be 
based on if they are to be effective.   

 
 Measures proposed will have to be able to be very quickly implemented; beginning 

within weeks rather than months; 
 The scope of proposed action will have to be defined (e.g. all or part of a property 

portfolio, certain segments of a customer base etc); 
 Estimates of speed and amount of net reduction in GHGs emissions will have to be 

provided, projected on a year-by-year basis over a 5-year time frame; 
 Plans will have to identify measures to minimize negative social disruption or other 

secondary impacts; 
 Identify main obstacles or sources of likely opposition and suggest coping 

strategies; 
 Complementary action required by governments, other regulatory authorities or 

financial institutions to facilitate implementation of the plan should be identified. 

6. CONCLUSIONS 

Some governments, especially in Europe, have launched ambitious plans to reduce GHGs, but it 
is not yet clear whether their voters will agree with the changes in lifestyle that will be 
necessary to meet these targets.  

Excessive consumption will not easily be reduced, and is likely to lead us into global 
temperature increases that will be considerably greater than the desired target of  1.5 ºC or even 
2 ºC; 

It will probably require one or more climate-induced disasters of major proportions to shock 
governments and their populations into real action, especially in North America.  When that 
happens, there will be an immediate demand for contingency plans to reduce GHGs in a very 
rapid way and to implement urgent measures for climate change adaptation. 

In view of on-going government inaction, it is most logical for national and local 
governments, as well as private organizations to develop such plans and keep them ready.The 
alternative is to do nothing now, but to be forced to accept hastily developed and unsound plans 
when an emergency is declared. 
                                                           

                                                           
8The draft plan can be downloaded from http://www.iisbe.org/node/205#attachments 
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1. INTRODUCTION 

Cities are subjected to constant physic, social and economic changes, driven by various needs of 
societies and cause severe and irreversible disturbs on urban environment. Currently, given the 
accelerated population growth rates, the rhythm of imposed alterations is increasingly frenetic. 
The raise of urban population expands the existing urban networks and transforms rural areas, 
conducing sequential alterations in the environment. Beyond the immediate impacts, constant 
changes in urban environment deeply imbalance the quality of life of its inhabitants in the long 
term. 

Given the rapid urbanization process of 
fast and disordered development, which influences directly the need for resources and energy. 
Inevitably coincident with higher population densities, the increase of urbanization rates comes 
along with substantial raise in the demand of materials, water and energy sources and also 
affects the waste and effluent generation. Many urban infrastructure management models, 
internationally consolidated in industrialized countries, are strongly depended on non-renewable 
sources. Several studies demonstrate that the use of fossil fuel tends to enlarge in the short term, 
mainly in emergent countries, where economic development matches the increase of 
urbanization rates and population concentration. 

It is thereby urgent to reassess the existing policies and regulation mechanisms through the 
establishment of social economic and environmental principles. To produce new, sustainable 
oriented, urban management models, it is necessary to quantify the sustainability level of 
proposed solutions. Sustainability assessment in urban areas must be made through the 
evaluation of priority criteria, which should base certification tools. This is an essential initiative 
to promote sustainable urban planning and governance. 

Introducing the Portuguese Sustainability Assessment Tool for 
Urban Areas: SBTool PT  Urban Planning 

Luis Bragança 
University of Minho, School of Engineering, Civil Engineering Department, Guimarães, Portugal 

Erika Guimarães 
University of Minho, School of Engineering, Civil Engineering Department, Guimarães, Portugal 

Email: braganca@civil.uminho.pt 
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The concept of urban morphology embraces everything that composes the urban network, 
such as the built heritage, the roads infrastructure, landscapes and open spaces. The shape of an 
urban community is the result of the interaction between those elements, through interventions 
of the inhabitants, local climate and other systems. In addition to stationary elements, 
movements and socioeconomic dynamics are implicit within the urban network. Thereby, an 
urban scenario scope is much more complex when compared to the assessment of a single 
building. 

Based among others on the SBTool international method, a proposal to apply the SBTool 
methodology on urban areas was developed inside the scope of SBTool PT-STP project. The 
tool, called SBTool_PT Urban Planning (UP), presents a structure conceived towards the 
assessment of urban planning operations. Because of this specific scope, mainly at scale level, 
the tool has little similarities with the analogue tool designed for buildings 
(SBTool_PTResidential Buildings). However, its guidelines maintain the approach of several 
categories previously defined in accordance with existing international methodologies. 

Hereinafter, this article presents the SBTool_PT-UP as an effective methodology for the 
assessment of urban communities. After a brief introduction on the basis for its development, an 

structure and calculation process. To achieve the purposes of a throughout presentation, the 
evaluation of a proposed project is followed in the form of a case study. The subsequent 
discussion of results acknowledges the main conclusions retrieved from the sustainability 
assessment performed by the tool. 

2. METHODOLOGY BASIS 

Prior to the presentation of the SBTool_PT for Urban Planning operations, it is necessary to 

dimensions. 
political strategies at national, European and international scale, and internationally accepted 
lists of sustainability indicators. 

Thereby, the SBTool methodology for urban planning presents crosscut aspects with 
methods and practices recognized worldwide. In particular, BREEAM Communities, LEED for 
Neighbourhood Development and SBTool International Method must be highlighted. 

 BREEAM Communities 

BREEAM Communities is an independent certification and assessment system that approaches 
sustainable concepts at social, economic and environmental levels, as well as the design 
requisites that impact practices within the built environment. The system provides credits 
according to 
summation of credits gives a final global score that varies from Pass, God, Very Good, 
Excellent and Outstanding. 

Certification is regulated by ouncil , which represents a wide range of 
stakeholders of construction industry in the UK. BREEAM Communities certification standard 
embraces eight categories of assessment, described in table 1. 
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Table 1. Summary of BREEAM Communities Structure. 

 LEED for Neighbourhood Development 

Table 2. Summary of LEED for Neighbourhood Development Structure. 

 SBTool International Method 
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Table 3. Structure of SBTool International Methodology regarding relevance for Urban Planning Operations 
(UPO). 

3. METHODOLOGY DESCRIPTION 

 Overview and Objectives 

 Structure 

356



Table 4. General Assessment Structure of SBTool_PT-UP. 

a C  Construction; U  Use; D  Dismantlement 
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4. CASE STUDY 

Table5. Final results for case study assessment. 
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5. FINAL REMARKS 
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1. INTRODUCTION: EPCS AS PART OF EUROPEAN ENERGY POLICY

Political activities directed towards establishing a common energy policy of the European 
Community date back to 1974 and emerged as a response to the first oil price crisis in 1973. 
Until the 1990s the main focus was on reducing energy imports. Since then, an integrated 
energy and environmental policy has been pursued which is reflected in the triad of the key 
goals of a safe, reasonably priced, and environmentally friendly energy supply. To date, two 
main strategies are pursued in this context:  

Energy demand: Reduction of final and primary energy consumption through measures 
focused on encouraging prudent and rational energy utilization as well as on saving energy. 

Energy supply: Covering energy needs through a substitution of low-CO2 and renewable 
sources for primary energy consumption.1

The building sector is considered to be one of the most critical areas for achieving 
reductions in energy consumption. The main guidelines and directives of European energy 
policy for this sector display two prevalent approaches:  

Development and further refinement of the legal minimum requirements for the energy 
efficiency of buildings. From 1976 onwards, the focus initially was on minimum requirements 
for insulation as well as on the efficiency of installations
requirements have been replaced by minimum requirements concerning the overall energy 
efficiency of buildings. In 2010, these have been further extended by a cost efficiency 
requirement. 

The Contribution of Energy Performance Certificates to Resource 
Savings and Environmental Protection - Lessons from Germany

Thomas Lützkendorf
Karlsruhe Institute of Technology (KIT), Centre for Real Estate, Kaiserstraße 12, 76131 Karlsruhe, 
Germany

Peter Michl
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David Lorenz
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Abstract. The provision of sufficient information is a requisite for rational decision-making. The role of 
Energy Performance Certificates (EPCs) as a policy instrument is considered for both, creating 
transparency in property markets on the energy characteristics of buildings as well as for motivating 
building owners to invest in energy efficiency retrofits. It is argued that transparency on the energy-
related characteristics of buildings is a) required for rational planning and evaluation of energy policy in 
the building sector and b) is one of the necessary conditions to enhance the competitiveness of energy 
efficient buildings in the market place. If EPCs are to be effective, then they must be: a) 
available/accessible and widely disseminated, that their content is b) comparable and reliable, and c) 
relevant and generally understandable. The problems and barriers are considered for firmly embedding 
EPCs within the German real estate marketbetween1995 and2012/2013, along with the latest policy
responses to overcome some of these issues.
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The provision of technical facilities to measure and control energy consumption as a basis 
for a consumption-based invoicing of energy costs. This area of regulation has been 
continuously further developed since 1976.  

Beside these regulatory instruments, the requirement for energy performance certificates 
(EPCs) in member states first appeared in 1993. EPCs were designed as measures to increase 
transparency in real estate markets by providing information on the energy qualities of 
buildings. 

The paper is structured as follows. First, EPCs are discussed as an instrument for improving 
market transparency and the problem of adverse selection is considered. This is followed by an 
explanation of the potential of EPCs for energy policy evaluation in the building sector. Against 
this theoretical background the utilization of EPCs in Germany is discussed in detail. Problems 
and barriers in firmly embedding EPCs within the German property (real estate) market during 
the time span from 1995 to 2012/2013 are identified and comments on latest policy responses to 
overcome some of these issues are provided.  
 

2.  THE IMPORTANCE OF MARKET TRANSPARENCY 

In 1993, the Council of the European Union requested from member states within the Save-
directive to develop and implement programs tailored at establishing EPCs for buildings. EPCs 
themselves were assigned the following functions: (1) Improving property (real estate) market 
transparency through the provisioning of objective information on energy-related characteristics 
of buildings, (2) Informing potential building users about efficient energy usage, and (3) 
Highlighting possibilities for improving energy-related characteristics. Since then, the 
requirements concerning EPCs have been further developed and specified within the Energy 
Performance of Buildings Directive and have then been transferred into the national laws and 
regulations of European member states. 

Why is market transparency is one of the central conditions for the functioning of property 
(real estate) markets? In economics the model of perfect competition describes a set of premises 
under which a market leads to an efficient allocation of goods without the need of governmental 
interventions. However, the notion of market failure suggests that a non-efficient allocation can 
occur. One cause of market failure is asymmetric information and is related to the following two 
assumptions of the model of perfect competition (see, for example:): 

homogeneity of goods: There are no quality, temporal and spatial differences between 
products. Furthermore, there are no personal preferences between market actors. 

full market transparency: Sellers and buyers have complete, symmetric and free information 
about all market-relevant aspects, especially about the quality and prices of the goods. 

Under asymmetric information as a cause of market failure, the violation of the assumption 
of homogenous goods plays only a minor role: 

If goods are not homogeneous and full market transparency exists, then the price 
differentiation would reflect the differences in quality. 

If the goods were not homogeneous and no full market transparency prevails, then there is 
no guarantee that prices reflect the quality differences. In this case, it is possible that high-
quality goods are supplanted by low quality goods. The market for high-quality goods thus 
collapses. 

The latter point briefly describes the problem of adverse selection, which was firstly shown 
by Akerlof. The problem of adverse selection mainly arises when consumers cannot actually 
observe the quality characteristics of goods (or when this is only possible with high 
effort/expenses). This particularly applies to the energy characteristics of buildings. For this 
reason, transparency on the energy characteristics of buildings is a necessary condition (but is 
not sufficient on its own) to enable market results (e.g. transaction prices, rents) to reflect these 
qualities. The competitiveness of buildings can also depend on these characteristics. 
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3.  EPCS AND POLICY EVALUATION  

Sensible planning and evaluation of energy policy in the building sector at the national and 
supra-national level requires  amongst other issues  the continuous monitoring of the energy 
quality of the building stock. In this context, the wide availability within a geographic region or 
country of EPCs for new and existing buildings can significantly contribute to establishing the 
necessary data sources. In order to illustrate this, the distinction between direct goals and 
potential positive/negative side effects of energy policy is helpful. 

The direct goals of energy policy for the building sector can be summarized as the reduction 
of both, negative environmental impacts and dependence on energy imports through lowering 
primary- and final-energy consumption of the building stock. Consequently, the planning and 
evaluation of different energy policy instruments requires the continuous collection and analysis 
of data on (1) the energy quality of the building stock, (2) the rate of new construction, and (3) 
the rate of energy retrofitting the existing stock.  

Beside direct policy goals, potential positive and negative side effects of energy policy need 
to be taken into account as well. So far, the focus of attention is on social and economic 
consequences; i.e. on questions relating to cost efficiency of energy retrofits and associated 
financial capabilities of building owners and tenants. In order to address such questions, data on 
the energy quality of buildings need to be combined with corresponding economic data (for 
example, on construction/refurbishment costs, transaction prices, rents and operating costs) and 
their interrelationships need to be analysed. In addition, addressing questions relating to 
financial capabilities of building owners and tenants requires taking into account additional 
data, for example on household income.  

As such, linking economic data/parameters with data on the energy quality of buildings 
serves different purposes:  

To evaluate the impact of EPCs; i.e. to assess whether and to what extent a differentiation of 
prices and rents is based on the energy characteristics of buildings.   

To evaluate the cost efficiency and financial burden of minimum energy performance 
requirements and evaluate necessary financial subsidies (e.g. investment grants or subsidised 
loans).  

For direct policy goals, an individual policy instrument or potential side effects to be 
evaluated, governments face the policy challenge of embedding a feedback mechanism within 
the real estate market. One fundamental difficulty here is that individual contributions of one 
specific policy instrument (e.g. EPCs) to overall policy goals usually cannot be precisely 
determined. This is because policy instruments are usually applied together as a bundle of 
instruments that often mutually depend and/or impact on each other. An additional, associated 
concern is the difficulty to relate positive or negative consequences back to one single 
instrument or even a bundle of instruments. This is because success or failure concerning the 
achievement of overall policy goals could also be caused by other factors. This particularly 
applies for EPCs which aim at influencing decision making by providing more/better 
information.  

There is no straightforward link 
and the actions they take. Although an improved consciousness among market participants 
might lead to a change in behaviour taking place, a change in behaviour might have also been 
caused by other factors. This is what makes the evaluation of policy instruments a difficult 

cannot be evaluated in terms of their contribution to overall goals but only in terms of their 
contribution to achieving specific targets (e.g. improving market transparency by increasing the 
availability energy data).  

EPCs have a special role since their widespread availability and dissemination is a necessary 
condition to evaluate whether overall energy policy goals (reduction of energy consumption and 
CO2-emisssions within the building stock) are being achieved. EPCs can only realise their full 
potential (in terms of establishing the necessary data sources and enabling feedback mechanisms 
at the policy level) if two conditions are met. First, they are legally embedded within the 
property market context. Second, they are linked to additional information/data gathered by 
governmental authorities and others (e.g. statistical bureaus, valuation expert committees, 
property market data providers, etc.).  
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4.  EXPLOITING THE THEORETICAL POTENTIAL OF EPCS IN GERMANY 

Legally binding requirements for EPCs were formulated for the first time within the German 
thermal insulation order of 1995 (Wärmeschutzverordnung). From 2002 onwards, the results of 
revisions, further developments and specifications of EPC requirements have been fed into the 
latest valid versions of the German energy savings order (Energieeinsparverordnung EnEV, 
version 2002, 2004, 2007, 2009, and 2013). 
 
4.1. Current situation in Germany (1995-2012/2013) 
To what extent are EPCs used in Germany a) by market participants as a basis for decision-
making, and b) by governmental authorities and others as a basis for energy policy evaluation 
and real estate market analysis? The answer to this is structured according to three minimum 
requirements/conditions for a beneficial utilization of EPCs. EPCs need to be a) 
available/accessible and widely disseminated, and their content needs to be b) comparable and 
reliable, and c) relevant and generally understandable. 
 
a) Availability/accessibility and dissemination of EPCs 

Germany has no centralized database within which the content of EPCs is stored and which 
could serve as an information source for market participants and governmental authorities.  

The demand for EPCs among market participants in Germany is also very low, in both 
letting (rental) and sales contexts. For example, the German association of housing companies 
recently estimated that in the past, less than 1% of potential tenants actively requested an EPC 
prior to renting a flat; and a study of the German energy agency estimated that only in 26% of 
the cases an EPC had actually been handed over prior to signing a rental or sales contract.  

A low availability and dissemination of EPCs is also confirmed by the valuation expert 

available for only a marginal fraction of transactions that have taken place in Karlsruhe during 
the past ten years. This corresponds with the situation in many other German cities: all current 
market reports (published through the respective valuation expert committees) for the 16 state 
capitals in Germany do not make any reference to EPCs and energy-related quality 
characteristics in connection with the (hedonic) analysis of real estate transaction prices.  

the state capitals do not refer to energy-related quality characteristics associated with the 
provisioning of information on average rental levels. Within the rental indices of 12 state 
capitals reference is made to energy-related quality characteristics; however, this is not done in 
a uniform/standardized manner and usually not in relation to actual EPC content. Instead, 
reference is made, for example, to single building features (e.g. availability of double-glazed 
windows, etc.), or to energy categories/classes.  

A potential explanation for this low availability and dissemination of EPCs is that German 
legislators assumed that potential buyers and tenants would actually have an interest in EPCs 
and would therefore actively request them. Consequently, the respective energy saving orders 
focused on safeguarding an entitlement to see the EPC prior to signing a rental or sales contract; 
instead of enforcing actual handover. The strategy to start the information flow depended upon 
an obligation for existing building owners to obtain EPCs. However, the actual handover of 
EPCs depended upon the (voluntary) request from the potential buyers and tenants. These 
requests failed to materialise. 

 
b) Comparability and reliability of EPCs 

In Germany, two types of EPCs exist. One is based on the hypothetical calculation of energy 
demand; and the other is based on the average climate-adjusted, actual measured energy 
consumption. The demand for energy is ultimately calculated as a function of the energy 
characteristics, assuming a standardized climate and user behaviour. In contrast, the energy 
consumption is based on actual energy consumption over several (usually 3) periods normalized 
to an average reference-climate in Germany. Due to these different assumptions, deviations 
between both approaches as well as between the real energy consumption arise.  

In addition, there were cases of incomplete, incorrect and even manipulated EPCs in 
Germany.  
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Furthermore, the rules/basis for calculating energy demand and average energy consumption 
are not constant/fixed. They have been constantly modified, starting from the initial to the 
current version of the German energy savings order. As a result, only the same types of EPCs 
which are based on the same calculation rules (or which refer to the same version of the energy 
savings order) are actually comparable.  

All this hampers comparability of EPCs. Market participants are confused and this 
undermines the reliability of EPCs in Germany. 

 
c) Relevance and understandability of EPCs 

When discussing the relevance of EPC content it is necessary to distinguish between two 
different perspectives: policy and building users (i.e. potential buyers and tenants). From a 

final energy consumption determines costs and is therefore of particular 
interest. In contrast, energy policy goals are primarily focused on a reduction of primary energy 
consumption (non-renewable) and CO2-emissions (which may also be of interest for users as 
additional information on the environmental impacts of a building). Consequently, three issues 
can be considered relevant: primary energy, final energy, and CO2-emissions.  

Different levels of aggregation exist for the content of EPCs. Generally, the higher the 
aggregation level of EPC content, the easier it is for non-experts (layperson) to understand and 
interpret. However, aggregation leads to a loss of information if the information/data on lower 
aggregation levels is not documented as well. In principle, three aggregation levels can be 
distinguished in this context. These are:  

 
Level 1 (impact factors): the energy quality of a building depends on the characteristics of 

the building envelope (e.g. surface area, U-values of components), the technical parameters of 
equipment and appliances, and (in a wider sense) the energy source. Actual energy consumption 
depends on further exogenous factors like climatic conditions and user behaviour. For the 
issuing of both types of EPCs in Germany (demand-based/consumption-based), the climatic 
conditions are equalized. For the issuing of demand-based EPCs, also the user behaviour is 
equalized. However, both types of EPCs do not contain any information on the impact factors 
mentioned above. 

 
Level 2 (indicators): This level comprises final energy, primary energy and CO2-emisions. 

Only demand-based EPCs contain information on final and primary energy demand, and (on a 
voluntary basis) also on CO2-
displayed. Regarding consumption-based EPCs, only information on final energy consumption 
is contained (experts might be able to calculate primary energy consumption and CO2-emssions 
on that basis, but this is usually not an option for layperson).  

 
Level 3 (energy efficiency categories / classes): in principle, this level comprises a further 

aggregation of one or more indicators into a single qualitative energy efficiency category or 
class. Until 2013, German EPCs did not contain information at this level.  

In summary, only demand-based EPCs in Germany contain relevant information for both, 
policy and users. The chosen medium level of aggregation can be considered as a compromise 
between understandability and attention to detail: while a higher level of aggregation might be 
useful for layperson, a lower level of aggregation might be useful for experts and allow for 
further analysis in the context of energy policy evaluation (see the conclusions section for 
additional explanation).  
 
4.2. Policy responses  

During the last two years (2013/2014) German legislators responded to some of the issues 
raised above by introducing legal changes; these are mainly focused on a) increasing 
availability/accessibility and dissemination of EPCs in the market place, b) on improving 
und
energy characteristics into the transaction and rental price analysis carried out by public 
authorities.  
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a) Availability/accessibility and dissemination of EPCs 
During 2010 and 2013 an intense discussion occurred in Germany on the further 

development of requirements for EPCs. On the one hand, German legislators needed to respond 
ngs 

Directive [2]; on the other hand, the identified shortcomings with EPCs in Germany needed to 
be remediated. The result was the current version of the German energy saving order (EnEV, 
2014, published in 2013). The main changes include the obligation for sellers to actually show 
EPCs to potential buyers prior to signing a contract, to provide the EPCs when signing the 
contract as well as the obligation to include the key content from EPCs within real estate 
advertisements. This ensures that potential buyers will have access to the information from 
EPCs  even if they do not ask for them  and can take this information into consideration 
within their decision-making.  

 
b) Understandability and reliability of EPCs 

The new version of the energy savings order also includes the following specifications and 
amendments:  

Introduction of energy efficiency categories / classes (A+ until H) in order to enable 
communication of EPC content in a highly aggregated format. 

Introduction of a registration number for EPCs which will be issued after reporting to a 
central EPC registration office. 

Extension of EPC content by allowing for voluntary indication of information on the 
economic efficiency of recommended energy retrofit measures (e.g. amortisation time / payback 
period; estimated costs for saved kilowatt hours final energy) in order to improve stakeholders 
knowledge on economic consequences of modernisation activities. 

Extension of official random checks of EPCs regarding accuracy of form and content in 
order to improve overall quality and reliability of EPCs. 

New penalty procedures to guard against the issuance of incorrect or misleading EPCs. 
Introduction of a legal obligation to retain EPCs (2 years) for EPC issuers. 
 

c) Integration of energy characteristics into real estate market analysis 
In Germany, public authorities at the local/municipal level perform analyses of transaction 

and rental prices and publish the results in the form of market reports and rental tables in order 
to contribute to market transparency (this information is legally linked to German property 
valuation rules and also determines whether or not rent adjustments in the housing sector are 
legally permissible). The legal changes in this context particularly relate to:   

the obligation (from 11 March 2013 onwards) to take energy-related quality characteristics 
into consideration whenever rental tables are created / issued (BGB, 2013, § 558 Abs. 2), 

energy quality as a value-influencing 
factor within the German property valuation order (ImmoWertV, 2010, § 6 Abs. 5); this implies 
the direct obligation for valuation professionals to take energy-related issues into consideration 
whenever valuation assignments are being carried out; this also implies the indirect obligation 

transaction prices. 
 
In addition to these legal changes, the German Federal Ministry for Transport, Building and 

Urban Development (BMVBS) has published a guideline on how to integrate energy-related 
quality characteristics into the analysis of rental prices and proposed a standardized procedure 
for creating rental tables in order to obtain nationally comparable results (see [8]). All this 
shows that German legislators have actually responded to some of existing problems with EPCs 
and have undertaken steps to increase market transparency regarding the energetic qualities of 
buildings. This, in return, provides an improved basis for more rational decision-making among 
market participants and politicians.  
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5.  CONCLUSIONS 

EPCs have a potential role in improving market transparency and energy policy evaluation. 
To exploit the potential of the EPC as a policy instrument, several necessary conditions are vital 
to its design, use and success. Initially these conditions were not met in Germany which led to 
low impact. Recently (as of 2014), legislators have acknowledged these shortcomings. The 
result is that EPCs are more formally embedded within the property market - this was achieved 
by increasing the compulsion for actual handover of EPCs within transactions as well as by 
integrating energy-related building characteristics into property market analysis carried out by 
public authorities. However, some of the existing problems with EPCs in Germany remain 
unsolved and require further attention. This particularly applies to the following issues:  

 
a) Accessibility of EPCs through a centralized database  

Although a registration number for individual EPCs is now required to be reported to a 
central EPC registration office together with information on the EPC issuer, there still is no 

a centralized database would act as an information source for market participants and public 
authorities and also improve the accessibility of EPCs and their content.  

 
b) Comparability of EPCs 

The difficulty of comparing EPCs in Germany remains due to the two types of EPCs 
(demand-based and consumption-based EPCs) that building owners can choose . The 
comparison of EPCs remains problematic due to different calculation methods. The following 
two recommendations could improve the situation:  

One type of EPC should be selected to avoid confusion and promote comparability. 
Consideration will have to be given to the benefits that arise from each type.  

Additional information and transparency are desirable. EPCs should be equipped with an 
appendix containing information on the characteristics of the building envelope (e.g. surface 
area, u-values of components), on the technical parameters of equipment and appliances, and on 
the utilized energy sources. All this information is already gathered for calculating energy 
demand. The inclusion of this information would allow energy demand to be recalculated / 
reassessed according to future revisions of energy savings orders. In addition, this information 
could be used for further analyses within the context of energy policy.  

From the experience of EPCs in Germany, it is evident that policy- and market-based 
approaches need to work together. Governments can set the framework conditions within which 
market participants can search for optimal solutions. Particularly through enforcing the 
provision/availability of appropriate information, governments can mitigate market failures in 
certain areas. Governmental regulation (in this case, EPCs) was necessary to enable market 
competition to account for the energy quality of buildings. The analyses of the relationships 
between energy-related characteristics of buildings and market results (e.g. transaction prices, 
rents, construction costs, etc.) enables additional insights for market-oriented regulation, e.g. 
setting the legal minimum requirements for the energy efficiency of buildings and financial 
support of specific technologies and energy concepts.  
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1. INTRODUCTION 

Introduction of Sociology-inspired Parameters in the Energy 
Performance Certification Calculation Method 
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Abstract. One of the existing tools that could help creating smartenergy policies is the Energy 
Performance Certification (EPC) of residential buildings, by introducing energy efficiency as a 
comparative criterion for real-estate purchase choices. It has been designed, at least, to influence real-
estate market value, stimulate energy saving investments, move the housing market towards better energy 
efficiency and help create comprehensive databases which are fundamental for shaping smart strategies 
on urban / regional / national levels. But EPCs in their actual form, calculated with a standardized 
approach which purposefully (and understandably), gets human factor out of the equations, do not allow 
appropriation of the results by potential buyers or tenants. Often distant from reality, overestimating 
consumption, they usually result in a general misunderstanding and misuse of the document. This study 
aims at verifying that the actual calculation method used in certification could approach the objectives it 
has been designed for, by using additional data on occupant  behaviour and household characteristics. It
first presents the two case studies of dwellings, and the additional data that has been gathered; the second 
part proposes a method to adapt the net heat demand calculation, and the comparative results between 
official (EPC) results, recalculated consumption evaluation and real consumption data. 
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2. HYPOTHESES 
 
2.1. Dwellings and households description 

Fig 1. Apartment front façade 
and 3D model 

Fig 2. Row house front façade 
and 3D model 

2.2. Tool 
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Table 1. Description of the dwellings 

Data Apartment Row house 
Heated volume (Vp) 330 m³ 612 m³ 
Average U-value 2,2 W/m²K 1,2 W/m²K 
Global heat  51% 79% 
DHW production  40% (default) 75% (default) 
Global DHW  7% (hot water loop) 39% (default) 
Number of inhabitants 1 4 (3) 

 

2.3. Additional data 

Fig 3. Occupation (and heating) patterns of the row house 
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Table 2. Data on behavior, heating and occupancy schedule and habits for the dwellings. 

 

2.4. Additional hypotheses: 
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2.5. Net Het Demand Calculation 

The official calculation method estimates the Net Heat Demand (NHD) by evaluating the 
monthly balance between heat losses (due to transmission, airtightness and ventilation) and the 
heat gains (due to occupation and solar radiation): 
 

 (3) 
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Table 3. Parameters variation for the studied dwellings 

NH1

NH1

3. RESULTS 

The Tables 4 and 5 expose NHD and fuel consumption results for each dwelling for both 
official and proposed calculation methods (in this case, the result is the average of 2010  2013 
simulations), as well as real consumption data (average of 2010  2013). Underneath, graphs 
(Figures 4and 5) show the evolution of the comparison for the period 2010  2013. 

The results show global improvements (with a reduction of the gaps between estimated and 
real consumption), as it was to be expected. But recalculated consumption is still 1,77 times the 
real consumption data for the apartment. This margin is still too important to overlook. It is far 
better in the row house case however (17% average margin); this can be explained by more 
precise and accurate input data in the calculation, for system efficiencies, for example. 

The use of real annual climatic data is (globally) reflected in the real consumption data, 
except for the row house, where the 2013 variation still has to be explained. In the case of the 
apartment, the increase of real consumption in 2013 is explained by the owner as the year he 
renovated his kitchen, opening it to the rest of the apartment (which probably means it was 
better, though indirectly, heated). 

Table 4. Results for the apartment 

374



 

 

Fig 4.Evolution (2010  2013) of the comparison between official results, recalculated ones and real 
consumption data, for the apartment. The arrows indicate the differences between the average real 
consumption and the consumption estimations of both official and proposed calculation methods. 

Table 5. Results for the row house 

Fig 5. Evolution (2010  2013) of the comparison between official results, recalculated ones and real 
consumption data, for the row house.The arrows indicate the differences between the average real 
consumption and the consumption estimations of both official and proposed calculation methods. 

4. DISCUSSION AND CONCLUSION 
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1. INTRODUCTION 

The future electrical distribution systems based on DER (Distributed Energy Resources) have to 
effectively manage the power fluxes so as to be able to exploit the potential of the micro-
generation in the improvement of the power quality as well as the reduction of the losses due to 
the energy transport. On this topic, a microgrid (MG) is the set of loads and power sources able 
to operate as a single controllable system and useful to provide electricity and heat to the local 
area. 

The electricity production from RES (Renewable Energy Sources), such as solar or wind 
generation, is classified as an intermittent energy production because it greatly depends on the 
availability of the sun (or wind) received at the time. So, in order to address the load 
requirements (mostly unpredictable), the usage of such a class of RES can be effectively 
employed only with a further addition of more controllable generation systems. In particular, the 
microgrid has to be designed with the addition of Energy Storage Systems (ESS) or by forming 
hybrid systems (e.g. by adding micro turbines, diesel generators, fuel cells, etc.). 

In this scenario, the MG requires a proper control system for an effective and smart 
management of the power generators in order to minimize the ESS size (i.e. the batteries) as 
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Abstract: An effective renewable energy sources management represents one of the key enabler for the
usage reduction of fossil fuel and, consequently, of the greenhouse gas emissions. In this paper, a Fuzzy 
Logic controller properly tailored to manage the energy resources in a domestic microgrid is presented. In 
particular, it has been designed to ensure the thermal comfort and guaranteeing, at the same time, the 
maximization of the use of renewable energy sources together with the batteries life duration of the 
storage system. 
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well as the amount of energy obtained by the non-renewable sources. In this paper, a fuzzy 
controller specifically designed to manage the power fluxes on this MG will be described and 
some preliminary results will be shown. 

2. MICROGRID AND SIMULATION ENVIRONMENT DESCRIPTION  

Fig 2  Statistic profile of energy consumption for electric appliances and hot water production 

380



3. FUZZY CONTROLLER  

 
 

Moreover, the controller design has been carried out by taking into account the weather 
forecasts (provided by the Italian Air Force for the Rome Area) in terms of temperature (to 
estimate the electric load due to HVAC) and the solar radiation (to estimate the amount of 
energy supplied by the PV).In particular, the controller is able to take into account the forecast 
of load demand (electric and thermal) and/or of the production of energy for the next hour. 

 
 

The PMV controller estimates the value of the Predicted Mean Vote b
formula. This is able to estimate, on the basis of principles of body heat balance (i.e metabolism, 
clothing, indoor temperature and humidity) a value comprised between -3 and 3 that represents 
the opinion of a person about his own thermal feeling. 
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4. RESULTS 

1

 
1HAMbase is a simulation building model developed by the Eindhoven University of Technology able to simulate 

heat flows in a multi-zonehouse. 
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 2

 
 

Fig 6  Temperature (red = real value, blue = forecast) and error between forecast and real value 

 
2 As reported by ISO 7730:2005 
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In the figure 6 are depicted the curves of the weather forecast for outdoor temperature of, 
respectively, the summer season (August-September 2014) and the winter season (January 
2015). In the right section of the same figure the forecast error, with respect to the real 
temperature value,is illustrated. It is worth to notice that the weather forecast of the winter 
season are less accurate (mean error 22.7%) with respect to the same forecasting in the summer 
case (mean error 3.5%). 

As shown in figure 8, the control system assures that the levels of hygrometric comfort are 
compliant to the values allowed by ISO 7730:2005 standard. In particular, there are no violation 
of the PMV in the summer as well as winter season while, for the indoor temperature during 
winter, it performs an overestimation of the thermal powerthat the systemshouldprovide. 

 

  
Fig 8  Energy supplied by the FC in the winter case: (a) w/o forecast (b) w forecast  
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The first parameter shows the ratio between the used RES with respect to the load demand 
while, the second one, is able to evaluate the amount of the RES used energy with respect to the 
whole amount of RES available energy in the MG. Finally, the third parameter shows the 
amount of the energy produced by non-renewable sources with respect to the load demand. 

Table 1. Summary results 

w/o forecast w forecast 

The simulationresults are summarized in Table 1. In such a table are reported the results for 
two different fuzzy controllers that take or not into account the weather forecast for the next 
hour. It is worth to note that the introduction of the weather forecast evaluation slightly 
improves the performances of the system in term of more effective management of the RES as 
well as of the SoC of the battery pack.Moreover, it has been also reduced the amount of time in 
which has been used the FC. The value of teqON, reported in Table 1, takes into account both the 
switching on procedure as well as the time in which the FC is on.On the other hand, the slight 
discomfort tolerated in the case in which it will be expected a temporary energy shortage 
follows in an increase in the PPD (Predicted Percentage Dissatisfied) value. 

5. CONCLUSIONS 

A Fuzzy controller suited for the management energy in a domestic MG is presented in this 
paper. The goal of the controller rules are to improve the use of the RES with respect to the 
energy coming from fossil fuel avoiding, at the same time, a deep discharge of the battery pack 
and assuring the thermal comfort inside the house. 
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1. INTRODUCTION 

The UK Climate Change Act 2008 is legislation that enacts a long term legal framework, 
requiring a reduction of 80% by 2050 on 1990 levels of greenhouse gas emissions. As domestic 
buildings in the UK are the source of approximately a quarter of all CO2 emissions, significant 
reductions will be required to achieve this ambitious target.According to the most recent 
Northern Ireland Housing Condition Survey there are 760,000 dwellings with a poor average 
energy efficiency SAP rating of D.Housing in Northern Ireland is old and inefficient with 
approximately 50% of houses built before the first minimum building thermal performance 
standards, introduced in1973(Northern Ireland Housing Executive, 2013). Whilst the energy 
efficiency of some dwellings may be easy to improve using relatively non invasive measures 
such as cavity wall insulation, loft insulation and double glazing other dwellings are categorised 

-to- -to-
efficiency improvements often difficult to implement. Across the UK there are approximately 
6.5 million solid wall houses. The typical construction of these pre-1919 houses is single leaf 
solid red brick 225mm thick with a constructed U-value of 2.0 W/m2K. There are 87,600 solid 
wall houses in Northern Ireland, of which 95.3% have a SAP score lower than C. The two 
lowest possible bands of F and G represent 37.3% of all pre-1919 houses. To ensure we achieve 
the ambitious 2050 target, effective methods to improve the energy performance of such houses 
will be essential.   

Performance Monitoring of Energy Efficient Retrofits  4 Case 
Study Properties in Northern Ireland  

T E McGrath 
Civil Engineering, Queen’s University Belfast, BT7 1NN, Northern Ireland, UK 
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D Soban 
Civil Engineering, Queen’s University Belfast, BT7 1NN, Northern Ireland, UK 
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Abstract. Approximately half of the houses in Northern Ireland were built before any form of minimum 
thermal specification (U-value) or energy efficiency standard were available. At present, 44% of 
households are categorized as being in fuel poverty; spending more than 10% of the household income to 
heat the house to an acceptable level. This paper presents the results from long term performance 
monitoring of 4 case study houses that have undergone retrofits to improve energy efficiency in Northern 
Ireland. There is some uncertainty associated with some of the marketed retrofit measures in terms of 
their effectiveness in reducing energy usage and their potential to cause detrimental impacts on the 
internal environment of a house. Using wireless sensor technology internal conditions such as 
temperature and humidity were measured alongside gas and electricity usage for a year. External weather 
conditions were also monitored. The paper considers the effectiveness of the different retrofit measures 
implemented based on the long term data monitoring and short term building performance evaluation 
tests that were completed.  
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Another significant driver to improve the energy efficiency of domestic buildings in 
Northern Ireland is the issue of fuel poverty. A household is defined as being fuel poor if it 
needs to spend more than 10% of its income to heat the house adequately. The significant 
difference in fuel poverty levels in Northern Ireland compared to other regions, as shown 
inTable 1, is attributed to a number of factors including lower income, higher fuel prices and 
larger dependency on electric, solid fuel and oil. The rate of fuel poverty in Northern Ireland is 
amongst the worst in Northern Europe and 1,890 excess winter deaths over the last decade have 
been directly attributable to people living in damp and cold homes. 

 
Table 1. Fuel poverty rates across UK regions 
 

This paper presents results of four solid wall homes based in Northern Ireland of which three 
have had significant energy efficient measures implemented. The fourth case study has 
undergone some conventional upgrades to the building fabric that would be typical for Northern 
Ireland. To understand the effects of the retrofit measures implemented long term performance 
monitoring of the internal conditions and energy consumption for space heating and electricity 
were measured. 
 

2. CASE STUDY PROPERTIES  

The properties are owned by a Social Housing provider, an organisation that provides housing 
to those on lower incomes. The houses are in close proximity to each other and are set in an 
urban environment. 

2.1. Building fabric  

In house 1, 2 and 3 the walls were internally insulated using a number of different materials as 
outlined below: 

 House 1 - 100mm sheep wool, 50mm polyisocyanurate board and 6mm magnesium 
board.  

 House 2  20mm aerogel board and 9mm magnesium board 
 House 3  60mm wood fibre insulation board and 9mm magnesium board 

In an effort to reduce thermal bridging at the junction of the internal insulation and the 1st 
floor level 300m of sheep wool insulation was added next to the external wall in each house. In 
the roof space of house 1, 2, and 3, 200mm glass mineral wool insulation was laid down 
between floor joists.  The underside of the roof space had 30mm PIR insulation and 6mm 
magnesium board fixed to the underside of the ceiling joists. In the roof space 200mm of glass 
mineral wool insulation was added in houses 1,2 and 3. Argon filled double glazing has been 
fitted in timber sash windows in house 1,2& 3.New insulated solid floors with expanded 
polystyrene insulation and concrete screed were added to all of the case study houses. House 4, 
which has undergone minimal retrofit, has a10mm plasterboard fixed to 21mm expanded 
polystyrene board and vapour barrier. The windows in house 4 are timber framed single glazed 
sash windows.  

2.2. Air permeability  

Ventilation was provided in house 1, 2 and 3 through a Mechanical Ventilation and Heat 
Recovery (MVHR) unit with an efficiency 78.2%. Open fire places and chimneys in house 1,2 
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and 3 were sealed up and replaced with gas fires whereas the chimney in the living room of 
house 4 remains open. A number of diagnostic tests where completed on each property 
including air-tightness tests to the BS EN 13829-2001 standard. All vents and extract fans were 
temporarily sealed and drains filled with water. The results of the air-tightness tests are 
presented in last line of Table 2. UK building regulations stipulate that new homes should have 
a maximum design air permeability of 10m3/hr.m2 under a pressure of 50Pa. There is no such 
design value for retrofits to houses. The four case studies all exceed this recommended air-
tightness design value for new builds. As expected House 4 which has not undergone significant 
retrofit measures has the worst air-tightness value. This higher air permeability is likely to be 
caused in part by the open chimney in the living room. Difficulties with achieving air-tightness 
in energy efficient retrofits are well documented.  A study of 102 retrofit properties has shown 
large variability in the air-tightness. Trends in age or wall type and air-tightness were not 
established.  Pre-retrofit air-tightness results were between 2-23 m3/hr.m2 and post-retrofit 2-
15m3/hr.m2 however some air-tightness results were marginally worsened with the report 
concluding that air-tightness measures need to be integrated better with other upgrades such as 
installation of floor/wall insulation or MVHR system.  

According to make the most efficient use of any installed MVHR system the design air 
permeability should be between 2  4 m3/hr.m2. Given the high air permeability of the case 
study houses 1, 2 and 3 it is likely that the MVHR will not be performing efficiently and may 
not even be required.  

2.3. Space heating & domestic hot water systems  

The space heating system and domestic hot water in houses 1, 2 and 3 was provided by a 
condensing gas boiler with a seasonal efficiency 89.5% with heat distributed through an 
underfloor heating system on the ground floor and radiator system on the first floor. Space 
heating and domestic hot water in house 4 was also provided by a condensing gas boiler with a 
seasonal efficiency of 89.2% and distributed through a radiator system.  
 
Table 2. Summary of case study houses 

 House 1 House 2 House 3 House 4  
Wall U-value 0.22 W/m2K 0.52 W/m2K 0.45 W/m2K 0.93 W/m2K 
Floor U-value 0.22 0.22 0.22 0.41 
Roof U-value 0.16 

 
0.16 0.16 2.07 

Door U-value 2.2 2.2 3.0 3.0 
Window U-value 3.10 3.10 3.10 5.4 
Floor area (m2) 102.85 62 58.2 56.55 
Occupants  2 adults 2 adults & 1 baby 2 adults 1 adult 
Occupancy hours 24 hour Shift worker  

occupancy pattern 
changes 

Both shift 
workers 

Occupant works part-
time 11am-3pm 

House type Terraced Terraced  Detached Terraced 
Air-tightness 
m3/hr.m2at 50 Pa 

15.04 14.14 10.52 17.21 

     

2.4. Building performance evaluation  

Temperature and humidity was measured at three locations in each of the properties; living 
room, bedroom and bathroom. Total gas and electricity consumption within the properties was 
also metered. The results of a yearlong monitoring period between the 1st August 2014 and 31st 
July 2015 are presented in this paper. As with any long term monitoring project a number of 
difficulties were encountered with data gathering due to a range of technical difficulties. Data 
was gathered using wireless sensors which sent data back to a central unit which transmitted the 
information to the cloud. In particular, gas data for house 2 and 4 was lost when the monitoring 
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device failed. In these cases data gathered from site visits, discussions with tenants and typical 
consumption patterns were used to estimate gas usage. 

2.5. Relative humidity in case study houses 

Relative humidity in range of 40 to 70% is considered acceptable for a comfortable 
environment. If humidity levels exceed 70% over long periods in a room the potential for the 
development of house dust mites, airborne fungi, mould and bacteria is increased. Mould 
growth is likely on surfaces if humidity levels are over 80% for than 6 hours of the day. These 
growths in turn emit spores, cells, fragments and volatile organic compounds. Chemical and 
biological degradation of materials is also initiated by dampness, which further pollute internal 
air.Dampness is considered to be a strong and consistent risk indicator for the development of 
asthma, respiratory infections such as bronchitis and allergies. Humidity levels may fall below 
40%, particularly during spells of sustained cold weather, however associated risks appear 
minimal with an increased chance of static electric shocks for occupants. A summary of the 
measured relative humidity in the living room and bedroom of each property is presented in 
Table 3.  
 
Table 3. Annual relative humidity in bedroom (BR) and living room (LR) of case study properties 

 House 1 House 2 House 3 House 4 
Relative humidity BR LR BR  LR BR LR BR LR 
(% hours in range in 1 
year period) 

        

40% 28.9 0.7 24.1 31.8 7 9.1 6.4 50.5 
   40%-70% 71.1 99.0 75.9 68.2 93 90.9 93.6 49.5 

70% 0 0.3 0 0 0 0 0 0 
Average winter relative 
humidity (%) 

29.3 36.1 42 36 45.7 44.7 47.2 41.3 

Average summer 
relative humidity (%) 

36.3 43 42 47.5 45.6 43.2 50.9 38.4 

 
None of the case study properties have sustained levels of high relative humidity and for the 

most part fall within the limits of CIBSE recommendations. House 3 has the highest percentage 
of time of hours in the 40% to 70% humidity range. This could possibly be linked to its 
relatively low air permeability value. 

2.6. Internal temperature in case study houses 

Internal temperatures between 17 C and 25 C are considered to be comfortable and are 
recommended by CIBSE. Prolonged exposure to low temperatures in houses have been linked 
with lowered resistance to infections with temperatures below 16 C being associated with 
respiratory issues and cardiovascular problems at temperatures below 12 C with the young 
children and elderly people most vulnerable. CIBSE also recommend summertime peak 
temperature and overheating criteria of less than 1% annual occupied hours in the bedroom and 
living room of 26 C and 28 C respectively. A summary of the measured temperature over the 
year-long monitoring period in the living room and bedroom of each property is presented in 
Table 4. 
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Table 4. Annual temperature in bedroom (BR) and living room (LR) of case study properties 

 House 1 House 2 House 3 House 4 
Temperature         
%hours in 1 year period BR LR BR LR BR LR BR LR 

 9.8 0.7 12.6 0 12.9 30 40.4 43.1 
-  89.3 98.9 87.4 100 87.0 70 59.6 56.9 

26  0.9 0.4 0 0 0.2 0 0 0 
Average winter 
temperature 

21.1 19.3 17.6 20.5 19.0 16.4 14.3 14.2 

Average summer 
temperature 

21.9 21.8 21.2 21.6 20.9 17.6 20.1 19.2 

% change of winter to 
summer temperature  

3.8 13.0 20.5 5.4 10.0 7.3 40.6 35.2 

 
The low internal temperatures of house 4 are particularly concerning with the living room 

having temperatures below 17 C for 43.1% of the time, with temperatures below 12 C for 8.3% 
of the time monitored. Temperatures increase from the winter to summer temperatures as would 
be expected with a changing ambient temperature. House 4 also sees the largest seasonal 
variation with bedroom and living room temperature increasing 5.8  and 5  from winter to 
summer respectively. The bedroom temperature in house 2 also has a significant change with a 
20% increase in temperature; however this may be explained in part by the arrival of a new 
baby around that time period. The average living room temperature is also marginally below 
recommended temperatures. 

The rate and pattern of heat loss associated with house 4 is markedly different from the other 
case study houses as shown in Fig 1. Over a period of a week in the month of January the living 
room temperature of House 4 has a steep, almost exponential, decline of heat daily. The 
temperature decline in other case studies whilst having a similar cyclical pattern of decreasing 
temperature at night are significantly less pronounced. Using the CIBSE criteria overheating is 
not an issue in any case study. 
 

 
Fig 1. Hourly temperature profile of living room temperature of case study properties and external temperature 

2.7. Gas consumption in case study houses 

The UK regulator for gas and electricity markets OFGEM has published typical domestic 
annual consumption values for gas. Users are catego  
consuming 8,000 kWh, 12,500 kWh and 18,000 kWh respectively. Given the wide variety of 
age and type there is a lot of complexity associated with improving energy efficiency of existing 
houses. The performance gap  between design and actual values also means it is difficult to 
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benchmark energy use in domestic retrofits. The Low Energy Building Database has compiled 
information on 33 UK domestic refurbishments and lists a range of actual primary energy use of 
37.5 kWh/m2/yr to 283 kWh/m2/yr. This large range makes it difficult to establish what a 
realistic and achievable standard in retrofitting houses is. For new builds in the UK the Fabric 
Energy Efficiency Standard (FEES) have set good practice maximum space heating energy 
demand to be 39kWh/m2/year for apartments and mid-terrace houses and 46kWh/m2/year for 
end of terrace, semi-detached and detached houses. This standard has been created to allow for 
the efficient implementation of zero carbon or low carbon technologies in new domestic 
buildings and is therefore ambitious in the context of retrofitting properties. A summary of 
actual gas consumption and these benchmarks are presented in Table 5.  

 
Table 5. Annual gas consumption for case study houses compared with benchmarks 

 House 1 House 2 House 3 House 4 
Gas consumption (kWh) 17724 77531 8514.7 53822 
OFGEM User Category based on 
actual gas consumption 

Medium  Low Medium Low 

FEES best practice (kWh) 4011 2418 2677 2205 
1gas monitoring for this property was interrupted from the 28th October until the 16th December  a conservative 
estimate for usage based on typical gas consumption for the property is presented.  
2 gas monitoring for this property was interrupted from the 20th Jan until the 1st of May  a conservative estimate for 
usage based on typical gas consumption for the property is presented.  
 

As expected gas usage in each of the four properties far exceed best practice FEES standard. 
Even though extensive retrofit measures were implemented in house 1,2 and 3 the effectiveness 
of these measures at reducing energy usage in the households is questionable. House 4 has 
exceptionally low gas consumption which when twinned with the consistently low internal 
temperatures is likely to signify that the occupant in this property is unable to afford to heat the 
house sufficiently and could be classified as being in fuel poverty. 

2.8. Electricity usage in case study houses 

To evaluate the actual electricity usage of the four houses a number of literature sources were 
used to establish typical or predicted electricity consumption patterns with results summarised 
in Table 6. The most recently published figures for typical annual electricity consumption from 
OFGEM, have been categorised as low , medium  and high  users who consume 2000kWh, 
3100kWh and 4600kWh respectively. The report presents the findings of a survey of electrical 
energy consumption in 251 households. The average electricity consumption in households 
without electric heating was found to be 3638 kWh/year which when expressed in terms of 
house floor area resulted in 65kWh/m2/year. A study of 27 households in Northern Ireland  
found that electricity consumption had a strong relationship with the floor area of the building 
with the following correlation equation presented  -   49(Area m2) + 233 = electrical kWh 
consumption.  

The actual electricity consumption of the four house is presented alongside the predicted 
annual electricity consumption based on the previous literature (Zimmermann et al. 2012) and 
(Yohanis et al. 2008) as well as being grouped into a suitable OFGEM category in Table 6. 
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Table 6. Annual electricity consumption - Actual, predicted and % difference 

 House 1 House 2 House 3 House 4 
Actual 3094 37981 3056 1871 
OFGEM User 
Category 

Medium Low Low Low 

Predicted [12] 6685 4030 3783 3675 
% difference 116 6 23.8 96.5 
Predicted [11] 5272 3271 3084.8 3003 
% difference 70 -14 1 61 

 shows the average daily load profile over the monitoring period of electricity usage in 
the four houses is compared with an average UK load profile available from a report completed 
for the Energy Saving Trust (Zimmermann et al. 2012). The daily profile for house 2 and 3 
appear to have relatively high electricity demand at night  both houses are occupied by shift 
workers which would explain this increased overnight demand. 

Fig 2. Average electricity profile of case study properties compared to typical UK profile 

3. DISCUSSION AND CONCLUSIONS 

The prolonged low internal temperature, high relative humidity and accelerated decline of 
internal temperature in house 4 overnight indicate, as would be expected, that it is the poorest 
performing property. The low internal temperatures and low gas usage would indicate that the 
householder is in fuel poverty and is unable to afford heating the house to a sufficient level. The 
relatively slow decline of overnight temperature from the other case study properties 
comparatively to house 4 indicate that retrofit measures have been effective at improving the 
building fabric. Gas consumption for houses 2 and 3 are categorised as low, and twinned with 
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generally good internal temperature ranges indicate that the retrofit measures implemented have 
improved the energy performance and comfort levels of the building. House 1 has the highest 
internal temperatures of any of the case studies coinciding with the highest gas usage. As one 
occupant is infirmed and the other is the care giver the priority is warm comfortable internal 
temperatures which they can achieve whilst still falling within the medium energy user 
category.  

Whilst there are a number of sources of typical electricity consumption for households in the 
UK, there is less comprehensive data available that accurately predicts space heating 
consumption. Whilst large variations of space heating across homes is understandable due to a 
large range of variables (occupant preference, age/type/construction of building etc.) transparent 
benchmarks would be highly beneficial. To ensure we close the performance 
design and actual energy usage we need more rigorous ways of estimating energy use in 
buildings. 

The monitoring of these four case study properties is ongoing with further work planned 
considering dynamic modelling of energy usage in the buildings. Further work is required to 
consider the life cycle costing and environmental impact of the measures implemented to 
understand the financial and environmental benefit of such retrofit improvements.  

4. ACKNOWLEDGEMENTS 

The authors express their thanks to the sponsorship by Engineering and Physical Sciences 
Research Council (EP/M506709/1), Universities Ireland and internal funds provided by 

 

REFERENCES 

- 
2013. 

Available: https://www.bre.co.uk/filelibrary/pdf/rpts/Hard_to_Treat_Homes_Part_I.pdf. 
 

Fit - Installation phase in-depth findings - Follow-up 
 

- Technical 
Booklet K - 80, 2012. 

Chartered Institution of Building Services Engineers, Environmental Design Guide A, 7th Editio. 
Norwich: CIBSE Publications, 2006. 

World Health Organization Europe, WHO Guidelines for Indoor Air Quality: Dampness and Mould. 
Germany: Druckpartner Moser, 2009. 

  

[Online]. Available: 
https://www.ofgem.gov.uk/sites/default/files/docs/2015/05/tdcvs_2015_decision_0.pdf. 

 
-life energy use in the UK: How occupancy 

y Build., vol. 40, pp. 1053 1059, 
2008. 

J.-P. Zimmermann, M. Evans, T. Lineham, J. Griggs, G. Surveys, L. Harding, N. King, and P. Roberts, 
 

 

394



 

 

1. INTRODUCTION 

The Proper Design of Façade Openings for Occupant Satisfaction: 
Variance Based Sensitivity Analysis and Optimization of Model 
Output  
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38123 Trento, Italy  
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Abstract. The paper examines the relationship between energy efficiency and indoor comfort presenting 
an original methodology to assess data from simulation software. Recently, concerns about aspects related 
to occupant indoor comfort are arising near energy issues, usually considered the predominant key point 
for a sustainable construction. Various energy-oriented software are used, showing some main problems 
connected to the subjective nature of some parameters, the proper definition of input data, the output data 
management and options optimization. The research presented addresses these issues. It is based on the 
design and analysis of a free running single building. A brute force analysis was performed using 
EnergyPlus and an algorithm prepared with Wolfram Mathematica for the optimization problem. A 
variance-based sensitivity analysis was made considering the contribution of single variable to the amount 
of output uncertainty (first-order sensitivity index) and the uncertainty caused by interactions with other 
input variables (total effect index). Secondly, an optimal solution was evaluated, through the definition of 

. 
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Fig 1. Render of the concrete building under analysis. 
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2. METHODOLOGY 

Fig 2.Heating energy consumption, assuming a percentage of W-facing openings of 40% 
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2.1. Simulation model 

2.2. Preliminary analysis results 

Fig 3.Summer performance in terms of cooling energy consumption (a) and in terms of comfort (b), assuming a 
percentage of W-facing openings of 40% 
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2.3. Parametric analysis variables  

Table 1. Set of parameters and values that can be assumed by parameters in the analysis 

Parameters Values 
1 2 3 4 5 6 7 8 

Shading control > 200 > 250 > 300 > 26 °C     
South openings 20% 30% 40% 50% 60% 70% 80% 90% 
West openings 20% 50% 80%      
Aspect ratioa 2:1 1:1 1:2      
Transmittance 0.8 1.1 1.5      
Solar factor 0.3 0.5 0.65      
Shading type Sun 

blinds 
30° 

Sun 
blinds 
60° 

S. b. with 
tracking 
system 

Ext. 
curtain 

Int. 
curtain 

   

aDefined as the ratio between North-South extension to East-West extension of the building. 
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3. RESULTS AND DISCUSSION 

3.1 Winter analysis results 

Table 2. First-order sensitivity indexes, analysis 
on heating energy consumption (winter) 
[%] 

 Table 3. First-order sensitivity indexes, analysis on 
comfort (spring, summer and fall) [%] 

 Si STi   Si STi 
Shading control 38.5 45.7  Shading control 3.0 88.0 
South openings 2.1 13.4  South openings 2.5 82.7 
West openings 2.4 5.8  West openings 14.8 70.0 
Transmittance 15.9 13.4  Transmittance 0.1 7.8 
Solar factor 28.1 23.8  Solar factor 7.0 54.0 
Shading type 8.6 14.8  Shading type 0.3 8.1 
Aspect ratio 8.2 9.8  Aspect ratio 1.4 26.2 
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3.2 Winter analysis results 

3.3 Optimal solution analysis 
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1. INTRODUCTION 

The current thrust in industrialised societies towards a sustainable Architecture is a result of a 
newly-found conscience about decades of wanton waste of natural resources to ensure buildings 
provide the comfort levels that society demands. This mismatch between design and comfort 
resulted from technologies that permitted any building to be made liveable irrespective of its 
context, albeit at an economic and environmental cost. The new trend towards a 'green' 
architecture,  increasingly stringent regulations on energy use, has forced 
architects and designers to rediscover the relationships between building design and the 
environment. 

In the EU, buildings account for 40% of all energy use (Directive 2010/31/EU, 19 May 
2010) 

The figures are likely similar, if not higher, for other industrialized countries. Moreover, the 
major part of the built environment throughout the world is composed not of  signature 
buildings   Architecture with a capital A  but of modest  ones, comprising primarily the 
dwellings of the people. It follows therefore that the major part of energy use today is by 
housing, in all its different forms. Dwellings, today,  often rely on mechanical means to achieve 
the comfort expected by their occupants. 

Yet, it has not always been so. 
 

Towards Sustainable Architecture: Lessons from the Vernacular. 
Case Study - the Traditional Houses of the Asir Province of Saudi 
Arabia.  

Joseph Galea 
Visiting Senior Lecturer, Architecture & Urban Design, Faculty for the Built Environment, University of 
Malta 

Email: joseph.m.galea@um.edu.mt 

Abstract: The current thrust in industrialized societies towards a sustainable Architecture is a result of a 
newly-found conscience about decades of wanton waste of natural resources to ensure buildings provide 
the comfort levels that society demands. This mismatch between design and comfort resulted from 
technologies that permitted any building to be made liveable irrespective of its context, albeit at an 
economic and environmental cost. The new trend towards a 'green' architecture, motivated by 
increasingly stringent regulations on energy use, has forced architects and designers to rediscover the 
relationships between building design and the environment. As Bernard Rudofsky states in his seminal 
book, "Architecture without Architects," '...there is much to learn from architecture before it became an 
expert's art.' This paper explores the lessons for sustainable architecture that the vernacular provides, 
through a brief investigation of the traditional buildings of the Asir Province of Saudi Arabia. Such 
buildings merit study not merely for their interesting forms or because of a misguided nostalgia. Neither 
is it for the inherent properties of their specific materials and technologies, which may or may not be 
realistically applicable today.  
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2. THE VERNACULAR 

dwelling (Habraken N. J., 1970.) He built forms of housing with readily available materials that 
 as well as the desires, 

(Rapoport. A. , 1969, p.2.) House forms evolved over a period of time 
using a limited palette of materials, with each iteration improving on the previous model, but 
continuing to abide with unwritten rules that gave a visual consistency and cultural coherence to 
vernacular settlements. (Galea, J.M., 1975, pp. 4-5.) (Galea, J.M., 1983, pp.230-249.) The result 

communal art, not produced by a few intellectuals but by the 
spontaneous and continuous activity of a whole people with a common heritage, acting under a 

(Quoted in Rudofsky, B. , 1964.) 

to, subtracte
 

By their very nature vernacular buildings were sustainable. This direct user-building 
relationship  can still be found today in pre-industrial societies, although there are few areas 
where the internet and mass media has not intruded to contribute to the breakdown of traditional 
values. 

However, even before the  information revolution, tradition and its regulation of social 
norms were 
identified three main reasons for this, namely: 

-traditional) cultures seek. 
(Rapoport, A., 1969 pp. 6-7.) 

.  
However, this and the settlements it generated are often simply viewed as quaint developments 

sections of town on their holidays, then go back to their home in the suburbs
(Rudofsky, B., 1964.) 

accidental but today we should be able to recognize it as the result of rare good sense in the 
to learn from architecture before it 

(Rudofsky, B., 1964) 

order to come up with cheaper and better ways of providing good standard sustainable buildings 

poport.) 
It is encouraging to see that the study of vernacular architecture is now being carried out, not 

for teaching sustainable design  
to future architects. (Forster, W., Heal, A. and Paradise, C., 2014, p. 203) The study of 

(Rapoport, A. quoted in Forster,  W. et al, 2014.) and, as 
importantly, to provide insights into the processes of people influencing the buildings they live 
in, which is the key to their satisfaction with their living environments. (Galea, J.M., 1975.) The 
challenge then is to apply the lessons learnt to design, ldings and 
settlements are climatically appropriate, sustainable and meet the cultural and social needs of 
modern society. 
 

3. CASE STUDY: THE HOUSES OF THE ASIR 

The characteristic, traditional dwellings of the Asir Province of Saudi Arabia merit study for 
their reflection of the symbiosis of a people, their physical environment and their cultural 
requirements. 
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The following case study is the result of a 1980 trip that the author and two colleagues made 
to document these fascinating structures. Considering the length of time that has passed and the 
massive development in Saudi Arabia over the past decades several of the buildings 
photographed may have since disappeared. However, the lessons to be derived from them 
remain. At the time, these vernacular buildings were described in a paper by the author and 
others (Galea, J.M.  and Boon, J.J., 1981.) What follows here depends heavily on that paper.  

The land of the Asir province differs greatly from the harsh landscapes of the other 
provinces of the Kingdom. This is how that intrepid explorer of Arabia, Wilfred Thesiger 
described the Asir, the South Western Province of the Kingdom of Saudi Arabia. 

-side forested with wild olives and junipers. A stream tumbled down the 
slope; its water ice cold at 9,000 feet, was in welcome contrast with the scanty, bitter 
water of the sands. There were wild flowers: jasmine and honeysuckle, wild roses, pinks 
and primulas. There were terraced fields of wheat and barley, vines and plots of 

p.17) 
The province covers some approximately 104,000 sq. kms. It extends from south of Taif all 

along the Red Sea to Yemen on the south. To the east it merges with the Najd, the central 
region of Saudi Arabia where Riyadh, the capital of the Kingdom is located. Further east is the 
Empty Quarter, the Rub al-Khali, the desert that Thesiger refers to at the end of the above 
quote. 

The western edge of the Province is defined by a narrow coastal plane, the Tihamah from 
(Kingdom of Saudi Arabia, 

1982, p.12.) These are part of the mountain range with peaks rising to around 3,000m, which 
 (Philby, H. St. J., 1976.) These topographical 

characteristics strongly influence the climate  a relatively mild tropical uplands climate, which 
contrasts sharply with the generally harsher climate elsewhere in the Kingdom. 

The temperature in Abha, the provincial capital, averages 17.5 °C. In a year, the average 
rainfall is 278 mm Temperatures average between 14 and 16 oC  in January, to 22 -24 oC in 
July. The diurnal variation can be high, as much as 12  oC in September. Average Relative 
humidity is around a comfortable 65%. Rainfall is spread out throughout the year with the driest 
month being October, with 2 mm of rainfall, with peak precipitation in Marchwith  an average 
of 59 mm. (http://en.climate-data.org/location/3634/.) However, the distribution of the rainfall 
across the province varies as one moves from west to east. 

The warm, moisture-laden air over the Tihama along the Red Sea, rises over the steep 
escarpment shedding its moisture in the form of heavy rains over the western part of the 
province. Here the rains often create temporary rivers in the wadis and green the landscape. 
Many wadis dry up shortly after the rains but some of the greenery persists. As one moves east 
across the province towards the desert, some 200 kms away, the amount rainfall rapidly drops 
off. This is clearly reflected in the type of dwellings that developed in different areas of the 
province. Although climate in general, and in this case amount of rainfall in particular, is a 
definite factor in the forms of vernacular houses that developed in the Asir, one has to be aware 

(Rapoport, A. ,1969, p.18) and 
cannot simplistically be determined or explained by climate alone. 

The traditional houses of the Asir may be grouped into three broad categories. Each category 
is related to a particular area of the province and is influenced by, among other things, the 
materials available and the prevailing climate in the area. These three categories may, for 

(Figure 1.) Intermediate forms of 

houses. (Farsi, Z.M.A., 1989, p.63) These have a stone ground floor with mud or mud-slate 
upper floors. These buildings are significant because they demonstrate how within a similar 
context different forms may develop. However, for the purposes of this paper they are 
considered to be an exception. 
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Fig 1. General distribution of  the three broad categories of vernacular houses. (Borrowed from J.M. Galea and 

J.J. Boon 1981) 

 

4. STONE HOUSES CASE STUDY 

The stone houses are primarily located in the western part of the province where the rainfall is 
the highest. Here stone is abundant and is the primary material used for vernacular houses. 
Houses occur in small groupings in a fortress like mass, often located at the top of hills creating 
the impression of citadels. These settlements or house groups are often accessed via only one or 
two concealed and protected entrances. (Figure 2.) It is often difficult to distinguish and 
delineate individual dwellings. Entrances lead to a veritable warren of passages that thread their 
way through the structure. 

 
  

       Fig 3: Reinforcing timbers in wall. 
 

        
.            
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The houses themselves are usually one to two storeys high and have small internal 
courtyards. Certain areas can only be accessed by ladders across the roof. (Figure 4.) Internal 
rooms are lit and ventilated through a hole in the roof, formed in some cases by embedding a 
clay pot into the mud roof, covered by a slate when necessary. (Figures 5. 6) 
 

 
Figure 4: Roofscape with ladder from an internal courtyard 
 

  
Fig 5: Hole in roof formed by clay pot. Fig 6: Slate covering for ventilation hole. 
 

The walls may be 70cm thick at their base (Farsi, Z.M.A., 1989,, p. 63) and taper slightly 
inwards as they rise, reinforcing the fortress impression, while increasing their structural 
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stability. Timbers, generally juniper or tamarisk, are often incorporated into the walls as 
reinforcement. (Figure 3.) 

Construction of the walls is in dry rubble. Stones are trimmed to provide a smooth outer 
face. The interstices between the large stones are packed with small laminates of schist. 
Coursing is horizontal, albeit irregular, but the quality of workmanship is generally high. 
Vertical supporting elements are of rough timbers; in some instances consisting of complete 
tree trunks (Figure 2.) Roofs are again composed of a framework of rough timbers as primary 
and secondary load-bearing elements, carrying layers of bundled reeds, over which is a mud 
deck of c. 30cm thickness.  

The upper surface of the roof is coated with a lime wash to protect it from the heavy rains in 
the area. Rain is shed from the roof by wooden spouts which project far beyond the face of the 
building. (Figure 7)  In some instances water is taken to the ground down the walls along 
vertical, lime-plastered, mud channels. Doors and any external window shutters are solid timber 
and often inscribed with geometric designs or Islamic calligraphy. (Figures 8, 9) Apart from the 
carvings on doors and shutters the only other, simple but effective, decorative elements are 
quartz pebbles and small schists laid in careful arrangements above external openings. (Figures 
10, 11) 

 
Fig 7: Partly ruined dwelling showing rough timber primary roof supports and rainwater spout projecting 

beyond the wall. 
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Fig 8: Carved window shutter Fig 9: Door with geometric designs 
 

 

 
Fig 10: Window decoration with lime wash window surrounds Fig 11: Quartz decoration around 

window 
 

The defensive nature of these houses and indeed of most of the house types in the Asir, have 
a historical reason. The Asir is the only area of Saudi Arabia that has been subject to several 
foreign invasions  - by the Romans as early as 24 BC to the Ottomans in the early 19th century. 
(Galea, J.M. and Boon, J.J. 1981.) This, and inter-tribal conflicts, necessitated that houses and 
settlements could be easily and well defended. Although the Asir became part of the Kingdom 
of Saudi Arabia in 1934, under King Abdul Aziz ibn Saud, and the need for defense diminished, 
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the defensive characteristics of the dwellings persisted. This indicates the complex nature of the 
process responsible for house forms in vernacular societies. 
 

5. MUD-SLATE HOUSES 

As one moves further east and down from the rocky heights, the abundance of stone available 
for building diminishes. In this zone the traditional houses take on a different form. The 
defensive appearance remains but the houses become 3-4 storey, free-standing towers in small 
groups. They are built on stone footings but the primary building material is mud. Continuous 
mud courses, approximately 50cm high are laid, each course being allowed to dry before the 
next is laid. Since this zone still experiences heavy rainfall, bands of projecting pieces of slate, 
sloping outward, are laid between each course to shed water off the vulnerable wall surface. 
(Figure 12) This gives the houses a characteristic striped appearance. (Galea, J.M. and Boon, 
J.J. 1981.) This striped effect is enhanced in many cases by painting the wall surface between 
the slate bands coinciding with window lintels and sills in a  white, and occasionally coloured, 
lime wash. The top of the walls and roof parapets are also finished with a lime wash to protect 
the edges. This white trim creates a particular appearance that T. Eigeland said resembled 

(Eigeland, T., 1980.) (Figure 13) 
Similar to what has been described for the stone houses, roofs are carried on rough timbers 

as the main vertical and horizontal structural elements with smaller, similarly rough, cross 
members over which are laid reed mats on which is laid a mud decking. (Figures 14, 15) The 
roof surface is again finished with a lime wash. The ubiquitous mud, on wood framing, is used 

-in furniture. (Figure 16) 
 

  

Fig 12: Horizontal bands of slate between courses. Fig  
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Fig 15: Reed mats over rough timber secondary elements 

Fig 14. Rough timber main structural elements  

 

 
-in  

 

6. MUD HOUSES  

The easternmost part of the province experiences much less rainfall. In this area the houses 
resemble the mud-slate houses of the central area, both in their construction technique as well as 
in their overall form. However, here the slate bands are not required. Therefore,  here  the 
houses  
whole wall may be given a coating of mud to provide a smooth surface.  At the corners the 
courses are turned up to help guide rain away from the vulnerable building angles. Visually, this 
also emphasis the raised roof parapets at the corners. (Figure 17) (Galea, J.M. and Boon, J.J., 
1981) 
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Fig 17: Coursing turned up at the corners  Fig 18: Lime washed window surrounds and roof 

parapets 

 
Lime wash is again used at roof parapets as well at window surrounds, both for functional 

reasons but also for its obvious aesthetic value. Sometimes the lime wash may be applied over a 
whole wall surface or as a horizontal band going around the whole house, often emphasizing a 
row of windows. (Figures 19, 20) 
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Fig 19: Lime washed upper floor wall surfaces Figure 20: Lime wash bands highlighting rows of 
windows 

 

 
Fig 21: Mud on timber casings of primary beam ends 
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The ends of beams carrying the roof, and sometimes even the upper floor, are sometimes 

taken right through the walls to the outside face, perhaps to provide more bearing area for the 
beams. Here they are protected by a wood casing covered by mud. (Figure 21) The resulting 
pattern of wide vertical corrugations is sometimes carried around the four facades for aesthetic 
effect  a functional element exploited for its visual potential. 
 

7. THE INTERNAL ORGANIZ   

separation of public and private areas. Each house is generally surrounded by a wall delineating 
a courtyard from which open rooms for animals. The ground floor generally contains additional 
store rooms. The public area of the house is on the first floor, where the main sitting or guest 

is located. This room generally comprises a low seat around all the 
room, again formed in mud, covered by carpets and cushions. Walls and apertures (doors and 
windows) are often painted in bright colours, green being a favourite one. The upper floor/s 
cont
kitchen and an open terrace, oriented according to the prevailing winds. The stairwell is often 
carried up to the flat roof area which provides additional private family space. 
 

8.  

It is worth briefly mentioning another building type that may be found, primarily in the central 
and eastern zones    This is a tall tower, 
approximately 12-15 metres in height, generally circular on plan, having a diameter of about 3 
metres, although square examples are also found. These normally have a stone ground floor 
with their upper parts in mud, generally with slate bands, although all stone qasabahs may also 
be found. (Figures 22, 23) 
 

  
Fig 22: Square, mud-slate qasabah on stone base Fig 23: All stone, round qasabah 
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These towers likely served as watch towers to safeguard crops from marauding tribes (Talib, 
K., 1984, p.97) but may have eventually become a status symbol of their owners, (Galea, J.M. 
and Boon, J.J., 1981) retained and maintained even when their original purpose ceased to exist. 
 

9.  

Vernacular architecture in general, and the traditional house of the Asir Province of Saudi 
Arabia in particular, demonstrates how people who are intimately connected to their physical 
environment manage to build habitations from materials that are readily available and generally 
re-useable, however limited the palette, that not only meet the climatic challenges of their 
particular environment but also satisfy their physical, social and cultural needs. Their results are 
a lesson in sustainability. 
The lesson for architects, especially those working in economies of scarcity (Galea, J.M., 1980.) 
in the housing field is to work closely with the eventual users of their dwellings, and understand 
the complex system of forces that generate their vernacular buildings. Their primary role should 
not be that of introducing new forms of dwellings no matter how efficient they are deemed to 
be. Instead they should focus on improving and/or rationalizing existing technologies, so that 
their efforts become merely one more step in the vernacular continuum of buildings developing 
by a series of many, small changes in response to perceived shortcomings in the previous 
model. The work of Carin Smuts in South Africa (among others) is an example of this.  (Frey, 
P., 2010, pp. 122-131.) 
Let us not allow the current, admirable drive towards sustainability to be used as another excuse 
to push onto developing nations systems and products, whose primary purpose is the 
enrichment of the producers. As Victor Papenek said so long ago: 
 

emulate our own mistakes of misusing design talent as an ego trip for the rich 
 (Papanek, V., 1974, p. 122.) 

 
Irrespective of context, examples of vernacular architecture provide architects a 
sort of enchanted catalogue of suggestions and germs of solutions on which their inventiveness 

(Frey, P., 2010, p.64.) Vernacular inspired teaching programmes in schools of 
rnacular pragmatism and the resources of 

(Frey, P., 2010, p. 160) will hopefully lead to a new generation of 
architects who will, as a matter of course, design inherently sustainable buildings that, while 
being rooted in the community for whom they are meant, perform to contemporary green 
energy standards (such as LEED, BREEM, etc.) at an affordable cost. 
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1. INTRODUCTION 

2. HISTORICAL DEVELOPMENT OF THE NEIGHBOURHOOD 
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Abstract. The housing stock in Back Bay holds a strong identity and cultural significance for Bostonians. 
This district is famous for its rows of Victorian brownstone homes and considered as one of the best-
preserved examples of XIX century urban design in the United States. It is a quintessential part of the 
Bostonian aesthetic. As they were built at a time when the use of fossil fuels, emissions of greenhouse 
gases and the expectation of changes to our climate were not a concern, the building fabrics were not 
originally designed to retain heat energy particularly well either in the long cold winters or to cool down 
in the short humid and hot summers. This paper presents an evaluation of energy demand of the Back Bay 
historical neighbourhood and propose some guidelines for retrofit interventions. The paper is developed 
within a larger research project on "Smart retrofit for resilient historical cities". The project aims to 
develop a modelling tool that, given a retrofit target, compares different energy and hazard retrofit 
scenarios in terms of environmental and economic costs. 

419



 

 

Fig 1. Aerial view of Back Bay 

3. MATERIAL FLOW ANALYSIS 

Gaining 
Ground

Fig 2. Accumulation of material weight for land filling.  
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The typical residential building in the Back Bay is the townhouse (Figure 3a). Usually 
arranged between four to six levels, these single family dwellings have a uniform setback from 
the street and feature a long narrow plan with side hallways and central staircases. The first 
floor is typically raised a few feet above the street level. The structure is triple-wythe (or more) 
load bearing brick masonry party and exterior walls. These walls rest on stone foundations that 
sit on wood piles (Figure 3b). The facades feature facing materials often distinguishing the first 
level from upper floors of the house, and whose material choices vary according to 
chronological trends and availabilities. 

Terra-cotta hued facing brick prevailed in the earliest houses, prior to the frequent use of 
brownstone between the 1850s and 1860s. Different types of sandstones became popular in the 
1870s, as well as an increased variety and experimentation of materials such as panel brick, 
glazed tile, pressed copper, and slate. Houses towards the end of the nineteenth century would 

construction in terms of building weights is shown in figure 4.  

 
Fig 3. a) View of row houses; b) section of a typical Back Bay house showing the construction system.  
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Fig 4. Accumulation of material weight for building.  

4. RETROFIT 

4.1. Walls 

The original Victorian buildings are of solid masonry walls made of 3wythe bricks and 1 brick 
or veneer layer toward to exterior and completed with gypsum plaster on the interior. This 
system presents a very transmittance value but, at the same time, the high rate of air infiltration 
prevents moisture build-up. Many buildings over the last century, have been transformed from 
single family houses in apartment buildings. In correspondence to this functional change, they 
were subjected to some refurbishments, which in many cases brought to replace the original 
internal gypsum plaster with dry walls that slightly improved the thermal comfort (Figure 5).  

Better thermal performance can be achieved by adding insulations materials to the inner or 
outer of the masonry walls. However, as all the neighborhood lies in a conservation area, 
alteration of the external are not allowed. Therefore, only internal insulation can be added.  

Three retrofit that are in line with preserving the architectural feature of the buildings are 
investigated (Figure 6): R1,removing the interior finish and replacing it with hydraulic lime; 
which improves the thermal resistance of the wall and, thanks its high porosity and water vapour 

mould growth and discourages rodents. R2, infill the drywall cavity with open cell spray 
insulation, allowing increasing thermal performance also preventing the occurrence of moisture 
and condensation; R3, infill the drywall cavity with loose mineral wool, allowing a very 
important improvement of thermal insulation, being at the same time naturally moisture  
resistant and performing as a fire barrier, slowing down house fires. As shown in Table 1, the 
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third retrofit scenario is the one that let to achieve the current thermal requirements for new 
house (U = 0.3 W/m2K) and in terms of material, if compared to the original construction type 
2, it only account for 3 kg per m2 of added material and corresponding 46 MJ of EE. 

Fig 5. Wall sections of the original constructions. 

Fig 6. Retrofit scenarios 

Table 1. Evaluation of the overall resistance, weight and embodied energy per unitary wall area of the original 
constructions and the retrofit solutions. 

4.2. Roofs 

The roofs are usually the largest source of heating loss of a buildings. Therefore, roof retrofit 
presents an ideal opportunity to reduce energy consumption. In the extreme weather conditions 
of Boston with extremely cold snow winter, with temperatures below 0° C (up to -20°C) and hot 
and humid summers with temperatures around 30°C, roof thermal performance become an 
extremely important issue. In the Back Bay original constructions, the roof performance was 
extremely poor being built up mainly with wood boards, gravel and tar membrane (original 
construction type 1, figure 7) or slate tiles (original construction type 3, figure 7). In some cases, 
in a second phase, concrete fill and tiles were added to the wood and gravel roof, mainly for 
sound reduction, as can be read in the report by J Hickey Associates in 1972. This intervention 
(original construction type 2, figure 7) also produced an improvement of the thermal 
performance, which still does not meet the current requirements. Today, even if Back Bay 
buildings belong to conservation list, some roof modification for improvement purpose are 
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available. In this work two retrofit scenarios are developed with the aim to improve the 
performance but also respect the original slope, and avoiding excessive loading increment on 
the existing floor structure. Therefore, two solutions (R1 and R2) aim to substitute the gravel 
with an ECO XPS with closed cells and strong moisture resistance capacity (in particular, the 
Polyfoam ECO by knauf is considered). These solutions enable to fulfil the requirements for 
new roofs with a U=0.18W/m2K and with a reduction of the current dead load (Table 2). The 
Retrofit 2 differs from the first solution for the added light concrete layer for tile posing, with a 
consequent increment of dead load and EE, without any thermal improvement. The third 
solution, considers the adoption of CELENIT panels that are insulation panel made by wood 
and some cement, this allow an important improvement in the thermal performance but with a U 
factor slightly higher of the required for new constructions. The fourth investigated solution, 
instead aims to completely modify the actual condition to realize a ventilated roof, allowing a 
very high performance (U = 0.16 W/m2K).  

 

Fig 7. Floor sections of the original constructions. 

Figure 8. Retrofit scenarios. 
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Wood board

Tar membrane
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Table 2. Evaluation of the overall resistance, weight and embodied energy per unitary roof area of the original 
constructions and the retrofit solutions 

5. CONCLUSIONS 

preserving history and saving energy 
are two sides of the same coin.”

 

REFERENCES 

Forster A M, Carter K, Banfill P F G & Kayan B, Green maintenance for historic masonry buildings: an 
emerging concept, Building Research & Information, 2011.  

Filippi M, Remarks on the green retrofitting of historic buildings in Italy, Energy and Buildings 95 (2015) 
15 22 

Seasholes N S. Gaining ground: a history of landmaking in Boston. Cambridge, Mass.: MIT Press, 2003. 
Bunting, Bainbridge. 1967. Houses of Boston's Back Bay; an architectural history, 1840-1917. 
Cambridge, Belknap Press of Harvard University Press, 1967.  
Forster A M, Carter K, Ban¢ll P F G and Kayan B. Green maintenance for historic masonry buildings: an 

emerging concept. Building Research & Information (2011) 39(6), 654 664. 
Hammond G and Jones C, Inventory of Carbon & Energy (ICE), Version 2. Sustainable Energy Research 

Team (SERT), Department of Mechanical Engineering, University of Bath, Bath, United Kingdom, 
2011. 

Miskin N. The Carbon Sequestration Potential of Hemp-binder. A study of embodied carbon in hemp-
binder compared with dry lining solutions for insulating solid walls. Dissertation thesis. School of 
Computing and Technology, University of East London. 2010. 

The building regulations 2010, Approved Documents L, L1B Conservation of fuel and power in existing 
dwellings, HM Government, England. 

W Hickey Associates, 1972, Investigation of collapse of the hotel Vendome prepared for City of Boston, 
Boston Public Library.  

Back Bay Architectural Commission, 1990. Guidelines for the residential district.  

425



426



 
 

1. INTRODUCTION 

Green roofs are regarded as visually attractive. However they are most often built for reasons 
other than aesthetics. They possess a great range of environmental advantages, which not only 
benefit the building where it is installed, but also the surrounding environment on a macro scale.  
Benefits on a micro scale, i.e. to the building itself, include: improvement of thermal insulation 
and thus reduction of building energy demand on space conditioning, increased lifetime of roof 
membranes by protecting them from solar radiation, improved aesthetics, amenity value and 
marketing. Moreover benefits on a macro scale, i.e. improvements to the overall quality of life 
in urban areas, include: reduction of the ambient temperature increase due to the Urban Heat 
Island (UHI) effect in cities, improved urban biodiversity, reduction of storm water runoff, 
improvement of air quality in cities, increase employment and commerce, social improvement, 
and recreational and educational development. In addition, planted roofs not only insulate but 
can also provide passive cooling for building interiors through evapotranspiration, which is the 
combined process of water loss from the growth media (evaporation) and vegetation 
(transpiration).In summer conditions, studies showed that evapotranspiration absorbed between 
12-25% of the incoming heat flux. 

R-Values calculated in field and laboratory experiments for extensive green roofs (7.5-15cm 
depths) varied from 0.37 to 0.85 m2K/W. One study showed that the presence of moisture could 
increase the soil thermal conductivity since water is a better thermal conductor than air in the 
voids. However, when the soil is moist, evaporative cooling is enhanced resulting in a 
combination of the two effects. A study by Liu, which focused on the effect of soil moisture on 
green roofs, has shown that soil moisture in green roofs is important for evaporative cooling. To 
optimise building energy saving during summer, rather than keeping the thermal conductivity 
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Abstract. Finding a balance between green open spaces and urban areas is important. In places where the 
density of buildings is high, greening of roofs can significantly improve the area. One of the main benefits 
of green roof systems, especially in warm climate countries, is the improved thermal performance of the 

unplanted local growth media and a drainage layer used in green roof systems. Unplanted growth media 
consists of soil and other in/organic material without planted vegetation. Laboratory tests were carried out 
in a hotbox to study the energy performance of an unplanted green roof specimen at different moisture 
contents and soil surface temperatures. Results showed that the thermal conductivity of the specimen 
increased with both an increase in surface temperature as well as with an increase in the moisture content. 
It also resulted that a typical U-value of an unplanted soil layer is about 2.25 W/m2K in winter, while in 
summer it would be about 1.30 W/m2K. This study gives an indication of the thermal performance of the 
soil layer of a green roof system had the up-keeping of the vegetation been ignored ending up with bare 
and unplanted media. 
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low with dry soil, she found that it is more beneficial to irrigate the green roofs to increase 
evaporation . 

The study in this paper focuses on the thermal performance of an unplanted local soil growth 
layer specimen (10 cm thick), a geotextile fabric sheet and a drainage layer made from 
polypropylene modules. To understand the performance of the unmaintained soil layer alone, 
the vegetation layer (plants) was excluded from this study. 

2. THEORY AND METHODOLOGY 

The thermal performance of green roofs could be investigated using three approaches: 1) field 
or laboratory experiments, 2) theoretical and numerical studies, and 3) a combination of 
laboratory or field experiments with numerical models [19].Laboratory testing in a hot box was 
used in this study. The method chosen for the construction of the calibrated hot box and the 
testing of the specimen was based on ISO 8990:2000 - Thermal Insulation  Determination of 
steady state thermal insulation properties: Calibrated and guarded hot box. Fig 1shows a 
schematic diagram of the hot box setup. 

The growth-media specimen is placed between a hot and a cold chamber in which 
environmental temperatures are controlled. The method described in the standard is used to 
measure the total amount of heat transferred from one side of the specimen to the other, for a 
given temperature difference, irrespective of the individual modes of heat transfer. Based on the 
standard, the footprint of the soil layer specimen was taken as the minimum being 1.5m by 1.5m 
since the heat flow errors at its perimeter would increase with decreasing metered area. A sheet 
metal tray was constructed with these dimensions and with a depth of 0.25m. 

Fig 1: Section through hot box 
Fig 2: Sealed hot box and 

thermal image  
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 Hot box construction 

2.2. Data Acquisition 

Fig 3: Section of the soil layer specimen showing the location of the thermocouples 

2.3. Experimental procedure 

T2 T4

T27T22

T9

T20

T13 T18T11 HF1 HF2
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3. CALCULATIONS 

 
 
 

 
The thermal conductivity, k, was then found by using the equation: 

 
where,  Q/A is the heat flux measured by the heat flux sensor in W/m², 

dx is the thickness of the soil layer in m, 
dT is the temperature difference across the specimen thickness, in K.  

Once the k-value was known, the thermal resistance, R-Value (m2K/W) and the thermal 
transmittance, U-Value (W/m2K) were found from the following equations: 

and      

This resulting U-value does not include interior and exterior surface heat transfer 
characteristics as these vary heavily with building and weather conditions which were not 
factored in this study. 

4. RESULTS 

For a relatively dry substrate (0% moisture content MC), the k-value increased with an increase 
in temperature at the top surface from 20°C to 30°C as shown in Fig 4. However from 30°C to 
50°C, the k-value remained more or less constant at around 0.15 W/mK. On the other hand the 

-value had a larger increase when the surface temperature was increased. 
-value increased. Fig 4 also 

-value with different moisture contents. The k-value of 
the growth media increased with an increase in moisture and surface temperature. When the 
moisture content was increased to 40% and then 80%, the k-values also increased. At 80% 

-value was even higher than that of the drainage layer. The 
thermal conductivity of the dry substrate at 50°C resulted in 0.14 W/mK. With an increase of 
40% moisture content, the k-value increased by 120% to0.31 W/mK, and at 80% moisture it 
increased to 0.60 W/mK, a more than fourfold increase when compared to the dry state value. 
Figure 5 shows that the highest k-value of the drainage layer was also achieved at high moisture 
content and temperature. Even though the drainage layer did not have water inside it, the 

-value. 
Fig 6 shows the resulting k-value of the total specimen. The overall effect is that with 

increasing moisture and temperature, the k-value increases. Fig 7 shows that the best U-value of 
0.70 W/m2K, was achieved at a low temperature and when the substrate was dry. The worst U-
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value was at a high temperature and high moisture content, which amounted to 3.70 W/m2K. 
Both situations are not very realistic when considering the Maltese or Mediterranean climate, 
since high temperatures usually occur for long periods in summer, thus the substrate would be 
relatively dry, whereas low temperatures usually occur in winter, when the substrate is often wet 
due to frequent precipitation. 

The drainage layer improved the overall U-value of the soil layer specimen as shown in 
Table 1. At higher substrate moisture contents of 40% and 80%, the percentage increase of the 
overall U-Value was even larger. 

 

Fig 4: Thermal Conductivity of Substrate Fig 5: Thermal Conductivity of Drainage layer 

Fig 6: Thermal Conductivity of Total Specimen Fig 7: U-Value of Total Specimen 

 

Table 1: Average U-Values at different moisture contents 
Moisture Content 0% 40% 80% 
Average U-Value of Substrate  (W/m2K) 1.59 3.45 5.29 
Average U-Value of Substrate + Drainage  (W/m2K) 1.21 2.11 2.90 
% change in U-Value due to Drainage Layer -24% -39% -45% 

Therefore from these results a typical winter U-value (low temperatures, moist substrate) 
would be about 2.25 W/m2K, while in summer (high temperature, dry substrate) it would result 
in a U-value of about 1.30 W/m2K. However it is important to note that in this study the 
substrate was not fully saturated, thus the drainage layer was dry. During heavy rainfalls, the 
modules of drainage layer would fill up with water, so the U-value during this situation would 
be different. 
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5. DISCUSSION 

Both an increase in surface temperature and moisture content increases the thermal conductivity 
of the soil layer on top of green roofs. These findings agree with the research of Nakshabandi et 
al. that heat travels much better through water than through air. When the soil was relatively 
dry, heat transferred across the soil particles through points of contact, avoiding the air gaps. 
However when the moisture content was increased, the water droplets filling the voids helped 
bridge the gaps between the particles and thus the thermal conductivity increased. This finding 
also bears out the views of Alcazar and Bass, Sailor et al whose k-values of the substrate layer 
were very similar to the ones found in this work since vegetation layer was not considered. On 
the contrary to these findings are the results of Tabares-Velasco. Their data revealed that 
samples with high moisture content had lower conductive heat fluxes. However Tabares-
Velasco included the vegetation layer. In fact, he concluded that evapotranspiration from the 
plants was the main controller of the heat flux intensity.  

Furthermore, the findings of this study, which show that an increase in temperature increases 
the k-value of the specimen, are opposite to the findings of Cox (2010) and Bell et al (2009). 
Their studies conclude that when the ambient air temperature was increased, there was a 
reduction in the k-value. However, like Tabares-Velasco, they also concluded that this was 
likely due to evapotranspiration from the plants. This dispute on how the k-value fluctuates with 
regards to moisture content, as well as with regards to temperature, is mainly due to the 
variables involved when introducing the vegetation layer. The vegetation layer has a very 
important role since it significantly contributes to reducing the heat flux through the roof,by 
providing shade and evapotranspiration. This is very beneficial in summer for passive cooling. 
In fact Liu, concluded that to optimise building energy savings in summer, rather than keeping 
the thermal conductivity low with dry soil, she found that it is more beneficial to irrigate the 
green roofs to increase evaporative heat transfer.  

A wet green roof has a good cooling performance. However dependence on rainfall does not 
ensure effective energy performance during dry summer seasons that are characteristic of the 
Mediterranean region. Therefore water management is important. For example, it would be 
ideal if a plant irrigation system is introduced to use grey water produced by the building itself. 
Besides contributing to evaporative cooling, moisture also increases the thermal mass of the 
green roof. The weight of the green roof system, including the growth media, moisture and the 
plants, all add to the thermal mass. Having such a thermal mass on the roof is beneficial because 
it acts as a heat sink. During summer conditions, it would absorb and store the external heat and 
then release it at night. Moreover, a wet heat sink above the roof would absorb the heat from the 
layer of warm air just beneath the room ceiling. However from an energy use point of view, 
having a moist green roof system in winter may not be as beneficial as during summer. 
Evapotranspiration and shading from the vegetation layer would not contribute to heat up the 
building below. However adding a green roof increases the thermal mass and thus may still be 
beneficial for the thermal performance. Also the vegetation layer creates air pockets and thus 

nsfer 
caused by wind is minimised. In fact studies of green roof systems by Kotsiris et al., Sailor and 
Spala et al., all conclude that in winter, green roofs still improve the thermal performance of the 
building and save energy, albeit to a lower extent than in summer. 

Another key result from this work was that the drainage layer significantly improved the U-
value. When the substrate was dry it contributed to about 23% of the U-value, whereas when the 
thermal conductivity of the substrate was high with moisture, it contributed to about 45% of the 
total U-value. The channels within the polypropylene drainage modules created air gaps below 
the substrate layer, which contribute to the insulation effect of the green roof system. 
Vegetation, growth media, moisture, insulation, and the support structure are the key elements 
affecting the thermal performance of a green roof. The combination of these layers creates a 
dynamic green roof system that acts as a thermal mass on the roof. There is no unique answer as 
to which is the best combination and thicknesses of these layers, as these highly depend on the 
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roof systems simply as an insulating material. This does not capture the transient thermal 
storage and evaporative cooling that take place on a green roof. Moreover the benefits 
associated with green roofs, such as shading, reduction in wind-related losses, storm water 
reduction and biodiversity restoration are equally important.  

6. CONCLUSIONS 

This study focused on how the thermal performance of an unplanted soil layer is affected by a 
change in surface temperature and moisture content. One can conclude that the thermal 
conductivity of a bare soil layer increases with both an increase in temperature and moisture 
content. Results showed that a typical Mediterranean winter U-value (low temperatures, moist 
substrate) for the studied 10 cm thick soil layer specimen would be about 2.25 W/m2K 
(assuming that the  surface temperature would be around 20°C), while in summer (high 
temperature, dry substrate), it would result in a U-value of around 1.3 W/m2K (at a soil surface 
temperature of 50°C). It also resulted that the drainage layer improves the overall U-value of the 
soil layer. 

It is important to note that the steady-state U-values achieved from these experiments are 
useful as a benchmark, however they do not capture the dynamic aspects of the energy balance 
of a green roof. The thermal performance of a green roof is highly dependent on location, 
exposure, building use, the type of vegetation used, and many other variables. Therefore a green 
roof cannot be simply compared to an insulation material, nor can it be described by a single U-
value. The improvement to the thermal performance of buildings is just one of many benefits 
that should be considered when evaluating the merits of green roof systems. 
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1. INTRODUCTION 

The scope of this study was to determine whether the approach of having large glazing areas as is 
normally used in contemporary architectural approaches, is adaptable to a sunny country like Malta, 
where direct solar radiation plays an important role in determining the internal temperature conditions 
and hence comfort levels of buildings. The effect of using single and double glazing in the Maltese 
context was also studied, both in terms of thermal insulation and light ingress as the ratio of glazing to 
wall area was increased. The effectiveness of external shading was also considered on both single and 
double glazing types. 

This study was carried out using Energy Plus engine with Design Builder interface by carrying 
simulations of three different building models in order to simulate different glazing types in different 
orientations, dimensions, with and without external horizontal shading, throughout the year. The three 
building models were a hypothetical heavily insulated ten by ten metre square room with a window on 
one wall only, a typical one hundred (100) square metres intermediate floor corner office with 
windows on two sides and on an existing typical penthouse with traditional standard construction 
methods composed of masonry block walls and reinforced concrete slabs. 

The scope was to find the limits that dictate the necessity for change from one type of glazing to 
another, based on the abovementioned variables, and to what extent shading plays a role in 
determining the optimum energy performance of buildings, as well as finding which variables have a 
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Abstract. The aim of this work was to determine the effect of using different types of glazing on different 
orientations with different glazing to wall ratios as well as shading on the energy performance rating of 
buildings in Malta, using modelling with DesignBuilder EnergyPlus software for typical Maltese building 
models. All options have also been evaluated for their economic feasibility. A total of 864 simulations
have been carried out. Results showed that the cooling load is by far larger than the heating and lighting 
loads. While single glazing has resulted in the worst total energy consumption, the addition of shading 
improves its performance drastically for most cases. The use of low U-value glazing types did not 
produce significant improvements, because the primary heat transfer was due to solar gains rather than 
internal heat losses by conduction or convection.  A typical penthouse model showed that elongated 
building typologies have in general high total energy consumption and that glazing is not a primary factor 
in reducing this. It was concluded that for walls with up to 60% of glazed area, the use of single glazing 
with shading gives better thermal benefits than double-glazing, while the limit for an intermediate floor 
corner office is that of 40%.  
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The study was accompanied by an economic analysis based on the year 2015 in order to establish 
which glazing type is best suited for the different conditions tested, by taking in consideration the 
resulting heating/cooling/lighting loads calculated for each case. 

2. LITERATURE REVIEW 

2.1. Local climate 

The Maltese climate can be described as Mediterranean and characterised by dry, hot summers with 
the hottest month being July, and mildly cold, with some rainy days in winter.  

Extreme temperatures recorded have been 1.4°C and 43.8°C, with an increasing trend in 
temperature over the past fifty years of around 1.2°C. The average annual temperature for the Maltese 
Islands is that of 18.6°C. Highest cloud cover in Malta is mostly experienced in the winter months, 
with the lowest being experienced in the summer months. The Maltese climate is characterised by high 
levels of sunshine hours, especially during the summer period.  
 

2.2. Glazing performance and properties 

Kontoleon et al studied the behaviour of double glazing oriented towards the south in a typical 
construction of a Greek room with 8 by 8m dimensions. Out of the three types of double glazing 
considered, namely normal double glazing, low-e coated double glazing and low-e coated double 
glazing having a reflective film, they came to the conclusion that in winter, with internal insulation, 
overheating would occur with a glazed opening percentage (GOP) greater than 70%. With external 
insulation, no overheating was experienced. To avoid overheating in summer, a GOP of less than 60% 
is to be used in conjunction with external insulation, while a low-e coated double glazing with a 
reflective film performed better than the other glazing types considered, as a GOP less than 80% could 
be used.  

Kontoleon et al concluded (for a Greek climate) that with external insulation and low-e double 
glazing, a 70% GOP is the optimal size in terms of minimisation of energy consumption for winter, 
while for summer 40% GOP for the same conditions is the optimum (with low-e glazing with 
reflective coating this increases to 60% GOP). 

Macka et al have carried out studies by using various types of double glazing with coatings/tints 
applied, used in two types of flats in high rise buildings in a cold climate in Ankara, Turkey. 
Comparison with normal double glazed clear glass showed that the best annual energy performance 
was obtained with a double glazed unit having a low-E coating on the internal side followed by the 
double glazed units with a reflective, low-E coating with a tint applied on the inner pane. 

 

3. METHODOLOGY 

3.1. Modelling and simulations 

The three building models (figures 1, 2 and 3) were set in DesignBuilder and all appropriate inputs 
were assigned, together with the weather file for Malta. Different simulations were carried out by 
varying the orientation and the window-to-wall ratio (WWR), for different types of glazing and 
shading.  
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Fig 1: Heavily insulated square room Fig 2: Typical corner office Fig 3: Typical penthouse 

 
A comparison was then made for the total cooling, total heating, total lighting and transmitted solar 

energy changes. In this case, the total energy demand is the actual energy that needs to be removed or 
added in order to keep the indoor temperature at the set values of 18.5°C for winter and 26.5°C for 
summer, being close to the standard values used in the national Energy Performance Rating for 
Dwellings Malta (EPRDM). This procedure was carried out for the following glazing types as well as 
glazing and shading combination: 

a) Single Glazing consisting of a 4mm thick clear float glass with an aluminium frame.  
b) Double Glazing consisting of two 4mm thick clear float glass having an air cavity of 6mm (4-6-

4), with an aluminium frame with thermal break.  
c) Double Glazing 4-13-4 air gap, with an aluminium frame and thermal break.  
d) Double Glazing 4-6-4 argon-filled gap and low-e coating with a uPVC frame.  
e) Double Glazing 4-13-4 argon-filled gap and low-e coating with a uPVC frame .  
Glazing types c and e have been carried out only for the hypothetical heavily insulated ten by ten 

metre square room. Simulations of the heavily insulated room with no occupancy or appliances were 
carried out to gauge the effect of WWR when no other effects are taken into consideration. Further 
simulations with external automatic shading with horizontal medium reflectivity blinds having a 

"Cooling" shading control option offered by the Design Builder simulation software considers one 
factor that when the rate of cooling in a previous time step is not zero, shading is activated. 
 

4. RESULTS 

General results obtained from all three models were:  
i) Cooling constituted the largest load when compared to heating and lighting demand.  
ii) Given the mild climate of Malta, increasing the U-value of glazing is less important than 

shading. iii) Windows facing the south-east and moving clock-wise to south-west orientations 
contribute towards highest cooling as well as total energy demand, while minimum load results for the 
north facing window orientation, thus allowing greater window areas in this orientation.  

iv) Automated external shading was the most effective measure for reducing total energy 
consumption, when compared to the other unshaded glazing types. 

4.1. Hypothetical 10x10m heavily insulated square room (HISR) 

At WWRs greater than 20%, the total energy consumption increases at a steeper rate.  
Tables 1 and 2 show the equivalent WWR for shaded clear single glazing and shaded clear double 

glazing respectively, when compared to 20% WWR unshaded glazing types, for the same total energy 
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consumption. These tables show that shading is the most effective measure, followed by double 
glazing with low-e coating (high performance double glazing). 
 
Table 1: Equivalent WWR for clear single glazing with automated external blinds when compared to 20% WWR 

unshaded glazing types, for the same total energy consumption 

Orientation (°) Percentage WWR for shaded 
single glazing equivalent to 
20% WWR unshaded single 

glazing 

Percentage WWR for shaded 
single glazing equivalent to 
20% WWR unshaded clear 

double glazing 

Percentage WWR for shaded 
single glazing equivalent to 
20% WWR unshaded high 

performance double glazing 
0 43 35 30 
45 61 53 46 
90 75 67 58 

135 87 75 64 
180 80 69 60 
225 93 81 69 
270 83 73 63 
315 65 56 48 

 
Table 2: Equivalent WWR for clear double glazing (6mm air gap) with automated external blinds when compared to 

20% WWR unshaded glazing types, for the same total energy consumption 

Orientation (°) Percentage WWR for shaded 
double glazing equivalent to 
20% WWR unshaded single 

glazing 

Percentage WWR for shaded 
double glazing equivalent to 
20% WWR unshaded clear 

double glazing 

Percentage WWR for shaded 
double glazing equivalent to 
20% WWR unshaded high 

performance double glazing 
0 58 49 42 
45 80 69 59 
90 96 84 72 

135 >100 96 80 
180 >100 88 76 
225 >100 >100 89 
270 >100 95 81 
315 86 74 64 

 

Table 3: Equivalent WWR for various orientations when compared to a 20% WWR for glazing facing North for the 
same total energy consumption 

Orientation (°) Single glazing 
equivalent WWR 

Single glazing 
with external 

blinds equivalent 
WWR 

Double Glazing 
6mm air gap 

equivalent WWR 

Double Glazing 
6mm air gap with 

external blinds 
equivalent WWR 

High performance 
double glazing 
6mm argon gap 

equivalent WWR 
0 20 20 20 20 20 
45 10 15 9 13 9 
90 6 13 5 11 5 

135 5 11 4 9 4 
180 6 13 5 11 5 
225 5 12 4 10 4 
270 6 15 5 13 5 
315 10 15 9 14 9 

 

4.1.1. External blinds control options. 
 software for the external 

automated blinds, another option was tested to see the effect of having a different control option. The 

while during the day, shading is on whenever incident solar radiation on the window is greater than the 
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solar set point of 300W/m², and if the rate of cooling is non-zero in the previous time step. This regime 
is different from the "Cooling" shading control option because it only considers one factor that when 
the rate of cooling in a previous time step is not zero, shading is turned on. This has been carried out in 
combination with a single glazing window. 

From results obtained for the total energy consumption for the two shading options considered it is 
noted that the Day Cooling and Solar shading control option is less energy efficient in all orientations 
and at all WWR's due to the higher cooling load. Refer to figures 5 and 6 for graphs obtained for the 
North and South orientations.  

Hence it is concluded that the designer has to carefully consider the different design options for 
shading control given that the effect on space heating and cooling could be substantially different. 

 

 
Fig 4:Legend for figures 5 and 6 

 

  
Fig 5: Shading Option Results for the North 

orientation 
Fig 6: Shading Option Results for the South 

orientation 

4.2. Typical 100 square metre intermediate floor corner office (IFCO) 

For this model (refer to figure 2), the unshaded glazing types gave no practical improvement over 
single glazing. The only difference in total energy consumption was observed when external shading 
was applied, especially at larger WWRs and in orientations where there is higher exposure to 
sunshine. Notwithstanding, at 20% WWR or lower, shading did not make sense when compared to 
unshaded single glazing. Hence for any orientation at 20% WWR, no external shading is to be used 
given its detrimental effect on the total energy consumption for heating, cooling and lighting. For 
larger WWRs, shading is strongly advised. 

Table 4 shows the equivalent WWR for various building orientations when compared to a 40% 
WWR for the 0° building orientation for the same total energy consumption, when using various 
glazing types. 
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Table 4: Equivalent WWR for various building orientations when compared to a 40% WWR for the 0° building 
orientation for the same total energy consumption 

Orientation (°) Single glazing 
equivalent WWR 

Single glazing 
with external 

blinds equivalent 
WWR 

Double Glazing 
6mm air gap 

equivalent WWR 

Double Glazing 
6mm air gap with 

external blinds 
equivalent WWR 

High performance 
double glazing 
6mm argon gap 

equivalent WWR 
0 40 40 40 40 40 
45 30 22 29 22 29 
90 27 35 27 33 27 

135 24 25 24 25 24 
180 30 56 29 54 29 
225 35 40 34 38 34 
270 47 64 46 62 45 
315 40 24 40 24 40 

 
Figures 8 to 10 show graphs plotting total energy consumption (TEC) with orientation for 20%, 

60% and 100% WWR respectively. These show that when external shading was used, total energy 
consumption remained approximately constant for all orientations at any WWR, while for the 
unshaded glazing types an increase peaking at the 135° building orientation (windows facing South-
East and South-West) as the WWR increased was noticed. 

 
 

4.3. Typical penthouse (TP) 

The TP model (refer to figure 3) had glazing areas on the front and back facades, with glazing area at 
the back facade being larger than that at the front facade for the same WWR. When building 
orientation is referred to, it means the direction in which the front facade glazing is facing.  

Results showed that the greatest reduction in total energy consumption was obtained by introducing 
external shading, however, building orientations 0° (North), 180° (South) and 225° gave no significant 
reduction in total energy consumption. As for the rest of the orientations, external shading was seen to 
only make a difference beyond 60% WWR. 

Low-e double glazing gave significant reductions in total energy consumption when compared to 
single glazing, and to a lesser extent for clear double glazing, with the greatest reduction being for 
building orientations 90°, 270° and 315°. 

In general, high total energy consumption has been observed for all building orientations and 
WWRs when compared to results obtained for the Intermediate Floor Corner Office, irrespective of 
the glazing or shading being used. The application of any type of glazing or glazing/shading 
combination never gave a substantial reduction in the total energy consumption. This indicates that the 
glazing for such a building typology, is not the most important factor for reducing the total energy 
consumption, except for some WWRs greater than 60% for building orientations 45°, 90°, 270° and 
315°. It was also noted that the rate of increase in total energy consumption was not steep, as WWR 
was increased from 0% to 100%, indicating that large WWRs can be accommodated without an 
extreme increase in total energy consumption, with the recommendation of using higher performing 
glazing types for the 45°, 90°, 270° and 315° building orientations.  

Figures 12 to 14 show the total energy consumption (TEC) with orientation for WWRs of 20%, 
60% and 100%. For legend refer to figure 11.  
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Fig 7: Legend for figures 12 to 14 Fig 8: TEC - TP - 20% WWR 

  

Fig 9: TEC - TP - 60% WWR Fig 10: TEC - TP - 100% WWR 

 
 

 

5. ECONOMIC ANALYSIS 

Economic analysis results showed that when one takes into consideration the economic aspect from 
the property owner perspective, i.e. the energy savings at home, known as the delivered energy, it is 
evident that installing automated external shading devices and/or glazing other than single glazing are 
not financially feasible. The only exception was for the HISR, for shaded single glazing facing south-
east and south-west (building orientations 135° and 225°) and having WWRs of 60% or greater and 
40% or greater, respectively.  

6. CONCLUSION 

The study has shown that for a Maltese climate, the most detrimental factor is solar gains. The 
application of external shading at any orientation for WWRs of 60% or greater, nearly always resulted 
in substantial reduction in total energy consumption, especially for cooling. Although lower U-value 
glazing could reduce heating loads in winter, the overall effect is small to the extent that it does not 
justify investing in more expensive glazing apertures beyond single glazing. 

Unshaded single glazing nearly always proved to have the worst energy performance of all the 
types considered, but the difference is relatively small, if one were to choose other glazing elements. 

From the hypothetical HISR model, it was clear that improving the U-value of glazing elements 
makes more sense when the walls themselves have a low U-value. Given that dwellings usually do not 
have WWRs greater than 40%, and that a large number of dwellings have an elongated building 
typology, it is not useful to apply shading to windows or to replace single glazing with another type of 
glazing. In other words, one has to look at other building elements such as single leaf external walls 
and insulate them first. 

Elongated building typologies like the TP model have high total energy consumption for all WWRs 
and orientations compared to building typologies based on a square plan. Also in such cases, glazing is 
not the most important factor in order to reduce energy consumption.  
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The economic results showed that none of the glazing options are cost effective, partly due to the 
mild climate of Malta and partly because the actual prices of high performance glazing elements are 
still expensive, and this is compounded by the fact that the price of electricity has been reduced 
recently, making investment in energy efficiency less attractive from an economical point of view. 
One can be prompted to change to better glazing and shading options if strong incentives are made 
available. 

However by 2020 it will be mandatory for new buildings to be zero net energy, thus making the use 
of alternative options to single glazing attractive in order to obtain such a benchmark. Whether this 
would be the best cost-optimal option or not is open for debate and would require a completely 
separate study to compare the different options that one can use to reach zero net energy buildings. 
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1. INTRODUCTION 
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Abstract. The eco-refurbishment of heritage buildings, which addresses energy efficiency, presents 
particular challenges to Euro-Mediterranean countries. This is compounded by sensitive adaptive reuse
and occupant behaviour.  This research seeks to develop a validated simulation model to profile the 
impact of proposed interventions and retrofitting solutions: an innovative assessment tool, enabling best 
practice decision-making, effective planning and optimal results in the drive towards maximising 
sustainability in historic buildings. The Presidential Palace of San Anton in Malta has been chosen as the 
case study. This national 17th century treasure represents a typology of heritage buildings, characterising 
the climatic and cultural profile of Mediterranean countries. Having undergone several transformations to 
accommodate its periodic reuse, the building is now an important multi-functional activity hub. This 
paper, which forms part of a wider study, will focus on the assessment occupant behaviour and comfort in 
this setting, an understanding of which is pivotal in identifying energy efficiency goals. The research will 
derive and test a methodology for ion, and how the internal environment is 
adapted to meet comfort requirements and functionality: this through the use of semi-structured
interviews with building occupants. 
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2. OCCUPANT BEHAVIOUR  

green behaviour

444



 

 

3. THE RETROFITTING REVOLUTION 

4. ECO-REFURBISHMENT OF HERITAGE BUILDINGS 

heritage building
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5. CASE STUDY: THE PRESIDENTIAL PALACE OF SAN ANTON 

6. METHODOLOGY 

6.1. The Case Study  
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6.2. Semi-Structured Interviews 

6.2.1. Pre-Interview Statement. 

 

 Pilot Interviews.

6.2.3. Participant Selection. 

 

 Contextualising Results.

6.3. Focus Groups 

The focus group method offers a number of advantages lacking in the group interview 
technique. According to Bryman, the former is more focused, targeting specific themes and 
issues, and is concerned with the interactions between participants. Although the distinction 
between the two methodologies is somewhat vague, the group interview method was discarded 
in view of the aforementioned benefits of the focus group technique. Focus group sessions will 
be carried out in order to further develop results derived from the interviews. During these 
discussions, the perspectives of individuals may stimulate alternative views, challenging 
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. The findings derived will 
be presented at a later stage. 

7. DISCUSSION 

7.1. Occupant Interviews 

7.2. Knowledge Transfer and Management 
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1. INTRODUCTION 

The EPBD recast   highlights that buildings account for 40 % of the total energy consumption 
(EC) in the EU. The EU Commission aims at realising the full potential of energy savings of 
buildings by requiring MS to define the Minimum Energy Performance Requirements (MEPRS) 
of new buildings and buildings undergoing "major renovation" with a view to achieving Cost 
Optimal Levels (COLevs) which COLev is defined in as "the EP level which leads to the lowest 
cost during the estimated economic lifecycle" while ensuring comfort levels are met. 

Furthermore, the Energy Efficiency Directive (EED) (2) requires that 3% of the total floor 
area owned and occupied by public buildings be renovated each year to meet at least the 
MEPRS of the EPBD recast, which public buildings should serve an exemplary role.  

This exemplary role can be understood precisely for public primary school buildings 
(PPSBs), for their ability to spread a new style of sustainable living (3). However, the MEPRs 
for educational buildings in Malta based on COMet as required by the EPBD have not yet been 
set and consequently there are no guidelines of how such renovation shall be carried out. 
Renovation for PPSBs shall provide a good balance between EP and high levels of comfort as 
various studies have shown that 
achievements(4)(5).  

A study of the various existing PPSBs around Malta shows the many diverse topologies and 
envelope constructions the different buildings are made up of. In addition, all the PPSBs are 
naturally ventilated. Given, these scenarios, this study moves away from the commonly adopted 
COMet approach and introduce an innovative and cost-effective approach to the COMet by: 

Renovating Primary School Buildings in Malta to Achieve Cost-
optimal Energy Performance and Comfort Levels 

Damien Gatt 
Sustainable Energy and Water Conservation Unit, Ministry for Energy and Health, Luqa, Malta 

Charles Yousif  
University of Malta, Institute of Sustainable Energy, Msida, Malta 

Email: damiengatt@gmail.com, damien.gatt@gov.mt, charles.yousif@um.edu.mt 

 

Abstract. The Energy Efficiency Directive requires that 3% of the floor area occupied by public buildings 
be renovated each year to meet the Minimum Energy Performance Requirements (MEPRS) based on the 
Cost Optimal Methodology (COMet) as defined by the EPBD. The MEPRS for the retrofitting of schools 
in Malta still have not been defined. In this study, an innovative and energy efficient COMet approach for 
the retrofitting of Public Primary School Buildings (PPSBs) in Malta has been applied. All current PPSBs 
are naturally ventilated and have diverse footprints and envelope constructions. This prompted us to move 
away from the commonly adopted COMet approach, which assumes that one or two Reference Buildings 
(RBs) are sufficient for defining the MEPRS for all schools and that the building is assumed to be 
mechanically ventilated with active heating/cooling sources to reach comfort defined by pre-determined 
temperature set-points. In contrast, this paper aims to achieve comfort using the EN 15251 adaptive 
thermal comfort approach for naturally ventilated buildings and provides an Excel tool that calculates the 
MEPRS based on the actual building construction and orientation. Results have shown that for summer, 
the PPSB can attain adaptive comfort if its glazing is externally shaded and night purging is applied. 
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(1) Aiming to achieve thermal comfort, using the EN 15251(6) adaptive thermal comfort 
approach using only passive means for naturally ventilated buildings. Dynamic building 
simulation modelling was also used instead of commonly used monthly quasi-steady state 
(QSS) simulation tools, which QSS tools automatically assume that the building requires to be 
mechanically ventilated with active heating/cooling sources to reach thermal comfort (TC) that 
is defined by pre-determined temperature set-points. 

(2) Developing an excel tool that calculates the MEPRS based on the actual building 
construction and orientation, rather that assuming that one or two Reference Buildings (RBs) are 
sufficient for defining the MEPRS for all school buildings as is the usual adopted approach and  

(3) Making use of Building Energy Optimization Tools (BEOPTS) in combination with 
Dynamic Building Software Simulation Tools (BSSTs) so as to consider thousands of 
combination of measures (COMs) and arrive at more accurate solutions instead of considering a 
few COMs as is considered in the commonly adopted COMet approach. 

2. COMFORT ANALYSIS RESEARCH METHODOLOGY AND RESULTS  

2.1.  Defining RB Topologies for PPSBs 

An investigation of existing PPSBs shows that all schools are naturally ventilated and have the 
same occupancy schedule. Despite this similarity, the building topology and envelope 
construction varies among the different schools. 

Given the many variables, a representative MEPRS study for existing PPSBs in Malta will 
require many RBs to be defined. However, to keep the COMet simple, the study has used an 
innovative approach that defines only one RB, but still caters for the different variables among 
the different schools as follows. The Siggiewi Primary school shown in Figure 1 was the RB 
chosen as it contains classrooms facing all primary axis within ± 20°, and is made up of areas 
having 3 floors enabling one to study the way EP and comfort varies with orientation and floor 
level. The EP for the RB was then calculated using the EnergyPlus simulation tool for 
classrooms on a kWh/m2/year per orientation and floor basis, rather than simply on an overall 
kWh/m2/year basis . In order to represent the full spectrum of existing PPSBs envelope and 
constructions, this EP calculation included both the EP (per orientation and floor basis) for the 
chosen RB, where the existing envelope construction and equipment type is considered, as well 
as the EP when the same RB is simulated to have different envelope construction and equipment 
types. The considered simulations included constructions having both higher and lower U-
values and different equipment to the chosen RB. The EP calculation for these thousands of 
variants was enabled by combining EnergyPlus with DesignBuilder optimization tools.  

  

Fig 1: Plan view of of the Siggiewi Primary school (left) and DesignBuilder model of the school (right) 

 
Such approach allows a customized MEPRS solution to any PPSB footprint under study 

having any area per orientation and floor when all gathered data from the different combinations 
was inputted in an excel tool. Once the user defines the building characteristics in the the Excel 
tool,  the EP cal 2) required to 
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upgrade the building to the various superior construction and equipment variants is calculated 
automatically. 

2.2.  Comfort analysis and results for RB topologies 

As a starting point, the comfort of the existing Siggiewi school building was analysed. 
Comfort was analysed both as means of validating the DesignBuilder school model and to 
identify the most adequate passive retrofitting options for the COMet. Comfort was analysed 
using two methodologies: questionnaires and dynamic BSSTs. The results from the two 
methods were then compared as a means of validating the results from the software to identify 
the suitability of the EN 15251(6) adaptive comfort model used for this study.The 
questionnaires were handed out to all teachers at the school. Thermal Comfort (TC) questions 
were designed using subjective evaluation/judgement scales as recommended by EN 15251(6). 

The Siggiewi primary school RB was modeled using DesignBuilder, having  
existing envelope construction1 and Maltese climate weather file. 

To assess the TC of the building, simulations for winter and summer typical weeks were 
carried out for representative classrooms and adjacent corridors of different floors and 
orientations. The analysis was carried out by plots of hourly mean operative temperature (OT) 
(generated by EnergyPlus) for the occupied and simulated periods in each of the analysed 
classrooms against the hourly adaptive comfort temperature (±EN 15251(6) Category II 
adaptive temperature limits) also generated by EnergyPlus.   

During winter, for all the representative classrooms, adaptive comfort was not met as many 
OT points lie outside the lower OT limit (Refer to Figure 2 which shows the results for the Top 
Floor (TF) rooms). The lack of comfort during the winter period (with no active heating source) 
can be understood from the fact that 90% of the respondents use heaters during the winter 
period which compares well with the simulation results. From the heat balance plots generated 
by DesignBuilder it was in fact shown that the major sources of heat losses during the winter 
period are uncontrolled heat losses to the colder outside air when the windows were kept open. 
It was therefore determined that during winter it was required to introduce mechanical 
ventilation (MV) to control the heat losses from windows, with MV set up so as to exhaust 
classroom air while bringing the resulting warmer corridor air  inside the classrooms so as to 
reduce the heating loads. An active heat source is also required during winter to ensure comfort. 

 
 

Fig 2: TF hourly mean OTs against hourly adaptive comfort temperature plot for for a typical winter week 

 
1RB existing construction: external wall U-Value: 1.5 Wm-2k-1, Roof U-value:0.6 Wm-2k-1, external windows : Al frame single glazed. 
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For summer, comfort was only met for representative rooms of the Lower Ground Floor (LGF) 
due to the lower solar gain from windows and heat losses from floors. Both the TF and Middle 
floor (MF) representative rooms failed to meet adaptive thermal comfort (Refer to Figure 3 
which shows the results for the TF rooms). The questionnaire results also showed that the 
majority of the respondents disapproved of the June indoor environment, especially in the TF 
(due to the highest solar gains) which compares well with the simulation results. When the 
building was night purged and external shading was applied to both the external glazing and 
classrooms, with the windows kept open, adaptive comfort was generally met for both the MF 
and TF as shown in Figure 3. This means that comfort can be achieved passively during summer 
when ceiling fans are used to counteract the few hours when comfort is not met. 

 

  
Fig 3: TF hourly mean OTs against hourly adaptive comfort temperature plot for for a typical winter week. Left 

figure shows comfort with the building as is and the right figure with external shading applied. 

 

3. PPSBS COST-OPTIMAL STUDY RESEARCH METHODOLOGY AND RESULTS 

 
The findings from the comfort analysis provided the basis to enable the cost-optimal approach 
to use the most effective retrofit measures and use only passive techniques to reach summer 
comfort.   

 

3.1.  Selection of Variants for Building Envelope and Equipment 

The first step was to identify the selection of variants for the building envelope and 
equipment to be used for the cost-optimal study. Combinations of measures (COMs) were 
defined by the combination of the elements of differentiation shown in Figure 4 below. For each 
technical variant of measures, one option from each of the above elements was chosen. This led 
to a total number of 57,600 combinations of measures (COMs) when the above number of 
different options is combined. For each of the 57,600 COMs the energy demand (ED) was 
calculated on a per floor and per building orientation scenario as described in the below 
sections. 
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Option 1 Option 2 Option 3 Option 4

Lighting

Low standard 
template

T5 tubes  with 
electronic 
Ballasts

 T5 tubes with 
electronic Ballasts 
one Presence 

( h

 T5 tubes with DALI 
Ballasts, with 
automatic dimming 

l

Space 
Heating/Mecha
nical Ventilation 

30 % radiative, 
70% convective 

electrical 
heating, 

Heating design 
load is 

automatically 
sized by 

EnergyPlus.Hea
ting is 

combined with 
MV (ACH :10 

L/s/pers)

Same as Option 
1 but with 100% 

elctric 
convective 

heating instead 
of the 30 % 

radiative 
electrical 
heating, 

automatically 
sized by 

EnergyPlus.

Portable electric 
radiation heaters, 

no MV, 30 % of 
windows opened 

(instead of MV) to 
allow for the 

required ACH.

Electric Far Infra-Red 
(FIR) panel heaters 
mounted on soffit, 

surface temperature 
of panels 100° C, 97 
% radiative heating. 
MV was combined 
with the FIR   panel 
heaters as described 

in option 1.

Passive space 
cooling 

(shading) for 
the summer 

period

Movable 
external 

shading on 
glazing for both 
classrooms and 

corridors) + 
Night purging 

Hot water  

Electric storage 
heaters

Electric 
instantaneous 
water heaters

Flat plate solar 
water heaters  with 

storage, Solar 
Fraction of 0.8 with  

RES electrical 
generation

No 
photovoltaic 

panels

Roof mounted 
Photovoltaic 

panels (with PV 
panels, incl. 

space between 
panels) covering 

Roof mounted 
Photovoltaic panels 

(with PV panels, 
incl. space between 
panels) covering 40 
% of total roof area

Roof mounted 
Photovoltaic panels 

(with PV panels, incl. 
space between 

panels) covering 60 % 
of total roof area

Equipment

 
 

Fig 4: Selection of variants for the building 
envelope (left table) and equipment (right 
table) 

 

 

3.2.  Primary Energy Demand (ED) Calculation for the Cost-optimal Study 

In order to assess the energy performance (EP) of the existing building when updated with the 
COMs, EnergyPlus in combination with the optimization tools were utilised. The energy 
requirements for hot water were determined analytically using basic heat transfer equations. 
The energy needs considered in the calculations included those for space heating and MV (ED 
calculated for 1st Dec to 31st May), hot water, and lighting. The annual energy generated from 
PVs was also considered. The ED for space cooling purposes was not considered, because the 
building was considered to attain comfort during the summer period if external shading is used 
to control solar gains inside the building. 

The EN15251 Category 2/ Cibse Guides comfort and activity criteria set points were set for 
the software simulations to determine the ED. Site energy to primary energy conversion was 
taken as 2.5 in view of the near future conversion to natural gas power stations. 

3.3.  Global Cost Calculation 

The global cost was calculated as per methodology identified in the EPBD recast (1). The NPV 
was calculated on a 30 year period using a 6 % discount rate. The year 2015 Maltese market 
prices were considered for the calculations. 

3.4.  Calculation Tool to Identify the EP for PPSBs 

Once all data was collected, an excel tool that includes all the EP data per orientation and floor 
for the various COMs (calculated from the above sections), was designed to enable one to 
determine automatically the cost optimal retrofitting solution/s and the MEPRS after inputting 
the area per floor and orientation, equipment and construction details of a specific building into 
the tool. The tool takes into consideration both the EP calculation of the initial PPSB and the 

2)/ NPV  required to upgrade the building to the various superior 
construction and equipment variants.This approach therefore enables a customized solution to 
the COMet. 

Option 1 Option 2 Option 3 Option 4 Option 5

Room external walls U-value 
(Wm-2k-1)

2.9 2.1 1.5 1.2 0.6

Internal partitions seperating 
rooms from corridors (U-

value (Wm-2k-1) 2.2 1.3

Flat roof (U-value (Wm-2k-1) 2.4 2 1.3 0.6 0.35

Room window frames Al Frame (no 
thermal break) uPVC Frame

External windows glazing

3 mm clear glass

Double 
glazing (3 mm 
each pane+air 

gap)

Double glazing 
(3 mm each 
pane+ argon 

fill in gap)

Thermal quality of building enevelope
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Reference 
Building (RB)

RB 
starting 

Site 
Energy 

Consumpt
ion 

(KWh/m2

/yr)

RB 
Starting 
Primary 
energy 

Consumpt
ion 

(KWh/m2
/yr)

Cost-
optimal 
energy 

consumpt
ion 

(Primary 
Energy)

(KWh/m2

/yr)

Global cost (LCC) 

(€/m2) required 
to obtain cost 

optimal energy 
consumption

NPV (k€) (no FIT) 
based on Site 

Energy to  upgrade 
buil achieve Cost-

optimal energy 
consumption  
(30 yr. period)

NPV (k€) (no FIT) 
based on Primary 

Energy   to achieve 
Cost-optimal energy 

consumption   
(30 yr. period)

Group 1 Type 1 
RB 

(square 
config.)

76.37 190.93 0.6 143.75 446.56 1,582.25

Group 1 Type 2 
RB 

(N facing )
62.25 155.63 -5.15 119.17 407.89 1,323.21

Group 1 Type 3 
RB 

(S facing )
62.66 156.65 -2.19 151.94 254.66 1,156.63

Group 1 Type 4 
RB (E facing ) 97 242.50 -0.58 151.94 641.93 2,124.80

Group 1 Type 5 
RB (W facing ) 83.56 208.90 0.67 153.69 481.76 1,724.38

Group 2 Type 1 
RB (square 

config.)
84.24 210.60 -0.58 163.12 446.04 1,708.93

Group 2 Type 2 
RB 

(N facing)
74.95 187.38 -0.58 137.02 470.06 1,596.54

Group 2 Type 3 
RB

 (S facing )
73.02 182.55 -1.42 169.79 291.6 1,366.87

Group 2 Type 4 
RB 

(E facing )
92.78 231.95 1.67 175.69 497.84 1,892.52

Group 2 Type 5 
RB 

(W facing )
85.84 214.60 1.79 174.47 543.14 1,995.74

3.5.  Determination of the MEPRS and Cost-optimal measures 

 
 

 

Group 1 RBs (as per Siggiewi 
school/Technical Guide F 

construction(7)) 

 
Group 2 RBs (low standard 

building) 

Roof U-value 0.6 Wm-2K-1 1.3 Wm-2K-1 

Classroom External 
Wall U-value 1.5 Wm-2K-1 2.1 Wm-2K-1 

Classroom 
Partition U-value 2.2 Wm-2K-1 2.2 Wm-2K-1 

Classroom window 
frame Aluminium Aluminium 

Classrooms glazing Clear double glazing (air 
between panes) Single glazing 

Classrooms lighting 
system 

T5 Fluorescent (assumed 
always on during occupied 

periods) 

Low standard lighting 
(assumed always on during 

occupied periods) 

Air heating system Electric radiators -30 % 
radiative (ventilation via 

windows opening) 

Electric radiators -30 % 
radiative (vent via windows 

opening) 

HW system 
Electric storage heaters Electric storage heaters 

% of roof area 
occupied by PVs 0% 0% 

 

Building 
configuration 

Description 

Type 1 School building (with 2 floors) LGF and 
TF with a square configuration, each 
orientation has 600 m2of classroom area 
(300 m2per floor)  

Type 2 Building (with 2 floors) LGF and TF 
with all rooms facing the North 
orientation and having 2,400 m2of 
classroom area (1,200 m2 per floor) 

Type 3 Building (with 2 floors) ground and top 
floor with all rooms facing the South 
orientation and having 2,400 m2 of 
classroom area (1,200 m2 per floor) 

Type 4 Building (with 2 floors) LGF and TF 
with all rooms facing the East 
orientation and having 2,400 m2of 
classroom area (1,200 m2 per floor) 

Type 5 Building (with 2 floors) LGF and TF 
with all rooms facing the West 
orientation and having 2,400 m2of 
classroom area (1,200 m2 per floor) 

Fig 5: Description of the constructions (left table) and building configurations (right table) used to establish the 
10 case study buildings 

 
In order to demonstrate typical examples for the calculation of MEPRS for PPSB's with the 

tool explained in Section 3.4, ten (10) case study buildings (RBs) were used (i.e. the five school 
building configurations types were demonstrated with both Group 1 and Group 2 constructions 
(refer to Figure 5).  

 
From the tool, the MEPRS and the Global cost required to achieve the MEPRS were 

calculated. Table 1 shows a summary of the starting RB ED, MEPRS, the Global Cost and NPV 
based on both site energy and primary energy required to achieve the cost-optimal level for all 
the 10 RBs. 

 
Table 1: Summary of the MEPRS (kWh/m2 2

the cost-optimal level for all the 10 RBs 
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Reference Building
 (RB)

RB starting 
Site Energy 

consumption 
(kWh/m2/yr)

Site Energy 
consumption 
(kWh/m2/yr) 
giving highest 

NPV 
(30 yrperiod) 

Maximum NPV 
(k€) generated  

no FIT 
(30 yr period) 

Group 1 Type 1 RB 
(square config.)

76.37 -73.67 820.03

Group 1 Type 2 RB 
(N facing ) 62.25 -75.00 781.36

Group 1 Type 3 RB 
(S facing)

62.66 -73.82 628.13

Group 1 Type 4 RB 
(E facing ) 97.00 -73.17 1,015.40

Group 1 Type 5 RB 
(W facing )

83.56 -72.68 855.23

Group 2 Type 1 RB 
(square config.) 84.24 -73.18 819.51

Group 2 Type 2 RB 
(N facing )

74.95 -74.55 843.52

Group 2 Type 3 RB 
(S facing )

73.02 -73.51 665.06

Group 2 Type 4 RB 
(E facing )

92.78 -72.27 871.30

Group 2 Type 5 RB 
(W facing )

85.84 -72.23 871.30

 
The retrofitting measures required in order for the building to achieve the cost optimal 

MEPRS for each RB is similar for each of the 10 RBs as follows: 1) Introduce MV during the 
winter period and replace portable electric radiation heaters with FIR panel heaters, 2) Upgrade 
to T5 fittings with lux detectors, 3) Install PVs so as to occupy 20% of the roof area, 4) 
introduce SWHs having an overall Solar Fraction of 0.8. Building envelope is to be maintained 
as is. 

3.6.  Determination of the measures providing the highest and lowest NPVs 

The tool described in Section 3.4 and the same 10 RBs were again used to determine, the 
maximum and minimum possible NPV's (shown in Table 2) and the measures required to 
achieve these. 

 

 
The same retrofitting measures for HVAC, lighting, hot water and building envelope 

required to achieve the cost-optimal MEPRS are to be implemented to achieve the highest NPV 
for all RB configurations. The only difference is that PVs are required to occupy 60% of the 
roof area instead of 20% in order to maximize the NPV. Measures that provide a low/negative 
NPV are common for all the 10 RBs analyzed. The measures are the following: 1) Maintaining 
natural ventilation during the winter period, 2) incorporate dimming (DALI), 3) not installing 
PVs, 4) not introducing SWHs (preferable) or instant heaters and 5) Replacing Al windows with 
ones having a uPVC frame and 6) insulating roofs and external walls to achieve lower than 
Technical Guide F(7) U-values  

4. DISCUSSION 

From Table 1, it can be seen that for each of the ten (10) RBs, there is a considerable difference 
in initial ED, with the highest demand resulting for the East facing glazing configurations due to 
the highest space heating demand. It can also be noticed from Table 1, that for all the 10 
different RBs, the MEPRS is circa 0 kWh/m2/annum. However, despite this similarity, there is 
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2

different RBs.  
RBs with S and N facing glazing building configurations achieve the lowest NPV, due to a 

lower demand for space heating, while E facing and W facing RBs 
2). The E facing and W facing 

RBs therefore 
comes to achieving MEPRS. 

Given that the COMet of different RBs resulted in the same MEPRS with the same required 
retrofitting measures, defining multiple RBs is not required from a policy point of view. 
However, from an investor's point of view, given that the global cost and NPV are very 
dependent on the particular building orientation/construction, it is beneficial to have a tool as 
described in Section 3.4, where the resulting Global Cost and NPV to achieve MEPRS for any 
specific PPSBs can be found easily.  

Positively, applying retrofitting measures to achieve cost-optimal MEPRS results in a 
significantly positive NPV (even when based on site energy) for all the 10 analysed RBs. This 
positive NPV means that the retrofitting of PPSBs to achieve MEPRS does have a possible 
investment potential. As is also depicted in Table 2, maximum NPVs coincided with the 
greenest energy ratings, so it makes sense from an investor's and policy perspective (to achieve 
10% RES by 2020) to aim for the COMs that achieve maximum NPV rather than MEPRS. 
Measures that result in a low NPV (e.g. insulation)  when based on site energy may however 
make sense from a Government point of view given that NPV based on the primary energy is 
much larger than that calculated based on the site energy, but incentives are required to be 
introduced for these measures to be attractive to the private investor. 

5. CONCLUSION 

The study has provided an innovative and energy efficient approach for the determination of 
MEPRs for PPSBs, by using an adaptive comfort approach and a customised approach for the 
determination of the MEPRS. It was shown that such customized approach may be more 
important from an economic rather than a policy point of view to facilitate the retrofitting 
implementation of PPSBs in Malta.  

The results have shown that all existing schools of all orientations can achieve real zero-net 
energy and produce positive NPV over 30 years. The Excel tool that was developed can be used 
by any authority to choose the best set of EE measures that are best suited for different 
orientations of the different wings of the same school, as well as for the different floors within 
the same school. 

The implementation of PVs is shown to be a good choice in terms of achieving high NPV 
results. However, one has to appreciate that the EE Directive is more concerned about EE and 
hence it should be stressed that EE measures have to go hand in hand with RES, also to ensure 
that the consumption of energy does not increase in the future, simply because renewable 
energy is being generated. 
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Sustainable development is tightly related to the fate of sustainable energy. According to the 
Horizon 2020 decisions, EU countries ensured their commitment to reduce greenhouse gas 
emissions by 20% by 2020 with the objective of a further reduction up to 80-95% by 
2050.Along this line, future cities aim at 15% of renewable energy in terms of produced energy 
by renewable sources. In other words, sustainable energy is energy obtained from non-
exhaustible resources and in this sense, sustainable energy by definition serves the needs of the 
present without compromising the ability of future generations to meet their needs. 
Technologies that promote sustainable energy include renewable energy sources, such as wind 
energy, and also technologies designed to improve energy efficiency.  
Nowadays, the major contributors of locally produced renewable energy are photovoltaic 
systems, solar panels and combined heat power systems, and the significant potential from 
wind energy to complement them. According to the Kyoto Protocol, the latter technology 
provides one of the most robust technologies to meet the increasing energy demand without 
compromising the environment.  
During the last years the cost of sustainable energy has significantly fallen and continues to fall.  
Most of the aforementioned technologies are nowadays either economically competitive or 
close to being so. Increasingly, effective government policies support investor confidence 
leading to the expansion of these markets. Thus, considerable progress has been observed in the 
energy transition from fossil fuels to sustainable energies. It seems that it is now the appropriate 
time for all countries stakeholders to intensively collaborate in order to exchange expertise, to 
discuss open problems and disseminate the respective outcomes to stakeholders, engineers, 
designers, researchers, municipalities and governments.  
This presentation is focused on two distinct research efforts that effectively contribute to this 
procedure of the enhancement of sustainable energy and in particular, the wind energy. The first 
one refers to repowering that is the replacement of the existing old wind turbines with fewer and 
taller ones being able to yield more energy. Focusing on the UK H2020 strategy, repowering 
seems to be an efficient and effective approach for the country to obtain the 15% renewable 
energy target by 2020. As of last year, 25 from the 600 wind farms had applied for repowering 
aiming to a total number of wind turbines to be reduced from 338 to 188, the average turbine tip 
height to be almost doubled from 52m to 96m, the average individual turbine capacity to be 
quadrupled from 0.5MW to 2MW and the total capacity to be almost tripled from 131MW to 
385MW. It is therefore, obvious that the next years, repowering will be applied to all Aeolian 
farms in the UK requesting thorough investigations and robust propositions. In this framework, 
the enhancement of the structural response of tall wind turbines by improving the structural 
design and the detailing of the supporting structures will be the key point to reach the target of 
tip heights between 100-300m for the new tall towers. 

Wind Energy Technology Reconsideration to Enhance the 
Sustainability Features of Smart Cities 

Charalampos Baniotopoulos 
University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom 
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Certain recently obtained research outcomes that serve this objective are here presented. As a 
matter of fact, innovative wind tower connections, new types of wind tower foundations and a 
variety of tower stiffening schemes contribute towards the success of any repowering process.  
The other important effort to better establish wind energy harvesting concerns the built 
environment wind energy technology. The recently launched WINERCOST Action with 
research groups from 29 EU countries work towards the enhancement of the Future Smart Cities 
concept by identifying prerequisites and conditions for the adoption of the Built Environment 
Wind Energy Technology into the urban and suburban habitat constructions. This is promoted 
by supporting relevant measures and actions, and trying to convince municipal authorities, 
decision-making groups and local societies themselves about the assets of the application of the 
Built Environment Wind Energy Technology exploitation in Smart Cities aiming to the 
enhancement of their sustainability and resilience features. 

REFERENCES 

 
Renewable UK: Wind Energy Database http://www.renewableuk.com 

466



 

 

1. INTRODUCTION 

 

Offshore Wind Turbines: From Fixed-bottom to Floating 
Technologies 

C. Borri 
Dept. of Civil and Environmental Engineering, University of Florence 

A. Giusti 
Dept. of Civil and Environmental Engineering, University of Florence 

E. Marino 
Dept. of Civil and Environmental Engineering, University of Florence 

G. Stabile 
Dept. of Civil and Environmental Engineering, University of Florence 

Email: dir-dicea@dicea.unifi.it 

Abstract. This paper addresses the main general issues regarding both fixed-bottom and floating wind
turbines. For the fixed-bottom technology, higher-order loading effects on the dynamic response of the 
tower are discussed. Hydro-aero-elastic simulations incorporating fully nonlinear wave models show that 
the linear wave model not only underestimates peaks in the system response but, even more importantly, 
it is not able to capture dangerous resonant phenomena triggered by the passage of nonlinear waves. For
the floating technology, especially when moored barge-type platforms are considered, large 
displacements and rotations of the platform become relevant in rough sea states. A numerical approach 
based on a suitable Lie-group time integrator is here discussed, together with the models used for 
assessing the hydrodynamic and the mooring-line loads that should be coupled with the dynamic solver.
The coupling is still being developed. In the present paper we limit the discussion to the main theoretical 
and numerical features of the model, leaving validations and applications to a forthcoming paper.  
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 Floating platform and mooring lines 

Fig 1. Offshore wind turbine with moored floating platform. 
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2. NUMERICAL SOLVERS 

 Fixed-bottom monopile supported WT 

We couple a fully nonlinear wave solver with the hydro-aero-elastic simulator FAST of the 
entire system. FAST is a combined modal and multi-body solver able to model the rigid and 
flexible components of a wind turbine. Aerodynamic loads acting on the blades are calculated 
by means of AeroDyn. Hydrodynamic forces are calculated by means of a user-defined sub-
routine. The subroutine, at each time step, reads the nonlinear wave kinematics (provided by a 
high-order boundary element in-house solver) as input for the calculation of the hydrodynamics 
forces. For a detailed description of the numerical model we refer to. 

The turbine model used in this study is the 5-MW Reference Wind Turbine for Offshore 
System Development, whose main characteristics are listed in Table 1. The diameter and the 
wall thickness vary linearly with the tower height. The base diameter of 6 m is equal to the 
diameter of the monopile. 

Table 1: Main parameters of the baseline wind turbine model. 

Rating Power 5 MW 
Rotor orientation / conf.  Upwind, 3 blades 
Rotor / hub diameter  126 / 3 m 
Hub Height 90 m 
Cut-in / Rated / Cut-out  Wind Speed 3 / 11.4 / 25 m/s 
Cut-in / Rated Rotor Speed  6.9 / 12.1 rpm 
Rotor Mass 110 t 
Nacelle Mass 240 t 
Tower base and pile diameter 6 m 
Tower top diameter / Wall thickness 3.87 / 0.019 m 
Pile length 30 m 
Pile mass 190 t 
First Fore-Aft monopile natural frequency 0.28 Hz 

2.1.1. Numerical simulations  

We analyze the case of a severe sea state characterized by a significant wave height Hs = 7.5 m 
and spectral peak period Tp = 15 s. These sea conditions would likely occur under wind speeds 
much higher than the cut-out limit reported in Table 1, therefore the wind turbine is set in 
parked configuration with blades pitched to feather and the rotor idling. In parked condition, 
wind turbulence plays a minor role; thus, according to the chosen sea state, characterized by a 
wind speed of 26.5 m/s at 19.5 m asl, a hub-height constant wind speed of 33 m/s is used.  

The effects of the nonlinear hydrodynamics, including breaking waves, are highlighted in 
Figure 2, where the response obtained using the proposed model are compared with the one 
based on the standard linear wave theory.  

Figure 2 shows that at approximately 3080s, a steep and asymmetric wave triggers a resonant 
vibration. At about 3095s a steeper wave amplifies (doubles) the oscillations amplitudes for 
approximately one period Tp. Each of the subsequent nonlinear waves causes resonant 
vibrations persisting for about one Tp.  

An impact event occurs at 3168.5 s; it causes two different effects: (i) a very high-frequency 
vibration in the tower-base shear force (TwrBsFxt) and in the bending moment (TwrBsMyt) that 
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persists for approximately one Tp; (ii) an amplification of the fore-aft tower-top oscillations 
amplitudes (TTDspFA) which is about 80% larger than the underlying springing-like vibration. 
From the TTDspFA we observe that type (i) excitation is filtered out by the dynamical system 
and no trace is found in the tower-top motion. 

Fig 2. Comparison between the linear (blue dashed) and nonlinear (red solid) solutions of free surface elevation 
WeveElev (top panel), tower-base shear force TwrBsFxt, tower-base overturning bending moment 
TwrBsMyt, tower-top displacement TTDspFA. 

 Floating platform and mooring lines modelling 

The platforms used for offshore wind engineering purposes can usually be sketched as a rigid 
body without any significant loss of accuracy. Thus the dynamic problem consists of solving the 
dynamics of a moored floating rigid body forced by the environmental loads. This is a complex 
problem of wind-wave-structure interaction where the sources of loads are due to the interaction 
between the structure (support and superstructure, i.e. tower, nacelle, rotor), the waves, the wind 
and the mooring system. If the wind turbine is considered in parked configuration, the aero-
elastic-dynamic problem is simplified and the wind turbine can be considered as a rigid body 
rigidly connected to the platform. In this case the dynamic problem can be solved by addressing 
the following issues: 

 
 
 

2.2.1. Dynamic solver 

The dynamics of the system is analyzed by using a suitable Lie-group time integrator that solves 
the equations of motion treating the rotations as elements of the manifold of finite rotations 
SO(3). This permits to account for large motions. The platform is modeled as a rigid body with 
all the six degrees of freedom whereas the wind turbine, considered in parked configuration, is 
represented only in terms of mass and inertia. 

The rigid-body dynamic problem consists of solving the motion of the centre of mass and the 
motion about the centre of mass, considering that translations and rotations can be coupled 
together, for instance because of the hydrodynamic action (non-diagonal hydrodynamic added 
mass and damping matrices) or the follower forces. The dynamic solver is formulated by using a 
mixed reference frame approach, that is at each time step the algorithm works simultaneously 
with two different reference frames: the motion of the centre of mass is solved (and described) 
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in an inertial (fixed) frame, whereas the rotations are referred to a body-attached frame (non-
inertial). Even if this choice leads to some complications in the formulation of the problem, the 
approach avoids considering the apparent forces in the translational problem and permits to 
maintain the time-invariance of the inertia tensor in the body attached frame which simplifies 
the conservation of the angular momentum. On the other hand some complications arise from 
the coupling of the translational and rotational problems, which implies, at any time instant, the 
loss of symmetry of all the main system operators (inertia, damping and stiffness) and their 
dependence on the actual rotation. However, even using other approaches, such as a total local 
frame formulation, the loss of symmetry cannot be avoided because of the gyroscopic (apparent) 
loads in the translation problem. 

Fig 3. Sketch of the dynamic solver. 

The dynamic solver (see Figure 3) is very flexible and permits to analyse a wide range of 
systems. It can deal with systems whose inertia, damping and stiffness properties vary in time, 
and can receive as inputs forces and torques (follower or non-follower) and external mass, 
damping and stiffness matrices. Moreover the loads can be applied both on the centre of mass 
and in a generic point of the body. 

2.2.2. Hydrodynamic problem 

The hydrodynamic problem consists in establishing the loads acting on the rigid body due to 
the interaction with the fluid, in this case the waves. The fluid is supposed incompressible, 
inviscid and irrotational, thus it is described by the Laplace equation. The fluid-structure 
interaction problem is solved under the linear assumption, i.e. addressing radiation, diffraction 
and hydrostatics separately. The first-order wave kinematics is numerically modeled by using a 
suitable IFFT procedure. The numerical model can simulate both regular and irregular seas and 
it is coupled with the dynamic solver described in the previous subsection in terms of external 
loads and added mass and damping matrices. A further step of the research is to include higher-
order hydrodynamic effects in the analysis of floating wind turbines. 

2.2.3. Mooring line problem 

The mooring line system guarantees the constraints to the translations in the water plane and 
to the rotation about the vertical axis, thus it is fundamental for the functionality of the offshore 
wind turbine. The cables can be modelled by using a quasi-static theory, i.e. at any time instant 
each mooring line is considered to be in static equilibrium. This model can be accurate enough 
if and only if the mass of the cables is small with respect to the overall mass of the system. The 
quasi-static theory can account for the apparent weight in the fluid, the elastic stretching, the 
seabed friction (drag force) and the nonlinear geometric restoration of the complete mooring 
system. On the other hand the model neglects the individual bending stiffness, the inertia of the 
cables and their damping. These approximations could be a strong limit, especially when 
higher-order effects are addressed. The only way to account for the cable dynamics is the use of 
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a fully dynamic model. The equation of motion of the cables is quite complex and an analytical 
solution cannot be found. An alternative way is to solve the equation of motion with numerical 
methods that discretize the cable in number of masses linked together by joints either with a 
multi body or a FEM approach. Here the problem is assessed using a FEM method. Using such 
an approach the dynamics of the mooring lines can be completely captured. In many existing 
tools for the modelling of floating offshore wind turbines mooring lines are solved using a 
separate module. For this reason, the idea here is to use the same approach; each mooring line is 
structurally modelled using geometrically exact beam elements that can easily assess large 
displacements and rotations. Hydrodynamic forces acting on each mooring line are evaluated 
using a reduced order model. 

The reduced order model consists of a combination of a state-space model and a forced Van 
der Pol oscillator. The parameters of the model are deduced from high fidelity analysis 
involving flexible cylinders undergoing forced vibrations. This model is developed to account 
the effect of the steady forces acting on the cable and to reproduce also the vortex induced 
vibration phenomenon.  

The idea, as already mentioned, is to keep the platform module and the mooring lines 
module separated. For this reason, the coupling has to be realized using a partitioned approach. 
The input information of the whole analysis are the flow velocity profile, the aerodynamic 
forces acting on the tower and on the rotor, that in this context are considered just as an external 
applied force, and the mechanical characteristics of the mooring lines and the platform.  

Using such an approach, the influence of the mooring lines on the platform is considered as 
an external restoring force while the influence of the platform on the mooring system is 
considered as an imposed motion on the top of each mooring line. A sketch which illustrates 
how de problem is previously decoupled and then re-coupled is shown in Figure 4. An example 
of a coupling algorithm that could be used for the purpose is represented in Algorithm 1. The 
algorithm is a block Gauss-Seidel algorithm normally used to couple different models. At each 
time step of the coupled simulation an iterative problem must be solved. The first step is the 
prediction of the restoring forces based on their last converged values at the previous time step. 
The choice of the predictor is not unique and several different orders and expressions could be 
used. Once the predicted value of the restoring force is determined, it is possible to solve the 
platform equation in order to get the displacements, velocities and accelerations at the fairlead 
points. These history of motions are then imposed to the top of the cables so that the mooring 
line problem is solved and a new restoring force is determined. In general the restoring force 
obtained during the mooring line computation is different from the predicted one, so an iteration 
procedure is required. The iteration process continues till the difference between the forces 
evaluated at two sequential iterations is smaller than a certain tolerance previously defined. 

472



 

 

Fig 4. Sketch of the coupled interaction between wind, waves, floating body and moorings. 

3. CONCLUSIONS 

This paper has given a short overview about some of the main general issues regarding both 
fixed-bottom and floating technologies for offshore wind turbines.  

For the fixed bottom case, a fully hydro-aero-elastic study based on the coupling between 
FAST for the aero-elastic simulation and an in-house solver for the hydrodynamic solution has 
been carried out. The hydrodynamic solver permits accounting fully nonlinear wave effects 
including impacts associated with breaking waves. It is shown that linear wave models (still 
widely used in the design practice) are unable to capture important resonant phenomena, such as 
ringing and springing. The significant underestimations of the response are expected to have 
important implications in terms of both extreme and fatigue loads.  

For the floating case the finite rotation approach has been discussed. The dynamics of the 
floating platform, considered as a rigid body, is solved by using a suitable Lie-group time 
integration scheme which can account for large displacements without any loss of accuracy. 
This dynamic solver can be coupled with the set of tools necessary for assessing the 
environmental loads. In particular the hydrodynamic action is evaluated by means of a first-
order theory, but for the future also higher-order theories will be considered. For the mooring 
system, a more sophisticated FEM model which solves the cables equation of motion. This 
model is moreover coupled with a hydrodynamic reduced order model capable both to consider 
the effect of the steady forces acting on the cable and to reproduce the vortex induced vibration 
phenomenon. The coupling is still under development. Preliminary tests show encouraging 
results. Validations and applications of the presented model will be discussed in a future work. 
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1. OBJECTIVES IN THE SCOPE OF SUSTAINABLE ENERGY POLICIES 

The objective for Future Smart Cities of EU Programme H2020 aims at 20% of renewable 
energy in terms of produced electricity by renewable sources. the project will contribute to 
develop an innovative wind energy conversion system that is fully integrated in the built 
environment sustainable development concept, arriving to comply with emerging energy & 
transport integrated policies worldwide (e.g. FHWA). The state of the art in flows past moving 
vehicles [Mat], and a recent study funded by Progetti di Eccellenza Fondazione Cariparo about 
resource assessment and harvesting feasibility in the road case study [Mor2], stand as a solid 
rationale for the project. Both the two main goals of our Proposal comply with Project topics in 
the European Programme for Environment and Climate Action (LIFE Regulation 2014-2020): 
in fact wind energy conversion from the aerodynamic losses of ground vehicles will reduce the 
carbon footprint of the transport systems, and the net gain from prior-art obtained by our new 
SMWT concepts in generic variable winds will re-insert energy in the circular economy 
principle: turbulent flows nowadays neglected as waste will be turned into a resource. Contrary 
to other renewables, the aerodynamic losses belong to a source of costs, that will still be present 
in the horizon of the next-generation transports fossil-fuel free. Our latest studies [Mor1] show 
that the capacity factor of state-of-the-art SMWT can arrive up to a 20% gain for a coupled 
application of atmospheric wind and aerodynamic losses, making them a remarkably sustainable 
potential energy resource.  

Based on our previous results for the simple road case [Mor3], as a first milestone, energetic 
balance has to be reconsidered in relevant transport systems schemes: (a) railway; (b) more 
complex confined spaces, i.e. flow acceleration at road tunnel exits (natural ventilation 
typology); (c) b y introducing the energy conversion device in the above case s; (d) vehicles 
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classes and carrier types conveying major aerodynamic losses shall be pointed out for both 
SMWT applications: (d.1) on-site and (d.2) embedded in the vehicle, the corresponding dragged 
flows shall be characterized in space/time, and turbulent structures shall be identified in the 
systems. 
 

Fig 1. An innovative adaptable ro tor concept for a HAWT with variable diameter (to p) from P. Jamieson 
(DNV-GL), and a sketch of the adaptable radial arm from the patenting VAWT rotor of the Propos al 
(bottom). 

The main feature of this novel wind resource is variability: careful consideration is needed 
for intensive traffic flows, where the continuous and rapid transit of vehicles in clusters, results 
in cycling and superposition of simple pulses is able to energize the conversion device. Existing 
turbines are unlikely to be fitted for this unconventional wind source, that is highly unsteady 
just as the turbulent atmospheric flows found in urban/suburban sites. In particular, the two 
winds have in common a major component in the large scale of eddies (0.015 Hz range), whose 
high energy content is well known, together with its harvesting challenges. 

In particular, drag and lift drive n vertical-axis wind turbines (VAWT) will be considered for 
their omni-directional features. Variable s peed operation of wind turbines is a technology that, 
through power electronics, allows for high performance in a wide range of wind speeds, while 
fixed speed operation only allows for maximum power extraction at the rated wind speed. High 
costs of the electronic components in large WT limited its application, while the relatively low 
costs in SMWT potentially favor its realization. Therefore, assuming electrical power 
feasibility, the project research and development will focus on maximizing the input mechanical 
p ower in variable speed operation, aiming to test new mechanical and aerodynamic concepts of 
adaptable rotors, suitable for transport systems losses harvesting, and thus generally as a novel 
turbine that is variable-wind specific. Adaptable rotors are on the cutting edge of innovation in 
wind turbines techno logy as they enable a power extraction gain from baseline, and the 
Research Group has already the opportunity to test such features on a new V AWT concept 
currently in Patent Cooperation Treaty filed Nov 2014 (Figure 1). 
 

2. STATE-OF-THE-ART AND PRELIMINARY RESULTS 

Given the trans-disciplinary nature of our Project, its scientific rationale shall develop from the 
state-of-the-art of different disciplines. The study of flows induced by transport system s with 
the corresponding aerodynamic losses, and of flows in confined spaces (e.g. natural ventilation 
tunnels and urban canyons) allows the calculation of the Energy Balances for the physical 
systems of interest. Many recent patents address the idea of harvesting wind energy from 
aerodynamic losses in motorway s and railways, however a specific SMWT concept dedicated 
to the task has never been described nor claim ed. The new trends in Built Environment Wind 
Energy Technology for the Smart-cities, and the challenging research in the energy content and 
harvesting from largest eddies range of turbulent flows, will indicate the path for the innovation 
proposed in turbine mechanics and aerodynamics. Up-to-date SMWT Power Electronics [Zar] 
for Energy Storage or grid integration will guide the development of the power train to be 
associated with our turbine project. Finally, Renewable Energy Economics provide the 
framework to analyze capacity factor gains and corresponding levelised cost of electricity 
parameters (LCOE) for the new applications business ideas & plans. The most recent results in 
some of the aforementioned parent disciplines were obtained by the research group of this 
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Proposal, in many cases thanks to the Progetti di Eccellenza Grant (2010-2013) funded by 
FCRPR: 

Energy balance [Mat] for the cas e of single and multiple truck-panel interaction: a 3D CFD 
simulation restricted to the cylinder/wind turbine shape interaction demonstrate that the truck 
drag coe cient is una ected by the passage of the obstacle upon the roof, giving chances for the 
application of an energy device near the vehicle (Figure 2), as the extra energy loss is 
negligible; 
 

 
Fig 2. Flow field rounding the cylinder (Z=0, tU0/L=0.12) and Required energy boo st to keep the speed 

constant, where Lp* is the panel dimension, and L the truck reference dimension 
 

Resource assessment for the open-ro ad case [Mor1]. An in-situ anemometry campaign 
provided the gross wind energy harvestable from a typical daily traffic on a motorway, and the 
main unsteady feature of aerodynamic losses i.e. the wind drops between two passages of 
carriers. The associated power reduction factor has been detected by numerical simulations with 
a blade-element momentum (BEM) code that is validated via wind-tunnel tests, allowing the 
estimation of the traffic-induced capacity factor gain from baseline for a SMWT (Figure 3) that 
is remarkably up to a +20%. 
 

 
Fig 3. Unsteady features of traffic-induced wind and its capability to increase the ca pacity factor of a mini-

VAWT 
Preliminary transient BEM simulations of a new concept of mini-VAWT show a promising 

increase in energy conversion from variable winds respect to the prior-art: the novel adaptable 
rotor concept might be capable not only to envelop the power curve of the corresponding fixed 
geometry rotors, but also to extract power during wind drops where prior -art rotors cannot. 
 

3. EXPECTED RESULTS FOR INNOVATIVE VAWT ROTORS 

The project will demonstrate how is possible to extract energy from the larges t scales of 
turbulent flows by means of an innovative concept of passively adaptable rotor VAWT. The 
energy containing range of the variable part of the wind will be considered for harvesting: as a 
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reference, will be studied also the bio-mechanical systems such as the albatross flying in 
dynamic soaring, where the energy lost to overcome drag is successfully recovered by the wings 
from a variation in wind speed (Figure 4). The research to extract energy from turbulent wind is 
also active in the field of sailplane studies and piezoelectric conversion. 

 
Fig 4 A bio-mechanical system extracting energy from variable wind, and a conceptual vision from 

Schatzmann of the energy transfer in turbulent flows spectra from large scales (small k) to dissipation in 
small scales. 

Having different possibilities for application of the new rotor shall be a key to diversify and 
success. The focus on atmospheric variable winds will contribute to the built-environment wind 
energy technology, fostering smart-cities concepts. The focus on transport systems induced 
winds al low for a series of on-site energy conversion case studies along roadways, tunnel-exits, 

mbedding the 
mini-VAWT in the vehicle (truck, trai tainable 
development in the H2020 circular economy objectives. 

For ground installations, borrowing the same testing approach used for open-road, the 
traffic-induced resource will be also assessed for a road confined space (flow acceleration at a 
tunnel exit) and a railway (high-frequency passages at lines confluence). Thus the complete 
picture for transport on-site installations will be achieved. 

The support of CFD simulations will be of great benefit also to evaluate embedded 
installations, both prior-art ideas and our new concepts : the top of a truck or a train 
(freight/passenger) are both case studies where variation of inlet is relevant, and thus the 
adaptable rotor is suitable. A preliminary assessment to choose a fitting set of CFD models can 
be performed via our BEM transient code (a software already implemented and calibrated with 
win d tunnel tests). The estimation of the net energy harvested by the rotor, i.e. taking into 
account the power reduction factor associated to wind-drops (distance between passages in 
ground installations, or vehicle speed variation in embedded) will be also possible through the 
transient BEM code. Simulation is feasible in general for any transport system: in fact it is 
sufficient to choose the correct wind inlet and generator/power train models. The final 
performance assessment will come from the design, prototyping and experimental testing of the 
new VAWT, where preliminary estimations could be validated. At least two adaptable rotor 
prototypes (H-Darrieus and Savonius families) will be tested both in our boundary layer wind 
tunnel (BLWT) facilities and finally as a pilot on-site (road tunnel exit or railway). 

Finally, business ideas and models of the best performing application cases will be evaluated 
for feasibility in the framework of Energy Economics, including the Levelised Cost of 
Electricity (LCOE) parametrization, comparing investments to effective energy production. It is 
worth noting that most recently SMWT applications as the ones in this Proposal display 
optimum LCOEs compared to giant off-shore wind turbines, photovoltaic, and concentrated 
solar power. SMWT share with biomass (anaerobic digestion), hydropower, and geothermal 
applications the outstanding achievement of competing in LCOE with fossil fuel power (source 
IRENA). Other parametric studies will also include health and climate damage savings, valuable 
for novel and upcoming energy mix policies. Following EU energy policy, also in Italy the DM 
6/7/2012 applies the feed-in tarif (FIT) to SMWT (1-20 kW): the energy extracted by SMWT is 
paid by FIT about 153% of the normal electricity cost. This reflects in SMWT worldwide 
annual growth is +27.5% in forecast until 2020. 
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1. INTRODUCTION 

Campbell and Stankovic distinguish between three categories of possibilities for integration of 
wind energy generation systems into urban environments: (1) siting stand-alone wind turbines 
in urban locations; (2) retrofitting wind turbines onto existing buildings; and (3) full integration 
of wind turbines together with architectural form. The present paper focuses on category 3. 
Well-known examples of buildings designed for integration of large-scale wind turbines are the 
Bahrain World Trade Center, the Strata Tower in London and the Pearl River Tower in 
Guangzhou, China.  

Sharpe and Proven mention the following six desirable characteristics for building-integrated 
wind turbines: (1) Building integrated for visual performance; (2) Building integrated for 
augmented flow; (3) Scalable and economic through modularity; (4) Good power output in 
turbulent and gusting sites; (5) Ease of installation; and (6) Applicable in a wide variety of 
locations.  

Driven by the concept of building-integrated wind energy systems (category 3) and by the 
six desirable characteristics, the present paper addresses the assessment and optimization of the 
wind energy potential of a venturi-shaped roof for integration of a VAWT. This roof was 
designed by Bronsema in 2005 and later further developed by him (figures 1 and 2). It consists 
of a disk-shaped roof construction that is positioned at a certain height above the actual 

Wind Energy Potential in Venturi-shaped Roof Constructions 

B. Blocken 
Department of the Built Environment, Eindhoven University of Technology, P.O. Box 513, 5600 MB 
Eindhoven, the Netherlands 
Department of Civil Engineering, Leuven University, KasteelparkArenberg 40 – bus 2447, Leuven, 
Belgium 

T. van Hooff 
Department of the Built Environment, Eindhoven University of Technology, P.O. Box 513, 5600 MB 
Eindhoven, the Netherlands 
Department of Civil Engineering, Leuven University, KasteelparkArenberg 40 – bus 2447, Leuven, 
Belgium 

L. Aanen 
Peutz BV, P.O. Box 66, 6585 ZH Mook, the Netherlands 

B. Bronsema 
Bronsema Consult, Prof. Boerhaaveweg 37, 2251 HX Voorschoten, the Netherlands 

Email: b.j.e.blocken@tue.nl 

Abstract. A venturi-shaped roof for integration of a Vertical Axis Wind Turbine (VAWT) in the 
narrowest part of the roof contraction is analyzed with 3D Computational Fluid Dynamics (CFD). Three 
roof types are considered: a roof with 36 vertical guiding vanes, a roof with 4 vertical guiding vanes and a 
roof without vertical guiding vanes. The roof is positioned on top of a 50 m high isolated building. The 
CFD simulations are performed with the steady Reynolds-Averaged Navier-Stokes equations and the 
RNG k- nd validated with reduced-scale wind tunnel measurements. The simulations 
show that adding vertical guiding vanes does not improve the performance of the roof, but actually 
cancels its effect and reduces its wind energy performance to values that are equal to or even lower than 
those of a free-standing VAWT at the same height, which is a counter-intuitive result. The simulations 
also show that, of the configurations investigated, a contraction ratio of 6.3 provides the largest 
improvement of wind energy potential (260% compared to free-standing VAWT), although the absolute 
value of energy yield is limited due to the limited contraction height. 
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building, creating a contraction that should provide significantly increased wind speed in the 
center of the contraction, where the VAWT is positioned to harvest wind energy. For 
assessment and optimization of its wind energy potential, the wind flow around the building and 
through the roof need to be analyzed in detail. 

 

Fig 1. Geometry of the building under study. (a) Vertical cross-section showing the building with the disk-
shaped roof and the parameters b and c (not to scale). (b) Horizontal cross-section and position where 
the turbine will be positioned. The solid blue lines represent the guiding vanes positioned at every 90° 
interval, the dashed orange lines represent the guiding vanes at every 10° interval. 

Fig 2.Geometry of the building under study. (a) Perspective view. (b) Vertical cross-section with line T at 
which wind speed and wind energy potential will be evaluated. 

2. BUILDING AND ROOF GEOMETRY 

The analysis is performed for a similar building as in. The building has a rectangular (20 m x 20 
m) floor plan and a height of 50 m, measured up to the edge of the roof (figure 1a). The venturi-
shaped roof consists of two parts (figure 

the building, this way creating a roof overhang of 1.7 m on each side of the building. At a 
distan
x 23.4 m x 4 m (L x W x H), resulting in a nozzle-shaped roof entrance from all four sides of the 
building. This part of the roof can be supported by e.g. a set of slender vertical columns or by 
vertical guiding vanes. The position of interest is that of the VAWT in the center of the roof 

484



contraction (figure 1). The wind speed amplification factor and wind energy potential will be 
evaluated along line T (figure 2b). Two sets of geometrical roof configurations are considered, 
each of which corresponds to one stage in the two-stage optimization procedure. The first set 
consists of roof configurations with a varying number of vertical guiding vanes, as shown in 
figure 1b. From this set, the best configuration is selected to build the second set. The roof 
configurations in the second set differ from each other by the contraction height c and the 
contraction ratio b/c (see figure 1, 2).  

3. CFD SIMULATIONS: COMPUTATIONAL SETTINGS AND PARAMETERS 

The building is isolated and positioned on rough suburban terrain with an aerodynamic 
roughness length z0 = 0.5 m. The computational domain has dimensions LD x WD x HD = 1020 
m x 1020 m x 300 m. High-quality and high-resolution computational grids are constructed 
using the grid generation technique presented by van Hooff and Blocken and taking into account 
best practice guidelines. The grids are block-structured and are discussed in more detail in 
section 5. The inlet boundary conditions are the vertical profiles of mean wind speed U, 

U = (u*/ )ln((z+z0)/z0) 
= 0.42) and z the height coordinate. Turbulent kinetic energy k is calculated from the 
longitudinal turbulence intensity Iu using k = 0.5(Iu.U)2. Turbulence dissipation rate  = 
(u*)³/( (z+z0)). Simulations are made for four wind directions: 0°, 15°, 30° and 45°. At the 
ground and building surfaces, the standard wall functions by Launder and Spalding are used 
with the sand-grain based roughness modification by Cebeci and Bradshaw. For the ground 
surface, the parameters kS and CS are determined using their appropriate consistency 
relationship with z0: kS = 9.793z0/CS. The building surfaces are assumed to be smooth (kS = 0 m 
and CS = 0.5). Zero static pressure is imposed at the outlet of the domain and the top of the 
domain is modeled as a slip wall (zero normal velocity and zero normal gradients of all 
variables). The commercial CFD code Fluent 6.3.26 is used to solve the 3D Reynolds-Averaged 
Navier-Stokes (RANS) equations in combination with the Renormalization Group (RNG) k-
turbulence model. Pressure-velocity coupling is taken care of by the SIMPLE algorithm, 
pressure interpolation is standard and second-order discretization schemes are used for both the 
convection terms and the viscous terms of the governing equations. 

4. CALCULATION PROCEDURE FOR WIND ENERGY POTENTIAL 

For assessment of the wind energy potential, a VAWT is selected. The basic features of the 
VAWT analyzed in this paper are identical to that studied by Balduzzi et al., but where the 
height of the VAWT is adjusted to fit the height of the contraction (i.e. the value of the 
parameter c, see figure 1). The main characteristics of the VAWT and its power output curve 
can be found in. For other c values, the turbine characteristics remain the same, only the turbine 
height is adjusted, and the power output curve scales linearly with the turbine height. The 
assessment of the yearly wind energy potential should be performed based on the wind speed 
statistics of the location of interest. The present studyuses the 30-year wind speed statistics of 
Eindhoven airport which are described by Weibull distributions for each of the 12 wind 
direction sectors. These statistics refer to the wind speed U10 at a height of 10 m over terrain 
with z0 = 0.03 m. Because all values of wind speed and wind energy potential in this paper are 
related to the wind speed at building height (= 50 m) U50, the statistics are converted from wind 
speed at 10 m to wind speed at 50 m over terrain with z0 = 0.5 m based on the logarithmic 
profiles of mean wind speed. This yields: U50 = aU10 with a = 1.276. In addition, the venturi-
shaped roof is expected to increase the free-stream wind speed U50 in the narrowest part of the 
roof contraction with a factor AF (the wind speed amplification factor), which is the ratio of the 
mean wind speed averaged along line T (figure 2b) to the undisturbed wind speed U50. Both 
factors a and AF are integrated in the Weibull distributions, to provide the exceedance 
probabilities of mean wind speed at the position of the VAWT. The wind energy potential is 
calculated based on the Weibull distributions and the method of bins and is expressed both as a 
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wind energy enhancement factor (EF) and as yearly wind energy production in kWh. EF is 
defined as the yearly wind energy potential of the VAWT in the venturi-shaped roof, divided by 
the yearly wind energy potential of the same VAWT in undisturbed flow conditions (i.e. without 
building and without venturi-shaped roof, but at the same height of 50 m). 

5. FIRST OPTIMIZATION STAGE: INFLUENCE OF  VERTICAL GUIDING VANES 

In the first optimization stage, the influence of vertical guiding vanes is investigated. 
Configuration A has 36 guiding vanes (one at every 10° interval), configuration B has 4 guiding 
vanes (one at every 90° interval), and configuration C has no guiding vanes. These 
configurations are schematically indicated in Figure 1b. They were tested for two different set 
of values of the parameters c and b (i.e. four different contraction ratios): (a) c = 1 m, b = 5 m, 
b/c = 5; (b) c = 4 m, b = 8 m, b/c = 2. The computational geometries and computational grids for 
the three configurations for c = 1 m are shown in figure 3. A detailed grid-sensitivity analysis 
was performed indicating that the grids shown in figure 3 provide nearly grid-independent 
results. The grid-sensitivity analysis is reported in and will not be repeated here. Wind tunnel 
measurements were performed for the three configurations A, B and C for b = 5 m and c = 1 m. 
The details can be found in. Figure 4 compares the numerically simulated and measured mean 
wind speed ratios U/U50 in the middle point of line T in the center of the roof contraction for 
each of the four wind directions 0°, 15°, 30° and 45°. The deviations between simulations and 
measurements are generally equal to or smaller than 10%, which is considered a very close 
agreement. Note that the values of the ratio U/U50 in this figure are not equal to the wind speed 
amplification factors AF, because the latter are values that, in this paper, are averaged along line 
T and averaged over the four wind directions. These averaged values are considered in the 
remainder of this paper. Table 1 shows that the wind speed amplification factor (AF) for 
configurations A and B (with vertical guiding vanes) is in the range 0.8-1.0, while that for 
configuration C (without vertical guiding vanes) is in the range 1.2-1.3. This implies that a fairly 
high AF can be achieved with this venturi-shaped roof, on condition that no vertical guiding 
vanes are added. Indeed, adding vertical guiding vanes strongly reduces the AF.  
 
Table 1. Results of CFD analysis for roof configurations with and without vertical guiding vanes. AF is 

the wind speed amplification factor and EF the wind energy enhancement factor, both defined 
with reference to undisturbed/free-stream conditions at the same height.  

Configuration Number of 
guiding vanes 

c b b/c A AF E Eref EF 

  (m) (m)  (m²) (-) (kWh) (kWh) (-) 
A_c_1 36 1 5 5 2 0.87 336 554 0.61 
B_c_1 4 1 5 5 2 0.83 282 554 0.51 
C_c_1 0 1 5 5 2 1.31 1335 554 2.41 
A_c_4 36 4 8 2 8 1.00 2218 2218 1.00 
B_c_4 4 4 8 2 8 0.97 1991 2218 0.90 
C_c_4 0 4 8 2 8 1.20 4101 2218 1.85 
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Fig 3.Computational grids for three different design configurations A, B and C (for c = 1 m): (a,b) guiding 

vanes every 10° (3.3 million cells); (c,d) guiding vanes every 90°(2.4 million cells); (e,f) no guiding 
vanes (2.0 million cells). 

 
The reason is the large resistance of the funnels, which completely cancels the positive effect 

due to the venturi-shape of the roof. Furthermore, the configuration C without vertical guiding 
vanes provides the additional advantage that a much larger area is available for wind energy 
harvesting, because AF is larger than one over a large area of the roof as can be seen in. As a 
result, several VAWTs could be positioned in the roof. The large resistance of the funnels has 
an even stronger negative effect on the wind energy potential of the roof. While configuration C 
without guiding vanes provides values of EF that rise up to 2.41 for c = 1 m, adding vertical 
guiding vanes reduces EF to 0.61 or even 0.51 (see Table 1). This is due to the shift of the wind 
statistics to lower wind speeds, and partly below the cut-in wind speed of the VAWT. For c = 4 
m, a similar trend is found, although somewhat less pronounced. Again the negative effect of 
adding vertical guiding vanes is shown. The results of optimization stage 1 are graphically 
summarized in Figure 9. Configuration C not only provides more wind energy than 
configurations A and B for the single VAWT in the center of the contraction, but its wind 
energy potential might very well become a multitude of that in configurations A and B, when 
several VAWT would be positioned in the contraction.  
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Fig 4. Validation of CFD simulations: comparison between numerical results and wind tunnel measurements in 

terms of the ratio U/U50 in the middle point of line T in the center of the roof contraction for b = 5 m, c 
= 1 m, for the three configurations A, B and C and the four wind directions.  

 

Fig 5. Results of optimization stage 1: (a) wind speed amplification factor AF and (b) wind energy 
enhancement factor EF for configurations A, B and C and for c = 1 m and c = 4 m.  

 

6. SECOND OPTIMIZATION STAGE: INFLUENCE OF  CONTRACTION RATIO 

In the second optimization stage, eleven computational geometries are analyzed. They are all 
based on the result of optimization stage 1, i.e. configuration C without vertical guiding vanes. 

n optimum contraction ratio 
with maximum increase in wind energy enhancement factor EF. The following eleven values for 
c are analyzed: c = 0.25 m, 0.375 m, 0.5 m, 0.75 m, 1 m, 2 m, 3 m, 4 m, 5 m, 6 m and 8 m. The 
corresponding contraction ratios b/c are 17, 11.7, 9, 6.3, 5, 3, 2.3, 2, 1.8, 1.7 and 1.5, 
respectively. Table 2 shows that amplification factor (AF) ranges from 0.93 to 1.34. There is a 
clear maximum for c = 0.75. For lower c values, the increased resistance (wind-blocking effect) 
in the venturi-throat causes lower AF. For higher c values, the venturi acceleration itself is 
lower. Table 2 also shows the wind energy enhancement factor (EF) for the different values of 
c. Note that, because power is a function of wind speed cubed, and because of the shift of the 
wind speed statistics due to the value of AF, even a relatively small difference in AF can result 
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in a large difference in EF. Table 2 also presents the total yearly wind energy production, based 
on the assumption that the height of the VAWT i
optimum configuration in terms of highest EF is not the configuration that yields the highest 
yearly wind energy. The reason is that higher c values (lower contraction ratios) allow fitting a 
larger VAWT, yielding larger wind energy potential.  

 
Table 2. Results of CFD analysis for roof configurations without vertical guiding vanes and with different 

contraction ratios b/c. AF is the wind speed amplification factor and EF the wind energy 
enhancement factor, both defined with reference to the undisturbed/free-stream conditions at the 
same height.  

Number of 
vertical 
guiding vanes 

c b b/c A AF E Eref EF 

 (m) (m)  (m²) (-) (kWh) (kWh) (-) 
0 0.25 4.25 17 0.5 0.93 107 139 0.77 
0 0.375 4.375 11.7 0.75 1.22 405 208 1.95 
0 0.5 4.5 9 1 1.32 682 277 2.46 
0 0.75 4.75 6.3 1.5 1.34 1067 416 2.57 
0 1 5 5 2 1.31 1335 554 2.41 
0 2 6 3 4 1.27 2440 1109 2.20 
0 3 7 2.3 6 1.24 3406 1663 2.05 
0 4 8 2 8 1.20 4101 2218 1.85 
0 5 9 1.8 10 1.14 4344 2772 1.57 
0 6 10 1.7 12 1.10 4627 3326 1.39 
0 8 12 1.5 16 1.02 4756 4435 1.07 

 

7. DISCUSSION AND CONCLUSIONS 

This study is only a first step in the analysis of the wind energy potential of this type of venturi-
shaped roof. The following important limitations need to be mentioned, which simultaneously 
indicate directions for further research: 
 Although a fairly wide range of roof configurations were analyzed, the geometry of all 

configurations satisfy the relationship (b  c = 4). Further work should focus on different 
building configurations with different values of (b-c), i.e. different curvatures of the venturi-
shaped roof.  

 In this study, only a single building configuration and a single approach-flow atmospheric 
boundary layer (ABL) were considered.  

 Only an isolated building was considered. Future work will include analysis of the roof 
performance in a variety of urban environments, with low-rise, medium-rise and high-rise 
buildings. This can include generic urban configurations as well as actual practical case 
studies. 

 The present numerical and experimental (wind tunnel) results did not explicitly consider the 
presence of the resistance of the VAWT itself in the roof contraction, although this effect is 
partly and implicitly taken into account by the use of a cut-in wind speed.  

 Also the performance of multiple VAWTs, positioned within the same contraction, can be 
investigated further, in an attempt to arrive at higher wind energy potential. 

 Finally, this study was explicitly focused on the aerodynamic aspects of the venturi-shaped 
roof. Additional research efforts should focus on structural aspects, noise and safety issues. 

The following conclusions are made: 
 The CFD simulations have been successfully validated by comparison with reduced-scale 

atmospheric boundary layer wind tunnel measurements. The difference between numerical 
and experimental results is generally lower than 10%, which is considered a very good 
agreement. 
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 The first optimization stage has shown that adding vertical guiding vanes does not improve 
the performance of the roof, but actually cancels its effect and reduces its wind energy 
performance to values that are equal or even lower than those of a free-standing VAWT at 
the same height, which is a counter-intuitive result.   

 The second optimization stage has shown that, of the configurations investigated, a 
contraction ratio of 6.3 provides the largest AF (= 1.3) and EF (= 2.6), although other 
contraction ratios can give larger absolute energy output due to the larger space that can 
accommodate a larger VAWT.  

 The large EF (energy increase up to 260%) is attributed to three reasons: (1) the absence of 
vertical guiding vanes; (2) the optimum contraction ratio of 6.3; and (3) the fact that the roof 
performance is nearly wind-direction independent.  
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1. INTRODUCTION 

Wind energy is a highly promising alternative to fossil fuels which offers great potential for a 
sustainable planet in terms of availability, renewability and land use.  There has been a 
significant global growth of installed wind power in the last decade. In the quest for a 
sustainable built environment there is also a growing interest in wind energy harvesting in urban 
environments . Due to frequently-changing wind directions in urban environments, VAWTs 
have received interest as a result of their omni-directional capabilities. They also offer some 
additional advantages over their horizontal counterparts, namely no need for a yaw and pitch 
system; simple blade geometries (no twist or taper); low manufacturing and maintenance costs 
due to having a direct-driven generator installed at ground level; and low noise level due to low 
tip speed ratios (TSR). 

After early research on VAWT in the 1970s-1980s they suffered from a lack of interest until 
the mid-2000s. The research gap in the intervening period has contributed to low CP values in 
comparison with HAWTs. Additionally, the flow around a VAWT is very complex due to 
phenomena such as dynamic stall, flow curvature effects, blade-vortex and vortex-vortex 
interactions, viscous effects, 3D wake characteristics, and azimuthal variations of vortex 
shedding. This complexity has demanded a great amount of research in order to optimize 
VAWT performance. Recent modeling and experimental research have contributed to our 
understandings of these complexities. A recent inviscid study using a moderate-fidelity 
vorticity-
the instantaneous loads between the upwind and downwind halves of the turbine and does not 
have any significant effect on the CP and CT of the turbine as they are averaged values over one 

The Effect of Pitch Angle on the Performance of a Vertical-Axis 
Wind Turbine 

Abdolrahim Rezaeiha
Building Physics and Services, Department of the Built Environment, Eindhoven University of 
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

Ivo Kalkman
Building Physics and Services, Department of the Built Environment, Eindhoven University of 
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

Bert Blocken
Building Physics and Services, Department of the Built Environment, Eindhoven University of 
Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands 

Building Physics Section, Department of Civil Engineering, Leuven University, KasteelparkArenberg 40 
– Bus 2447, 3001 Leuven, Belgium 

Email:  a.rezaeiha@tue.nl 

Abstract. Wind energy is a highly promising resource to approach a sustainable built environment. 
Vertical axis wind turbines (VAWT) offer the advantage of omni-directional operation over horizontal 
axis wind turbines (HAWT). This makes them ideal for utilization in urban environments which are 
characterized by frequently varying wind direction. However, a comparatively small amount of research 
on VAWTs has resulted in low power coefficients (CP
parameter which is commonly used in HAWTs to enhance their performance and is a potential 
optimization parameter for VAWT as well. However, a recent study based on inviscid modelling states
that it will not have any significant effect on CP. Therefore, in order to elucidate this claim using a viscous 
calculation, performance optimization of P,
moment and thrust coefficient (Cm and CT) and angle of attack are obtained from a CFD simulation of a 
straight-bladed H-type VAWT using 2D Detached Eddy Simulations (DES). The turbine is operating at a 

- -
crease CP by 4% while decreasing it to -

result in a 16% reduction in CP. 
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revolution. As this conclusion can be generalized to the introduction of any constant circulation 
on the blade it is very important to verify this effect using high-fidelity viscous methods and/or 
experiments. Therefore, a viscous CFD simulation using 2D Detached-eddy simulation is 
performed and instantaneous loads, angle of attack, CP, CT and Cm values are calculated for 
three different pitch angles (0o, +3o and -3o) in order to further study the inviscid finding. The 
result of this study can help the optimization of VAWTs. 

2. VAWT GEOMETRY, MESH AND COMPUTATIONAL SETTINGS 

A straight-bladed H-type vertical axis wind turbine is simulated. The turbine has three blades 
with the symmetric NACA0015 airfoil shape and a chord-to-radius ratio (c/R) of 0.115. The 
diameter (D) of the turbine is 1 m and it is operated at a moderate tip 
tip speed ratio is defined as the ratio between the turbine rotational speed (  to the freestream 
velocity (  (see Equation 1). The freestream velocity is 7 m/s which is a reasonable mean 
value for a VAWT. The approach-flow and incident-flow turbulence intensitiesare 5% and 
3.96% respectively  

 ... ... ... (1) 

an illustration of the circle for the calculation of experienced velocity is shown in Figure 1. 
Another schematic depicting VAWT blade cross-section showing the flow 

shown in Figure 2. The arrow for pitch angle in Figure 2 shows the positive direction, 
corresponding to the blade leading edge pitched inwards towards the center of rotation of the 
turbine. 

The fluid domain for the simulation is divided into a rotating core of two times the diameter 
(D) of the turbine, and a non-rotating part (20D length × 10D width) surrounding the rotating 
core where the distance from the inlet and outlet of the domain to the center of rotation is 5D 
and 15D respectively. 

A hybrid mesh consisting of triangular cells in the rotating core and quadrilateral cells 
elsewhere is generated which consists of 673,471 cells (see Figure 3). The mesh has an average 
orthogonal quality, skewness and aspect ratio of 0.96, 0.1 and 1.6 and a minimum orthogonal 
quality of 0.23. A smooth interface between the rotating and non-rotating domains is provided 
in terms of cell size and stretching ratio, and the near wall cell edges are made normal to the 
wall.  

A mesh sensitivity analysis was done by performing calculations using URANS with the 
transition SST turbulence model on a coarser mesh (289,397 cells) and a finer one (921,185 
cells) to investigate whether the mesh is sufficiently fine. The analysis showed that the key 
parameter in the simulation, Cm, shows a negligible change when the mesh is further refined 
from the medium to the finer mesh. The grid convergence index (GCI)  was utilized in order to 
quantify the error and the GCIfine and GCIcoarse for the medium-fine mesh pair were found to 
be 0.75×10-2 and 1.02×10-2, respectively. Safety factor (Fs) of 1.25 was used in the calculation 
of GCI. Therefore, the medium mesh was deemed to be sufficiently fine and the rest of the 
calculations were performed on this mesh.  
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Fig 1

illustration of the circle for the calculation of experienced velocity. 

 
 

  

 
Fig 2. Schematic of the VAWT blade cross-

The arrow for pitch angle shows the 
positive direction. 

 
The CFD simulation was performed using the commercial CFD software package ANSYS 

Fluent 16.1 based on the finite volume method (FVM). The method discretises the 
computational domain into finite volumes and solves the governing equations of fluids for 
continuity and momentum. The SIMPLE pressure-velocity coupling and 2nd order discretization 
schemes were utilized. The side walls were represented as symmetry boundary conditions along 
with a constant velocity inlet, a zero-pressure outlet and no-slip condition for the airfoil walls. 
A sliding mesh interface was defined between the rotating core and the non-rotating domain. 
The solution was initialized using a steady-state solution of the RANS equations using the 
realizable k-
for 30 revolutions of the turbine. No data were sampled during the first 5 revolutions in order to 
assure elimination of the transient effects. Over the remaining 25 revolutions which were used 
for data sampling the change in CP between successive revolutions was well below 1%. A time 
step of 1.56×10-4 s was employed which corresponds to an angular rotation of 0.5o per time 
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step; CFL number between 5-20 in the airfoil region. 20 iterations per time step were employed 
in order to obtain scaled residuals on the order of 10-5. 

Turbulence was modeled using the Detached-Eddy Simulation (DES) hybrid RANS-LES 
model. In this approach an LES model is used for the main region of the flow where large 
turbulent structures are dominant while for the sub-grid turbulent scales in the near-wall region 
a URANS approach is employed. Both the Delayed DES (DDES) shielding function and 
curvature correction were employed in the LES domain. In the RANS domain the transition 
SST model was selected as this model couples the k-
equations, i.e. an equation for prediction of the transition onset based on the momentum-
thickness Reynolds number and a second equation for intermittency and can give a better 
prediction of the transition onset in the boundary layer. Therefore, this can result in more 
accurate results for VAWT flow types where the flow behavior is dependent on the 
development of the boundary layer on the airfoils. 
 

Fig 3. Medium mesh for the VAWT simulation. 

 

estimate for variation of angle of attack. As the name implies the geometrical angle of attack is 
defined based on geometrical relations while assuming zero induced velocity (uind): see 
Equation 2. This means it assumed that the blade experiences the freestream velocity in x-
direction and the operation of the turbine has no effect on slowing down the flow. This is not 
physical as the turbine exerts a thrust force opposite to the direction of the flow which extracts 
energy from the flow and slows it down (the kinetic energy is transferred from the flow to the 
turbine; see Figure 2). This means that for a correct determination of the angle of attack the 
induced velocity is required, after which the experienced x-velocity (ux,exp) can be obtained. 
 

 ... ... ...(2) 

Due to the presence of a local stagnation area near the airfoil it is very challenging to 
determine the experienced x-velocity and experienced angle of attack. It therefore needs to be 
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sampled at a finite distance from the airfoil. The current study approximated the experienced x-
velocity on a circle with the same radius as the turbine but with the center shifted 0.2D upwind. 
This way, a constant distance is kept from the blade for the sampling during the whole 

d based on a vector summation of 
ux,  

3. RESULTS AND DISCUSSION 

The variation of geometrical and experienced angle of attack versus azimuth is shown in Figure 
4. As anticipated, it is observed that due to the presence of induced velocity the experienced 
angle of attack is smaller than the geometrical value. As the flow loses energy after passing 
through the upwind half of the turbine, a much lower experienced x-velocity is found when 
approaching the downwind half (see Figure 5). The difference between geometric and 
experienced angle of attack is therefore largest in the downwind region. The effect of the pitch 
angle on the experienced angle of attack is an almost constant shift of the same magnitude 
throughout the whole revolution. 
 

 
Fig 4. Angle of attack for the three fixed-  

 

 
Fig 5. Non-dimensional experienced x-velocity for the three fixed-  

 
When the pitch angle is increased from 0o to +3o, a higher x-velocity in the windward half 

of the rotation is experienced while this value is lower in the leeward half (see Figure 5). The 
opposite effect was observed for a decrease in pitch angle. This is in contrary to the finding 
from the inviscid results which predicted an insignificant effect on induced velocity as a result 
of adding a constant finite and small circulation to the blade during each revolution. The 
discrepancy can be a result the presence of the boundary layer due to viscous effects and 
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o, 220o and 
330o (Figure 5) are a local result of passing blades on experienced x-velocity. 
 

 
Fig 6. For  

 
 

 
Fig 7  

 
In terms of non-dimensional force in flow direction (Figure 6) and moment coefficient 

(Figure 7), an opposite behaviour to the experienced x-velocity was observed for both the 
upwind half and the downwind-leeward quartile. This is due to the fact that a lower experienced 
velocity means higher induced velocity and higher force in the flow direction, and consequently 
a higher moment coefficient. 

Introduction of the pitch angle resulted in a shift of non-dimensional force in flow direction 
and moment coefficient between the upwind and downwind halves of the turbine. This was also 
stated in the inviscid results. However, the integral of the moment coefficient over the time 
times the tip speed ratio, which makes the CP, is significantly affected by varying the pitch 
angle (see Table 1). Increasing the pitch angle from 0o to +3o will increase the CP by 6% while 
decreasing it from 0o to -3o will drop the CP by 27% which is a very notable influence. This is 
in contrast to the result reported by Simão Ferreira et al. A negligible effect on CT was 
predicted by the current study (Table 1) as well as the inviscid study. 
 

Table 1. Non-dimensional power and thrust coefficient for different fixed-  
 CP / CP,0 CT / CT,0 

-3o 0.73 0.98 
+30 1.06 1.01 
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4. CONCLUSIONS 

In this study the effect of pitch angle on the power coefficient (CP) of a VAWT was 
investigated using 2D hybrid URANS-LES viscous simulations using the DES approach 
combined with the transition SST turbulence model. The following conclusions can be drawn: 

In qualitative agreement with previously reported inviscid simulation results, the 
instantaneous loads and moment were shifted between upwind and downwind regions as a 
result of varying the pitch angle. 

In contrast to the inviscid results, introducing a pitch angle to the blade resulted in a 
significant change in CP. 

Although increasing the pitch angle results in higher CP the reduction in CP is much 
stronger when the pitch angle is decreased. 

The difference between the current study and the inviscid results can be a result of 
development of the boundary layer due to presence of viscosity, and consequent influences on 
the induced velocity and wake.  

A future 2.5D simulation and investigations at different tip speed ratios are planned to 
further study these effects. 
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1. INTRODUCTION 

for approximately the same percentage of global carbon emissions (UNEP, 2007). In the UK the 
situation is even worse with existing buildings consuming about 45% o

that 88% of this population will be living in cities and towns (UN, 2009), which suggests a 
significant increase in urban buildings. If current trends in building energy consumption 

worldwide will become the top energy consumer by 2025, and are likely to use as much energy 
as industry and transportat

60% below 1990 levels by 2050 unless low and zero carbon (LZC) energy sources are utilized. 
Wind energy is one of the fastest growing LZC energy sectors in the world. It is the most 

successful and fastest spreading LZC energy source in the UK with an installed capacity of 
about 7391 MW. Traditionally, wind turbines have been installed in large offshore and onshore 
wind farms, and the energy generated by wind turbines is carried by transmission and 
distribution systems to the end user. Due to energy losses in such systems, in situ wind energy 
generation seems more appealing. One possible way of generating wind energy in situ involves 
integrating wind turbines in high-rise buildings. With the development of the wind turbine 
industry over the last decade, there has been increasing global interest in this technique; 
examples include Strata SE1, London, UK; Bahrain World Trade Centre, Manama, Bahrain; and 
Pearl River Tower, Guangzhou, China. These projects have demonstrated that building-
integrated wind turbines (BIWTs) can utilize the increased wind velocity at higher altitudes to 
generate energy and thereby reduce building carbon emissions.  

On the Understanding of the Above Roof Flow of a High-rise 
Building for Wind Energy Generation 

Hassan Hemida 
Department of Civil Engineering, School of Engineering, University of Birmingham 

Email:h.hemida@bham.ac.uk 

Abstract. This paper presents a numerical study of the above roof wind flow characteristics of a high-rise
building using large-eddy simulation. Two variations of the high-rise buildings were considered; an 
isolated building in a built environment. In order to increase the velocity of the air in the above roof flow 
and enhance its turbulence characteristics, a new design of a roof with an umbrella-like structure above it
has been suggested and tested. The simulations showed that the umbrella-like shape improved the 
averaged wind speed and reduced the turbulence intensity significantly and hence could provide a suitable 
improve to the wind energy harvesting from the above roof flow. 
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Another way of harvesting wind energy from built environment is to install micro-wind 
turbines on the roof of existing high-rise buildings. The wind flow field above the roof of high-
rise buildings is complex with massive flow separation and reattachment and thus the 
determination of the optimum location of the micro-wind turbine is crucial in order to maximize 
the generated wind energy. This paper thus presents a numerical study of above roof wind flow 
characteristics of a high-rise building using large-eddy simulation and different RANS 
approaches.  

2. HIGH-RISE BUILDINGS AND COMPUTATIONAL DOMAIN 

The building under investigation is similar in dimension to that of Kim, Yukio et al (2012) used 
in their investigation of the interference effects on the local peak pressures between two 
buildings.  

 
(a) 

 
 

 
 
(b) 

 
 

Fig 1 dimensions of the high-rise buildings; (a) flat roof and (b) with an umbrella-like shape . 

 

 
Fig 2 dimensions of the computational domain. 

Two variations of the high-rise buildings were considered; an isolated building with a flat 
roof and a high-rise building with a flat roof and an umbrella-like shape structure above the 
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roof. Figure 1 (a) shows the dimensions of the base building, where b=0.08 m is the width of the 
building and Fig 1(b) shows the shape of the umbrella-like shape structure. The dimensions of 
computational domain, which mimics the wind tunnel setup are shown in Fig 2. 

3. BOUNDARY CONDITIONS 

Similar to that used by Kim et al (2012), the inlet wind profile was simulated through imposing 
a power law type atmospheric boundary layer profile (Figure 3(a)). Figure 3(b) shows the 
boundary conditions used and Fig 4shows the distribution of the mesh in the computational 
domain.  
 

(a) 

 

 

 

 

(b) 

Fig 3: Inlet velocity profile (a) and boundary conditions (b). 

 

 
Fig 4: Mesh distribution. 

 

4. BUILDING WITH AN UMBRELLA-LIKE SHAPE STRUCTURE ABOVE THE ROOF 

In order to increase the air velocity in the above roof flow, an umbrella-like shape structure has 
been placed at distance 0.5b above the roof as shown in Fig 1(b). The gap between the 
umbrella-like shape structure and the roof looks like a venturi in shape as shown in Figure 5 (b). 
Figure 5 shows also the surface mesh on the buildings with and without umbrella-like shape 
structure. 
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Fig 5: Surface mesh and shape of the umbrella above the roof of the building; (a) base building with a flat roof, 

(b) with umbrella-like shape structure. 

5. COMPARISON WITH EXPERIMENT 

Figure 6 shows the location of the lines used in the experiment to find the velocity distributions. 
Same lines were used in the LES to find the velocity profiles. Figure 7 shows the comparison 
between LES results and the experimental data at only two locations; (1) and (6). It can be 
concluded from Figure 7 that the LES results agree well with the experimental data. RANS 
simulations were also performed using different computations with different number of cells 
and different turbulent models and the results reasonably agree with the experimental data (not 
shown here). 

 
(a) 

 
(b) 

Fig 6 Locations of the experimental velocity profiles  

 
(a) 

 
(b) 

Fig 7 Comparison with the experiment 
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6. RESULTS 

Numerical simulations using the LES approach have been performed on the two building using 
the boundary conditions shown in Fig 3(b) with a time step 1x10-5 sec, which gives a maximum 
Courant Friedrichs Lewy (CFL)number of about 2.0. The simulation takes about 1.5 sec from 
the start of the simulation until the flow is fully developed turbulent around the building. Fig 8 
shows the flow fully turbulent structure around the building colored by the velocity while the 
ground is colored by the static pressure.    

Fig 8: Flow structure around the buildings; (a) flat roof building and (b) with the umbrella-like structure above 
the roof. 

Once the flow is fully developed turbulence, the averaged process started and it takes about 
2.0 sec for obtaining an average flow.  Fig 12 shows the time-averaged flow around the high-
rise buildings(Fig 12(a) if or float roof and Fig 12(b) is with umbrella-like shape) through 
streamlines projected on a plane passing through the center of the buildings.  The figure shows a 
massive separated flow above the roof. There is also a large effect of the umbrella on the 
velocity distribution in the above roof flow. The umbrella increases the wind speed close to the 
roof and thus maximizes the potential of harvesting wind energy from the above roof flow. 
There is also an increase of the velocity above the umbrella-like shape that can be used for 
harvesting wind energy. 

Fig 9: Flow streamlines projected onto a plane at the centerline of the building. (a) flat roof (b) with the 
umbrella-like structure above the roof. 

Fig 10shows a mid-plane colored by the time-averaged velocity magnitude. The above roof 
flow can be consisted to three regions; circulation region, shear layer region and core flow 
region. The circulation region is closest region to the roof of the building and the core region is 
the further from the roof of the building. The shear layer is the layer between the circulation and 
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core regions. In order to maximize the wind energy generation, the wind turbine should be 
placed in the core flow region.   

 
(a) 

 
(b) 

Fig 10 Mid-plane coloured by the time-averaged velocity magnitude; (a) without umbrella and (b) with 
umbrella. 

 
(a) 

 
(b) 

Fig 11 Streamlines show the above roof; (a) without umbrella and (b) with umbrella. 

Fig 11 reveals also that the core flow above the building is parallel to the roof in case of the 
umbrella while it is slightly moves with an upward angle in the case of a building without 
umbrella.  

In order to evaluate the effectiveness of the umbrella, the velocity profiles in the above roof 
flow and under the umbrella are compared with those without umbrella at the same position as 
shown in Fig 12. In the first quarter of the width of the building, there is no significant effect of 
the umbrella on the above roof flow. After the first quarter and along the width of the building, 
there is a significant reduction in the circulation region height and the thickness of the shear 
layer. There is also a slight increase in the time-average wind velocity. 
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Fig 12 Velocity distribution on the above roof flow; (dashed) without umbrella and (solid) with umbrella. 

7. CONCLUSIONS 

Large-eddy simulation of the flow above and around high-rise buildings with two roof shapes, 
with and without umbrella-like shape has been made. The results have been compared with 
experimental data and good agreement has been obtained. Three different regions have been 
identified in the above roof flow; circulation region, shear layer and core region. The 
recirculation region is the closest to the roof of the building, which is characterized by low 
velocity and high turbulence intensity and not suitable for wind energy generation. The shear 
layer is characterized by large change in velocity magnitude, which is also not suitable for wind 
energy generation. The core region is characterized by high velocity and low turbulence 
intensity, which is ideal for wind energy generation.  In general, it could be concluded that 
attaching an umbrella-like shape above the roof of the building could add positive effect on the 
flow velocity by decreasing the height of the circulation region and increasing slightly the air 
velocity in the core region and hence the potential of increasing the energy harvesting.  
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1. INTRODUCTION 
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2. PREREQUISITES FOR LIFE CYCLE MANAGEMENT OF OPERATING WECS 
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Fig 1. General overview of prerequisites for a successful Life cycle management strategy 

 

2.1. Assessment of relevant load based on actual location specifics 

511



 
Fig 2. Left: histogram of the measured mean wind velocities in a height of 67m above ground level, analytical 

approximation using a Weibull distribution. Right: measured distribution of wind directions at a height 
of 67m above ground level 

 
Fig 3.Left: Sectorial distribution of land use in the investigated area based on the CORINE land register. Right: 

Digital model of the investigated area based on geodetical SRTM data and numerically approximated 
lines of equal geodetic height. 
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Fig 4. Left: mean measured distribution of the exponent of the wind profile in the course of a day; right: distri-

bution of the exponents of the wind profiles (Hellmann exponent) and of the mean wind velocities at the 
site of a WEC at Dortmund. 

 Optimization of Sensor positions

 
Table 1. List of sensor types and sampling rates 

Sensor Types Number of 
Sensors 

Sampling 
Rate  (Hz) Remark 

3D Accelerometer 6 100 Along the tower at five levels 
1D Accelerometer 3 100  
Displacement 
Transducer 6 50 Along tower at two levels 

Temperature 6 1 Together with Displacement sensors 
Temperature 2 1 Inside tower at 3m and 20m heights 
Temperature 2 1 Outside tower at 3m and 20m heights 

Ultrasonic  
Anemometer 1 50 

On top of a separate nearby tower, at 13m height. Measures: 
Horizontal and Vertical wind speed, Wind direction and Air 
temperature   
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2.3. Data management and storage planning 

- Temperature data from the PT104 logger is stored in binary files. For consistent processing 
these are first converted into ASCII using a small Java program.  

- The files written in the last time interval are renamed such that the name reflects the create 
date. This greatly simplifies ordered further processing and management. 

 

 

 

 

Fig 5. Sensor layout scheme (left) for  the  AIRWIN WEC (top) and displacement transducer  (bot-
tom) 
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- Finally, the renamed files are transferred to the database server using the rsync program for 
efficient file synchronization. After transmission, integrity of the transferred files is verified 
using MD5 checksums. 

- Files which have already been transferred to the database server are removed after a safety 
period. 

 
Fig 6. Processing of monitoring data 
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Fig 7.Client-application  

 Identification of wind turbine’s operating regimes

 
Table 2.Operating regimes of the wind turbine 

 

 

 

 

 

 

 

 

 

 
On figure 8 below, the analysis of an operational data for one month is presented. Obviously, 

the structure is working in RPM-regulated regime.   
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Fig 8.10min mean values of operational data (left) and identified operating regime (right) for May 2010 

2.5. Structural identification – applicability limitations 

 

 

Fig 9. Vibration monitoring sensors, data and preliminary stationary- OMA results
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2.6. Damage detection 

Table 3. Summary of information that can be extracted from sensors 

3. APPLICATION 
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Fig 10. Incorporation of SHM in the life cycle management of WECs for inspection and maintenance planning 

4. CONCLUSION 
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1. INTRODUCTION 

The Chicago type wind pump was introduced in the Maltese countryside with the main purpose 
of pumping water from the aquifer for agricultural purposes. Nowadays this particular type of 
wind pump is considered to be part of the Maltese national heritage. Over the past decades, with 
the introduction of the electric water pumps, most of these wind pumps were neglected and left 
to deteriorate. Nowadays,there is a drive to gradually change the energy supply infrastructure to 
one that integrates renewable energy technologies. The European Union has a target to cut green 
house emissions by 20% and to supply 20% of the final energy consumption from renewable 
energy sources by 2020. The two most common sources of renewable energy in Malta are wind 
and solar energy.  

In 2007, the Ministry for Resources and Rural Affairs funded the Faculty of Engineering and 
the Institute for Sustainable Energy within the University of Malta to design a new and 
significantly higher aerodynamic efficient wind turbine rotor to replace the traditional Chicago 
style windmills, while at the same time retaining, as far technically possible, the original visual 
characteristics of the multi-bladed rotor. The concept was to use the existing wind pump towers 
and to replace their old rotors with the new wind turbine/generator design  in order to feed 
electrical energy into the national grid. The aim of the project was to revive the unused 
windpumps and help conserve the national heritage. In January 2008 field surveys were carried 
out in order to estimate the structural integrity of the existing towers, the number of towers 
available and their distribution over the Maltese islands. A representative sample of about 50 
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Abstract. The Maltese countryside is still dotted with a number of American style wind-driven water
pumps which were used to extract water from the aquifer for irrigation purposes. Many of these machines 
have fallen into disuse as electrification has taken over. In some cases, the only remaining component is 
the lattice tower. These machines are now acknowledged landmarks of the Maltese rural landscape. The 
idea behind this current initiative is to use the existing wind pump towers and to replace their old rotors 
with a new turbine design. Field surveys were carried out in order to estimate the structural integrity of 
the existing towers, the number of towers available and their distribution over the Maltese islands. A 
multi-bladed, 3.4 metre rotor diameter wind turbine capable of generating electricity andhaving a higher
aerodynamic efficiency was designed to aesthetically resemble the original wind driven water pumps. The
new wind turbine blades were fabricated from glass fibre reinforced polyester composite and have been 
tested to MSA EN 61400 Part 2:2006. The rotor is aligned to face the wind direction by means of a tail 
vane. The yaw shaft is slightly misaligned from the longitudinal axis of the main driveshaft in order to 
protect the turbine in high winds through passive yaw control.  
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wind driven water pumps was used to assess the tower structure above ground level. It was 
concluded that about 41% of the existing towers were structurally fit to have the new wind 
turbine mounted on them. However 47% required moderate repairs to regain the structural 
integrity required, while the remaining 12% required full reconstruction. Based on the results of 
the survey it was concluded that the majority of the existing wind pump towers were capable of 
carrying the new wind turbine so that the system can be converted to generate electricity. The 
design of the wind turbine system was based on European and British standards. Figure 1 and 
Figure 2 show photographs of a typical original Chicago windpump and of the designed, 
manufactured and installed prototype wind turbine electricity generator and tower. 

Fig 1: A typical original Chicago windpump. Fig 2: The designed, manufactured and installed 
prototype wind turbine generator. 

2. EUROPEAN CODE OF STANDARDS FOR SMALL WIND TURBINES 

The aerodynamic and structural designs of the main components of the wind turbine system 
followed the European standard MSA EN 61400-2:2006 which was especially written for small 
wind turbines. The standard deals with the design, manufacture, installation and maintenance of 
the small wind turbine. Each wind turbine design starts with consideration of the environmental 
conditions that exist at the installation site. Reference defines a number of small wind turbine 
(SWT) classes in terms of wind speed and turbulence parameters. For the island of Malta the 
SWT class III was chosen. This gives Vref as 37.5m/s and Vave as 7.5m/s as well as a number of 
other parameters such as the dimensionless characteristic value of the turbulence intensity at 
15m/s. MSA EN 61400-2:2006 further provides equations that characterise normal and extreme 
wind conditions. These equations cover wind speed distribution at hub height, the wind profiles 
both for normal and extreme wind conditions, the normal turbulence model, the extreme wind 
speed model, wind speed at extreme operating gust, extreme wind direction change, wind 
extreme coherent gust and extreme coherent gust with direction change. 

Reference presents three different methods in order to predict wind loads on the wind 
turbine. These invovle simplified load equations, aeroelastic modelling and mechanical loads 
testing procedures. Each of the methods has different uncertainties so that different load safety 
factors are applied to each load estimation method. In this work the authors used the simplified 
load equations to calculate wind actions since the turbine satisfied a number of conditions. 
These conditions were that the turbine has a horizontal axis, it has two or more cantilever blades 
and it has a rigid hub. The simplified load model considers 10 load cases as listed in Table 1. 
The loads calculated using the simplified load equations need to be multiplied by a factor of 
safety of 3. 
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Table 1: Design load cases used for the turbine design (adapted ) 

3. AERODYNAMIC AND STRUCTURAL DESIGN OF THE WIND TURBINE BLADES 

The nine bladed rotor was designed with a tip radius of 1.7 metres and for an optimum design 
tip speed ratio of 3.2. This resulted in a slower design speed than conventional three-bladed 
rotors, but one still high enough to drive a permanent magnet generator without the need for a 
high gearbox ratio. The blade chord and twist distributions were derived using the Betz optimal 
rotor model defined by the following relations [9]: 
 

 [1] 

 

 

 
[2] 

 [3] 
 

The above model for the ideal blade shape was derived from the Blade-Element-Momentum 
(BEM) relations, taking the axial induction factor a1 to be equal to the Betz optimal value of 
1/3. The drag on the blades was ignored. The current design was based on the Eppler E197 
aerofoil with the optimal angle of attack for the design tip speed ratio assumed to be 8 degrees. 
The Betz optimal blade design model yielded a blade twist that increases continuously towards 
the blade root. The blade twist angle was modified for the inboard sections with r<0.45m, 
decreasing it gradually to zero at the root (r=0.25m) to allow for a robust assembly at the rotor 
hub. The actually chord and twist distributions for the blades are presented in Figures 3 and 4. 
The blade cross-sectional geometry was also allowed to deviate at the inboard sections from that 
of the E197 aerofoil to gradually end up with a rectangular cross-sectional profile at the root. 
Apart from facilitating mounting at the rotor hub, the modified profile provided higher strength 
to cater for the high bending moments occurring in this region. The blade tip part (r/R>0.91) 
was also modified to result in a decreasing chord culminating in a pointed tip similar to the tip 
shape of seabird  wings. Apart from reducing the aerodynamic tip losses, the design improves 
the acoustic characteristics of the rotor. 

The BEM theory was used to estimate the variation of the power coefficient of the actual 
nine-bladed rotor design with the tip speed ratio. The curves for three different blade pitch 
angles are shown in Figure 5. Despite the rotor overall solidity being high (20.6%), the 
estimated optimal power was found to be around 45% with the optimal tip speed ratio in the 
range 3< <4. The maximum axial thrust coefficient was found to reach 0.85. In such 
computations, only 2D aerofoil data for the E197 aerofoil were used and the presence of 3D 
stall delay phenomena, known to augment power yields at low tip speeds, were ignored. 
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Fig 3: Blade Chord Distribution.  Fig 4: Blade Twist Distribution (Blade Pitch Angle 

is 0 deg). 

Fig  

 

4. STRUCTURAL DESIGN AND CONSTRUCTION OF THE WIND TURBINE BLADES 

The blade span was divided into four different sections and a different design was adopted for 
each section (Figure 6). The loads and stress computations on the turbine blade were based on 
MSAEN 61400-2:2006 for small wind turbines. All the load cases were assessed for the rotor 
design and the maximum load was obtained for Load Case H (Parked wind loading). Reference 
[3] only provides equations to compute the blade loads at the root. Using basic beam theory, the 
aerodynamic forces and moments along the entire blade span were computed. The selected 
material was GRP composed of E-Glass fibre laminates reinforced with a polyester resin matrix. 
The dimensions of the structural members at the different blade sections (Figure 6) were 
computed to ensure that the composite blades can withstand the extreme loads without failure. 
To manufacture the nine blades, a mould was constructed from GRP. Initially a plug was carved 
by hand from a solid rectangular piece of lime wood. Its surface was smoothened using a fine 
grain filler together with lacquer spray to seal and produce a fine finish. The plug was then used 
to produce the GRP mould, divided in two separate halves: the upper camber mould and the 
lower camber mould. Guide pins were introduced to keep the mould in position during the 
composite lay-up process. 
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Fig 6: The Blade Profile with Different Sectional Geometries. 

 

5. STRUCTURAL DESIGN OF THE NACELLE AND TOWER 

For the structural design of the nacelle and tower,the most important load action comes from the 
wind. Other environmental conditions that can affect the structural integrity of a wind turbine 
system include rain, hail, snow and ice loading. These were not considered in this work since 

ese conditions. On the other 
hand, temperature, humidity, solar radiation and lighting were taken into consideration in 
various aspects of the designed components. An example of this is that the generator, 
generator/rotor shaft and bearings and the slip rings that connect signal and power cables are all 
enclosed in the nacelle that offers protection against the latter environmental conditions in 
Malta. 

Load case A is regarded to be a fatigue load case so that fatigue assessment is taken into 
consideration at the design stage. The other load cases, load cases B to J, are considered to be of 
the limit type, so that the analysis required the prevention of excessive strain, excessive 
deflection and static instability.The loads calculated using the simplified load model were used 
to calculate the important dimensions for the root of the blades, blade hub/shaft assembly, 
turbine shaft, nacelle bearings, nacelle frame and lifting lugs, main mast flanges, yaw shaft and 
supporting tower. Code compliant material safety factors were used for the turbine blades, for 
the turbine shaft, for the nacelle and for the supporting mast and tower. At the design stage all 
components passed the design checks as stipulated in EN 61400-2. In addition to the design 
checks required by buckling, modal and limit state analyses were carried out on the turbine 
tower and mast to ensure that the supporting structure does not suffer a buckling load failure or 
a limit load failure during turbine operation and to ensure that the natural frequency of the 
system is not in the range of the rotational speeds(or in multiples) of the turbine. Structural 
stresses at various points in the nacelle were calculated using the finite element software 
ANSYS Mechanical in order to perform a fatigue check on the frame of the nacelle.The design 
of the tower gusset plates and structural joints is not covered in EN 61400-2:2006 so that these 
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components were designed using BS 8100-1-1999.Figures 7 and 8 show ANSYS Mechanical 
graphic outputs for some of the various analyses that were carried out. 

 
 

Fig 7: Buckled tower structure for Load Case A. Fig 8: Finite element analysis detail of the 
mast/tower connection. 

6. STRUCTURAL TESTING OF TURBINE BLADES AND TOWER 

The nine blades were tested by performing a static load test to validate the design calculations. 
Each blade was mounted as a cantilever, in a similar way to that for mounting the blades at the 
rotor hub. Weights were applied at different radial locations to generate the maximum bending 
moment for load Case H: Parked wind loading with a factor of safety of 3 (Figure 9). The blade 
tip deflection was found to be much less than the distance between the blade tip and the tower. 
It is therefore not expected that the blade would hit the tower under extreme wind conditions. 
Also, no signs of cracking, de-bonding or de-lamination were found on the blades after the test. 

MSA EN 61400-2:2006 requires a full scale test to validate the numerical models of the 
turbine tower and confirm that the supporting structure can carry the design load. In this case, 
the design load was taken to be the largest horizontal wind thrust calculated using the simplified 
load equations multiplied by a factor of safety of 3. The full scale load test would also check for 
any manufacturing or materials defects which were not accounted for in the numerical models 
and theoretical analysis. Figure 10 shows the schematic diagram of the test setup. The wind 
generated thrust was simulated by the cable going over the sheaves of a mobile crane and loaded 
as shown almost at ground level. A load cell was used to measure the load being applied and the 
structural response of the whole structure was visually checked continuously. Tower members 
in compression were checked for any signs of buckling. The test confirmed that the support 
structure can resist the loading as per MSA EN61400-2:2006. 

 

 
 

Fig 9: Static blade test. Fig 10: Schematic diagram of the static tower test. 
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7. WIND MAST DESIGN AND INSTALLATION 

Wind resources are a fundamental aspect of long-term wind turbine operation and productivity. 

phase. With a proof-of-concept design such as the one in context, controlled testing and fine-
tuning, with the possibility of re-design and retesting, was a basic prerequisite. Once installed 
on the tower, user-intervention and control at all levels would be limited. This requested 
different, yet concerted approaches, in monitoring of wind resources for wind turbine 
performace testing. 

A wind monitoring mast was designed using the IEC 61400-12-1 standard for wind turbine 
performance testing as required by. The wind mast was installed very near to the wind turbine 
site (Figure 2). The mast design was envisaged to enable the raising and lowering of the 
structure by means of a gin pole. The self-supporting wind mast was guyed in four directions 
with guy sets at three levels. The upper mast hardware required to support the anemometry 
consists of a U-shaped piping structure designed to position two anemometers with a horizontal 
distance separation of 1.5 m at turbine hub height level and awind vane positioned at a lower 
level. A dedicated Nomad 1 data logger was installed to enable the compilation of a time 
referenced data bank of wind speed and direction-related parameters. This dataset was 
envisaged to enable characterisation of the site-specfic wind resources and also to enable wind 
turbine performance assesment during the field testing phase of the project. 

8. DESIGN OF THE ELECTRICAL SYSTEM 

In line with the trend for typical small scale wind turbines, a permament magnet synchronous 
generator (PMSG) was considered for generating electricity and feeding it into the national grid.  
PMSGs allow variable speed operation and relieve the need of dedicated equipment for 
magnetisation.  Such generators also offer the capability to brake the wind turbine in cases of 
maintenance or emergency.  In order to limit the budget, it was opted to go for an off the shelf 
generator.  As these are typically designed for three bladed wind turbines which typically have 
higher rated speeds, a gearbox was introduced between the wind turbine and the generator.  The 
selection of the generator was based on the expec state behaviour at 
different wind speeds.  A range of suitable generator power ratings was identified, based on the 
expected average power output.  The gearbox ratio was then set to fit the operating speed range 
of the selected generator to the designed wind turbine characteristics. 

Following a review of PMSGs available on the market, the Ginlong GL PMG 1800 was 
chosen.  It is a three phase generator with a rated power of 1800W at 450rpm.  As shown in 
Figure 11, the PMSG is interfaced to the grid in two stages, with an intermediate DC link.  The 
variable AC output from the generator is converted to DC through a six pulse rectifier.  The DC 
power is then converted for export to a low voltage single phase connection through a grid tie 
inverter.  The grid tie inverter allows indirect control of the wind turbine rotor speed through 
variation of the DC link voltage.  It also performs the synchronisation to the grid and provides a 
number of protection features, most notably anti islanding protection to disconnect the wind 
energy system in case of grid failure.  A protection circuit is included in the DC link, as 
illustrated in Figure 11, to protect the generator by diverting the energy to a dump load in cases 
of grid fault or very high wind speeds.   

Fig 11: Schematic of the wind turbine electrical system 
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9. FUTURE WORK 

The wind turbine is currently being tested to verify design data most especially wind loads 
calculated using the simplified load method of analysis. In addition to these, other performance 
data such as electrical power output and the maximum rotational speed under different wind 
conditions will be measured. 
as part of a duration test as stipulated in EN 61400-2:2006. 
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NOMENCLATURE: 

a1 Axial load induction factor 
c Local blade chord [m] 
CL Lift coefficient [-] 
r Radial location [m] 
R Rotor tip radius [m] 

 Local flow angle [deg] 
 Rotor tip speed ratio [-] 
r Tip speed ratio of blade section [-] 
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1. INTRODUCTION 

Distributed power generation systems connected to the electricity supply grid are always 
increasing, especially inverter based renewable energy generation systems. This high 
penetration of inverter based power generation systems can cause a power quality issue due to 
the harmonics injected into the supply grid. This means that it is very important to control the 
harmonics generated by these inverters to limit their adverse effects on the grid power quality. 
IEEE and European IEC standards suggest harmonic limits generated by Photovoltaic (PV) 
Systems and Distributed Power Resources for the current total harmonic distortion (THD) factor 
and also for the magnitude of each harmonic. The IEEE 929 and IEEE 1547 standards allow a 
limit of 4% for each harmonic from 3rd to 9th and 2% for 11th to 15th. The IEC 61727 standard 
specifies similar limits. 

In current-controlled PV inverters the current controller can have a significant effect on the 
quality of the current supplied to the grid by the inverter, and therefore it is important that the 
controller provides a high quality sinusoidal output with minimal distortion to avoid creating 
harmonics.  A controller which is commonly used in current-controlled PV inverters is the 
Proportional-Resonant (PR) controller. The performance of the PR controller has been discussed 
in a number of papers including among others. Another type of current controller which can be 
used in grid-connected inverters is the Proportional-Integral (PI) controller, but this type of 
controller has the drawback of not being able to follow a sinusoidal reference without steady 
state error. On the other hand, the PR controller is more suited to operate with sinusoidal 
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references, and does not suffer from steady state error issues. This makes the PR controller an 
ideal choice for grid-connected inverters. The PR controller has the ability to provide gain at a 
certain frequency (resonant frequency) and almost no gain exists at the other frequencies. 
Although the PR controller has a high ability to track a sinusoidal reference such as a current 
waveform, the output current of the grid-connected inverter is not immune from harmonic 
content. Harmonics in the output current can result due to the converter non-linearities as well 
as from harmonics which are already present in the grid. Selective harmonics in the current can 
be compensated by using additional PR controllers which act at particular harmonic frequencies 
to be reduced or eliminated such as the 3rd, 5th, 7th and so on. This compensation can be used to 
reduce the current THD and make the inverter compliant to the IEEE and IEC standards. 

This paper presents the design and analysis of the PR current controller. In addition to the 
fundamental PR current controller, selective harmonic compensators are designed and applied 
for the 3rd, 5th and 7th harmonics, to make the inverter system compliant to the IEEE and IEC 
standards. The design of the current controller and harmonic compensators was carried out 
using Matlab's SISO Design Tool. Test results obtained by simulations and by experimental 
tests for the PR and the harmonic compensators will be presented. Experimental testing was 
carried out on a single phase 3kW grid-connected PV inverter, which was designed and built for 
this research. Figure 1 shows the block diagram of the Grid-Connected PV Inverter system 
connected to the grid through an LCL filter used for this research. 

 
 

Fig 1. Block diagram of the Grid-Connected PV Inverter with the LCL Filter 
 

This paper is divided into six sections. Section two covers the theory for the LCL filter, the 
PR current control, as well as the harmonic compensators. Section three covers the design of the 
LCL filter and the PR current controller including the harmonic compensators. Sections four 
and five present the simulations and inverter testing, respectively. A comparison of results of the 
current controllers is covered in section six. Section seven presents the final comments 
concluding the paper.  

 

2. LCL FILTER AND CURRENT CONTROL 

2.1.  LCL Filter 

The transfer function of the LCL filter of Figure 1 in terms of the inverter current Ii and the 
inverter voltage Ui, neglecting Rd, is: 

 

fgi

gi

fg

ii

i
F

CLL

LL
s

CL
s

sLU
I

sG
2

2 1

1)(
 (1) 

 
 

532



where,  Li is the inverter side inductor 
 Lg is the grid side inductor 
and Cf is the filter capacitor 
 

The resonant frequency of the filter is given by: 
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The transfer function in (1) does not include the damping resistor Rd. The introduction of Rd 

in series with the capacitor Cf increases stability and reduces resonance. This method of 
damping is a type of passive damping. Whilst there exist other methods of passive damping and 
also more advanced active damping methods, this particular damping method used was 
considered enough for the aim and purpose of this research due to its simplicity. The transfer 
function of the filter taking in consideration the damping resistor Rd is: 
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2.2.   PR Control 

 
Figure 2 shows the PR current control strategy. Ii is the inverter output current, Ii

* is the inverter 
current reference and Ui

* is the inverter voltage reference. 
 

 
Figure 2. The PR Current Control 

 
 

The PR current controller GPR(s) is represented by: 
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 (4) 

 
where, KP is the Proportional Gain term, KI is the Integral Gain term and 0 is the resonant 

frequency.  
GF(s) represents the LCL filter. GD(s) represents the processing delay of the microcontroller, 

which is typically equal to the time of one sample Ts and is represented by: 
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The ideal resonant term on its own in the PR controller provides an infinite gain at the ac 

frequency 0 and no phase shift and gain at the other frequencies. The KP term determines the 
dynamics of the system; bandwidth, phase and gain margins.  
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Equation (4) represents an ideal PR controller which can give stability problems because of 
the infinite gain. To avoid these problems, the PR controller can be made non-ideal by 
introducing damping as shown in (6). 
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where, c is the bandwidth around the ac frequency of 0. 

 
With (6) the gain of the PR controller at the ac frequency 0 is now finite and it is still large 

enough to provide only a very small steady state error. This equation also makes the controller 
more easily realizable in digital systems due to their finite precision. 

 

2.3.   PR Control with Harmonic Compensators 

 
Figure 3 below shows the PR current control with an additional harmonic compensation block 
GH(s). 

 

 
Fig 3. The PR Current Control with Harmonic Compensators 
 

The harmonic compensator GH(s) is represented by: 
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where, KIh is the Resonant term at the particular harmonic and h 0 is the resonant frequency 

of the particular harmonic. 
The harmonic compensator for each harmonic frequency is added to the fundamental 

frequency PR controller to form the complete current controller, as shown in Figure 3. 
Equation (7) represents an ideal harmonic compensator which as stated for the fundamental 

PR controller, can give stability problems due to the infinite gain. To avoid these problems, the 
harmonic compensator equation can be made non-ideal by representing it using (8). 
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where, c is the bandwidth around the particular harmonic frequency of h 0. 

As for the case of the fundamental PR controller, with (8) the gain of the harmonic 
compensator at the harmonic frequency h 0 is now finite but it is still large enough to provide 
compensation. 
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3.  LCL FILTER, PR CONTROLLER AND HARMONIC COMPENSATORS DESIGN 

3.1. Inverter and LCL Filter Design Parameters  
 

To carry out the tests using the PR control and the harmonic compensation, a 3kW Grid-
Connected Inverter was designed and constructed. Designing for a dc-link voltage of 358V, 
maximum ripple current of 20% of the grid peak current, a switching frequency of 10kHz, filter 
cut-off frequency of 2kHz and the capacitive reactive power not exceeding 5% of rated power, 
the following values of the LCL filter were obtained: Li = 1.2mH, Lg = 0.7mH, Cf Rd 

 

3.2. PR Controller Design 
  

The block diagram of the system used to design the control is shown in figure 2, with the only 
difference that an Anti-aliasing filter was introduced in the inverter current feedback path to 
prevent the aliasing effect when sampling the inverter current. The Anti-Aliasing filter used was 
a second order non-inverting active low pass filter using the Sallen-Key filter implementation 
and a Butterworth design with cut-off frequency of 2.5kHz. 

The optimal fundamental PR current controller design was carried out using SISO Tool in 
Matlab. To design the optimal controller, the integral gain KI at the ac frequency 0 must be set 
large enough to enforce only a very small steady state error, and also set the proportional gain 
KP value to obtain sufficient bandwidth accommodating the other harmonic compensators which 
would otherwise cause system instability. The PR controller was designed for a resonant 
frequency 0 of 314.16rad/s (50Hz) and c was set to be 0.5rad/s, obtaining a KP of 6.8 and KI 
of 1498.72, shown in (9). 
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Figure 4 shows the root locus plot in Matlab of the system including the LCL filter, the 
processing delay, anti-aliasing filter in the output current feedback path and the PR controller. 
The root locus plot shows that the designed system is stable. 

 
 

 

 

Fig 4. Root Locus of the Inverter with the PR Controller 
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Figure 5 and figure 6 show the open loop bode diagram and the closed loop bode diagram of 
the system, respectively. From the open loop bode diagram, the Gain Margin obtained is 13.9dB 
at a frequency of 9970rad/s and the Phase Margin obtained is 51deg at a frequency of 3300rad/s. 
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Figure 5. Open Loop Bode Diagram of the System 
with PR Control 

Figure 6. Closed Loop Bode Diagram of the System 
with PR Control 

 

3.3. Harmonic Compensators Design 
 
The block diagram of the complete system used to design the selective harmonic compensators 
is shown in figure 3. In the inverter current feedback path the same Anti-aliasing filter as the 
one used with the PR controller was used to prevent the aliasing effect when sampling the 
inverter current. 

 
Harmonic compensators were designed for the 3rd, 5th and 7th harmonics. The PR harmonic 

compensators were designed using SISO Tool in Matlab with the resonant frequency set to the 
particular frequency to be compensated, i.e. 150Hz for the 3rd harmonic, 250Hz for the 5th 
harmonic and 350Hz for the 7th harmonic. Similarly to the fundamental PR current control 
design, the Root Locus, Open Loop and Closed Loop Bode diagrams plotted by SISO Tool were 
used to achieve the optimal design for each harmonic compensator. Each harmonic compensator 
was designed on its own and then combined together with the fundamental PR controller at the 
end in SISO Tool. Ultimately fine tuning of the compensators was performed to obtain the 
optimum operation of the compensators by varying c and KI of the corresponding 
compensator. Care was taken that the system remains stable, by using the gain margin and phase 
margin stability criteria. 

 
The 3rd harmonic compensator at a resonant frequency 3 0 of 942.48rad/s (150Hz) was 

designed with a c of 2.5rad/s and a KI of 211.208. The 5th harmonic compensator at a resonant 
frequency 5 0 of 1570.8rad/s (250Hz) was designed with a c of 4.5rad/s and a KI of 83.867. 
The 7th harmonic compensator at a resonant frequency 7 0 of 2199.11rad/s (350Hz) was 
designed with a c of 10rad/s and a KI of 40.834. The transfer function of the complete 
controller GC(s) is shown in (10). 
 
GC(s) = GPR(s) + G3H(s) + G5H(s) + G7H(s) 

 

= 
22

22

502
5024.2218.6

ss

ss  + 
22 15025

04.1056
ss

s  + 
22 25029

8.754
ss

s + 
22 350220

68.816
ss

s   (10) 

 

Figure 7 shows the root locus plot in Matlab of the system with the additional harmonic 
compensators. The root locus plot shows that the designed system is stable. 
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Fig 7. Root Locus of the Inverter with the Fundamental PR Controller and the Harmonic Compensators 

 
Figure 8 and figure 9 show the open loop bode diagram and the closed loop bode diagram of 

the system, respectively. From the open loop bode diagram, the Gain Margin obtained is 13.2dB 
at a frequency of 9520rad/s and the Phase Margin obtained is 41.8deg at a frequency of 
3310rad/s. 
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Figure 8. Open Loop Bode Diagram of the System 
with the Fundamental PR Controller and the 
Harmonic Compensators 

Figure 9. Closed Loop Bode Diagram of the System 
with the Fundamental PR Controller and the 
Harmonic Compensators 

4. SIMULATIONS 

The 3kW Grid-Connected PV Inverter was modelled and simulated in Simulink with PLECS 
blocksets. The grid voltage was set to 325V peak (230V rms), the dc-link voltage was set to 
360V and the reference current was set to 18.446A peak to simulate a 3kW inverter. 3rd, 5th and 
7th harmonics were added to the grid voltage corresponding to a Total Harmonic Distortion 
(THD) of 3.37%, to distort the grid voltage sinusoidal waveform. Simulations were carried out 
to observe the effect of the harmonics with and without harmonic compensation on the inverter 
voltage and grid current. 

Figure 10 and figure 11 show the inverter voltage (Vpwm), the grid voltage (Vgrid), the 
capacitor voltage (Vcap), the inverter current (Iinv), the grid current (Igrid) and the reference 
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current (Iref) from the simulation in the s-domain using the PR controller without and with 
harmonic compensation, respectively. 

  
Figure 10. Inverter Operation without Harmonic 

Compensation (Simulation) 
Figure 11. Inverter Operation with Harmonic 

Compensation (Simulation) 

 
Figure 12 and figure 13 show the harmonic spectrum of the grid current from the simulation 

using the PR controller without and with harmonic compensation, respectively. From the 
harmonic spectrum shown in figure 12 it can be seen that the grid current Igrid was highly 
affected by the harmonics present in the grid voltage when no compensation was applied. When 
considering the harmonics of the grid current as a percentage of the reference current the 3rd, 5th 
and 7th harmonics were about 8.528%, 3.44% and 1.649%, respectively. When harmonic 
compensation were applied the 3rd, 5th and 7th harmonics in the grid current Igrid were reduced to 
0.613%, 0.474% and 0.388%, respectively, as can be observed from figure 13. 
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Figure 12. Harmonic Spectrum of the Grid Current without 
Harmonic Compensation (Simulation) 

Figure 13. Harmonic Spectrum of the Grid Current with 
Harmonic Compensation (Simulation) 

5. GRID-CONNECTED PV INVERTER TESTING 

The constructed 3kW Grid-Connected PV Inverter test rig is shown in figure 14 below. The 
inverter was operated at a switching frequency of 10kHz and was connected to a 50Hz grid 
supply. The inverter was controlled by the dsPIC30F4011 microcontroller from Microchip. 
Testing was carried out using the PR controller without and with the selective harmonic 
compensators to analyze the performance of the compensators. The inverter was connected to 
the grid using a variac to allow variation of the grid voltage for testing purposes. A dc link 
voltage of 300V was obtained from a dc power supply. The grid voltage was set to 154V rms 
and the preset reference value of the controller was set to 8A peak. 
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Fig 14. 3kW Grid-Connected PV Inverter Test Rig 

 
Tests were performed to measure the voltage harmonics present in the grid voltage. The 3rd, 

5th and 7th harmonics present in the grid voltage were typically about 0.9%, 1.912% and 0.231%, 
respectively. 

Figure 15 and figure 16 show the grid current for the grid-connected inverter with the PR 
current controller without harmonic compensation and with 3rd, 5th and 7th harmonic 
compensation, respectively. Ig is the grid current, Igr is the reconstructed grid current up to its 
13th harmonic (a reconstruction of the grid current by adding the first 13 lower harmonics) and 
Igfund is the fundamental component of the grid current. 
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Figure 15. Inverter Grid-Side Current without Harmonic 
Compensation 

Figure 16. Inverter Grid-Side Current with the 3rd, 5th and 
7th Harmonic Compensation 

Figure 17 and figure 18 show the harmonic spectrum of the grid current with PR current 
control without harmonic compensation and with 3rd, 5th and 7th harmonic compensation, 
respectively. Without harmonic compensation the 3rd, 5th and 7th harmonics resulted about 
5.574%, 4.231% and 2.435% of the reference value of 8A peak, respectively. When the 
harmonic compensators were used the 3rd, 5th and 7th harmonics resulted about 0.378%, 0.641% 
and 0.24% of the reference value of 8A peak, respectively. 
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Figure 17. Inverter Grid-Side Current Harmonic Spectrum 
without Harmonic Compensation 

Figure 18. Inverter Grid-Side Current Harmonic Spectrum 
with the 3rd, 5th and 7th Harmonic Compensators 

6. COMPARISON OF EXPERIMENTAL RESULTS 

Table 1Fundamental and Harmonics for the PR Current Controlled Grid-Connected Inverter with 
Selective Harmonic Compensation 

 Ig (Fund.) Ig (3rd Harm.) Ig (5th Harm.) Ig (7th Harm.) 
Fund. PR, no 
compensation 100 % 5.574 % 4.231 % 2.435 % 

Fund. PR, 3rd, 5th, 7th 
Harm. compensation 100 % 0.378 % 0.641 % 0.24 % 

 
The 3rd, 5th and 7th harmonics in the grid voltage were typically about 0.9%, 1.912% and 

0.231%, respectively.  Table 1 shows the percentage fundamental and harmonic content of the 
grid current for the PR current controlled grid-connected inverter without and with the selective 
harmonic compensators. The percentage calculations for the grid current are based on the 
reference current of 8A peak. The experimental results show the harmonic compensators 
drastically reduced the 3rd, 5th and 7th harmonics in the grid current. The IEEE 929 and IEEE 
1547 standards allow a limit of 4% for each harmonic from 3rd to 9th and 2% for 11th to 15th. The 
IEC 61727 standard specifies similar limits. As can be observed from the results obtained the 3rd 
and 5th harmonics were above the limit when no harmonic compensation was applied. These 
harmonics result from the inverter non-linearities and also from the harmonics already present 
in the grid supply. The harmonic compensators reduced the 3rd and 5th harmonics within the 
limits and reduced further the 7th harmonic, thus making the inverter compliant to the standard 
regulations. 
 

7. CONCLUSION 

 
This paper dealt with the reduction of current harmonics generated by grid-connected inverters 
to make the inverter complaint to the standard regulations. The procedure to design a 
Proportional Resonant (PR) current controller with additional selective harmonic compensators 
was presented. Results from simulations as well as from experimental tests were presented and 
analysed, which showed the effectiveness of the harmonic compensation technique to reduce the 
current harmonics in the grid current.  Experimental testing was carried out on a 3kW Grid-
Connected Photovoltaic (PV) Inverter which was designed and built for this research. The 3rd, 
5th and 7th harmonics in the grid current were reduced from about 5.574%, 4.231% and 2.435%, 
respectively, to about 0.378%, 0.641% and 0.24%, respectively, thus making the grid-connected 
inverter compliant to the IEEE and IEC standard regulations. 
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