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Abstract

For a property manager it is crucial that a reduced environmental impact of a building is not achieved at the cost of an inferior indoor environment. A holistic perspective is therefore necessary. In this paper, a way to measure and display the user satisfaction related to the indoor environment of a building and the environmental impact related to the energy use of the building in the same diagram, the building’s environmental efficiency. It is presented and exemplified by using data from ten Swedish residential buildings. This environmental efficiency index may be used as an overarching objective for environmental management of buildings.
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Introduction

The environmental impact related to energy use and the qualities of the indoor environment are two of the most important environmental issues related to buildings. To some extent they are related since for example less energy use for heating, which normally means less environmental impact, may cause inconvenience for the users. For a property manager it is thus crucial that a reduced environmental impact of a building is not achieved at the cost of an inferior indoor environment. Instead, these two issues need to be handled simultaneously which raises demands on evaluation methods. Such methods have been developed in a comprehensive Swedish research project on environmental assessment of buildings, called EcoEffect (Assefa et al, 2006:1; Glaumann and Malmqvist, 2004). 

The aim of this paper is to present a way to measure and display the user satisfaction related to the indoor environment of a building and the environmental impact related to the energy use of the building in the same diagram, the building’s environmental efficiency. Further, the aim is to discuss the power of this concept as an overarching goal for environmental management of buildings by presenting and analysing the environmental efficiency of a number of existing Swedish buildings. 

Indoor climate and energy use

The potential health effects that buildings may cause because of a poor indoor environment is under constant debate in western countries. According to a large survey concerning indoor climate in dwellings made in 1991/1992 in Sweden, between 600 000 and 900 000 people were estimated to be exposed to an indoor climate that affected health and well-being negatively (Norlén and Andersson, 1993). Problems included for instance exposure to high radon gas concentrations, noisy environments and defective thermal climate. In addition, the increased incidence of allergies and their potential relation to indoor environmental conditions have been a debated topic during the last decades (e.g Bornehag et al, 2001). The emergence of the notion of sick building syndrome (SBS) (WHO, 1983) adds to this picture. Alarmingly, houses built in the beginning of the 1990´s were shown to have more complaints on the unspecific symptoms associated with SBS than older buildings (Engvall et al, 2004). In another large Swedish survey made in 1999 it was estimated that nearly 1 million Swedish people suffered from one or more of the unspecific symptoms characteristic for SBS, which they related to the indoor environment (Socialstyrelsen et al, 2001).

On the other hand, to reduce the environmental impact caused by the use of electricity and energy for heating, cooling and hot water in buildings, is a significant component of the environmental management of property managers. Initiatives like the European Union (EU) directive on energy performance of buildings (European Commission, 2003) also raise new demands on all property owners. The use of energy give rise to a number of environmental problems, including for instance climate change, eutrophication and the production of radioactive waste that may cause ionising radiation. In addition, energy use is in general a major post of expenditure for property owners.

A building’s environmental efficiency

As described, both indoor climate and the use of energy are important issues to handle for a property owner. An important goal is to deliver a sound and healthy indoor climate while causing minimal external environmental impact because of the energy use of the building. That is, to deliver a service that causes minimal restraints on the environment per service unit. This way of thinking corresponds to the concept of eco-efficiency defined by the World Business Council for Sustainable Development (WBCSD) as:
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(Verfaille and Bidwell, 2000). 

The concept relates the environmental impact caused by a product or a service to the value it is actually producing. 

In building research, the eco-efficiency concept has been used by the Architectural Institute of Japan to propose environmental efficiency indicators to be used for environmental assessment of buildings. In this work a building´s environmental efficiency (BEE) is defined as:
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(Murakami, 2005)
The Q in this definition refers to as much as ten different aspects related to indoor environment, outdoor environment and quality of services (Murakami, 2005). However, there are also other issues that could be considered as creating quality values for building users, for instance overall satisfaction with the building environment or with its operation, rents, etc. 

Based on the same insights, a similar approach has been developed within a Swedish project about environmental assessment of buildings (EcoEffect) (Glaumann and Malmqvist, 2004; Assefa et al, 2006:1). The concept is called environmental efficiency of buildings and shows one index reflecting the external environmental impact, called Environmental Load Index (ELI), i.e. the potential impact on people and the environment elsewhere because of the use of energy and materials throughout the life cycle of the building. It also shows an index related to perceived quality by the users, an Internal Load Index (ILI). In this case, the guiding idea has been to display problems related to physical properties of a building. Quality is therefore interpreted as the opposite of indoor environmental problems or risks, that is the users satisfaction with the indoor environment of a building. It is thus a bit narrower than the Q in Murakamis (2005) work. It also expresses the users views in contrast to pure theoretical calculations. The scope was to present an aggregated picture of the environmental impact caused by the building and the perceived quality of the indoor environment. To display it in one diagram with the possibility to compare with other buildings was considered to be a way of trying to grasp such comprehensive information. The diagram is the most aggregated presentation in a software that enables analysis of what underlying facts cause the values of the indices. (Glaumann and Malmqvist, 2005; Assefa et al, 2006:2).

Since the two indices are presented in the same diagram, the simple concept of environmental efficiency can be used to measure and analyse the quality of the indoor environment and external environmental impact simultaneously. Thus, it may be used as an overarching environmental objective when planning or managing buildings and for comparisons between similar types of buildings. However, when operating existing buildings the environmental impact caused by the manufacture of the used building materials has already happened and cannot be changed. In this paper, the external index (ELI) will therefore only be based on the environmental impact related to energy use. 

Method

In order to present and discuss the concept of a building´s environmental efficiency, internal and external environmental indices are being calculated for a number of Swedish buildings. Data on energy use and user perceptions related to the indoor environment is being collected for a number of multifamily houses and buildings used for other activities in Sweden. The buildings in the study were chosen on the basis that various property owners agreed to assess some of their buildings as part of testing the environmental assessment method developed in the EcoEffect project. To this stage data from ten multi family houses has been analysed, which will be presented in this paper.

The most direct way to measure qualities of the indoor environment is to ask the users of the buildings of their perceptions of it. However, only qualities or problems that may be perceived can be measured in this way. Problems like high levels of radon gas will not be captured. The internal load index (ILI) is based on replies from a comprehensive questionnaire developed within the EcoEffect project (Hult and Malmqvist, 2005), which in turn is based on a validated user questionnaire that has been used on more than 20 000 households in Stockholm, Sweden (Engvall et al, 2004). The index is calculated by using the response frequencies of four queries in the questionnaire: 

1. On a whole, how do you think the thermal comfort is during wintertime in your dwelling? (very good, good, acceptable, bad, very bad)

2. On a whole, how do you think the air quality is in your dwelling? (very good, good, acceptable, bad, very bad)

3. On a whole, how do you think the sound conditions are in your dwelling? (very good, good, acceptable, bad, very bad)

4. On a whole, how do you think the day- and sunlight conditions are in your dwelling? (very good, good, acceptable, bad, very bad).

The percentages of the responses ”very good”, ”good” or ”acceptable” on each question are added, that is the ones that did not state that they were dissatisfied. A mean percentage of satisfied users is then calculated from the four questions, resulting in the ILI score. 

To calculate the external environmental index (ELI) actual energy use for heating and for electricity (exclusive household electricity) on a one-year basis are used. Life cycle inventory (LCI) data for the generation of the heat and electricity in each case is retrieved from energy suppliers, thus making it possible to calculate potential contributions to a number of environmental impact categories caused by emissions from the energy generation. The impact categories in the index include climate change, stratospheric ozone depletion, acidification, eutrophication, production of tropospheric ozone, human toxicity, eco toxicity and the production of radioactive waste. The resulting scores are then normalised with the total emissions to each category caused by each Swedish person. This procedure follows common LCA (life cycle assessment) standard calculations. The contributions to each impact category is calculated per user of the building, thus relating the impact to a service delivered.

However, to be able to aggregate the data into a single index, weighting is necessary. Thus, for each of the mentioned impact categories, a significance weight has been calculated by addressing the potential end-point problems related to each category. For instance, climate change may cause malaria, deaths due to flooding, dengue fever, etc. For these diseases, etc. the numbers of affected people has been estimated along with the duration time of the problems. These estimates were used to compare the relative significance of different kinds of impacts which could be used as weights. The contributions to each category (in equivalents) are multiplied with the weight, thus the weighted scores for all categories could be added which results in the score used as the ELI. The entire calculation procedure of the ELI score is described in Eriksson et al (2005).

Results

The buildings assessed in this paper are multi family houses situated in different towns in Sweden. The numbers of dwellings in each house range between 26 (Lindås) and 151 (Majroparken). Three buildings, Lindås, Majroparken and Oskar were built within the last ten years. The rest are older buildings, from the 1950´s to the 1970´s. All buildings apart from Lindås are connected to a local district heating system. 

Based on energy use and questionnaire data, the environmental efficiency for the examined buildings was calculated which is shown in figure 1. The vertical scale in the diagram shows the mean fraction of users who perceive the air quality, thermal climate, sound and light conditions as acceptable, good or very good. The horizontal scale shows the external impact caused by energy use. It is expressed as a percentage that shows impact per building user in relation to the same impact per capita in Sweden. The closer to origin, the better performance a building has with regard to both external and internal impacts. 


Figure 1. Environmental efficiency of ten Swedish buildings.

Discussion

The external environmental index

Figure 1 shows that the three buildings Tebogatan, Hårstagatan and Centralgatan have very low impact on the external environment. The reason is mainly that they are connected to the same district heating system, which is to a great extent based on waste heat that has a very low external environmental impact. These buildings, even have better ELI scores than the building Lindås which is built as a passive house without a traditional heating system. Lindås, in turn, has a very low energy demand which is covered by body heat and heat from electrical appliances. To manage extremely low exterior temperatures the ventilation inlet is equipped with a small electrical heater. Therefore the ELI score origins from use of electricity or to be more precise from contributions to radioactive waste production. Skärholmen and Östberga are quite ordinary Stockholm suburban buildings from the 1960´s. They have a proportionately high consumption of energy for heating. Notable, however, is that the building Majroparken uses the same district heating as Skärholmen and Östberga but has a much lower energy use for heating per squaremeter than these two buildings. Still, Majroparken has a poorer ELI score. The reason is that Majroparken is less efficient concerning use of space, i.e. less users are accommodated per area unit. Another reason is a higher use of electricity in Majroparken. 

Both Majroparken and Oskar are quite recently built, between 1996 and 2000. These buildings are examples of a proportionately poor efficiency of space use, which is an important explanation for their higher ELI scores. Thus, it can be understood that the ELI favours efficient use of space.

Norra Köpmangatan in Gävle, however, has more or less the same area per user as Majroparken in Stockholm. The reason why Norra Köpmangatan has a better ELI score is mainly that this building uses less electricity per user and that the environmental impact from district heating is larger in Stockholm than in the city of Gävle, which is supplied by a large portion of waste heat from the pulp industry. 

To sum up, apart from favouring efficient space use, the outcome of this ELI index will especially suffer from use of fossil fuels and electricity based on nuclear power. A consequence is that efforts made to reduce the energy use is one important way of gaining a better ELI score, but it will not be the only way. The method used for generating the electricity and heat also plays a significant role.

The data retrieval necessary for calculation of the ELI is rather simple. Energy use data are usually very easy to collect from property firms and emission data can be retrieved form energy suppliers or official data sources. When comparing the environmental efficiency between different buildings there are, however, some aspects regarding data representative ness that has to be considered: 

· Is the building data calculated or measured?

· Is data of electricity covering both electricity for common facilities and/or household or user electricity?

· Is the building data for heating corrected to an average year with respect to weather conditions and normal operation? 

· Is heating included in data for electricity use?

· Is emission data (Life Cycle Inventory-data) from different sources comparable?

· Are normalisation values comparable (floor area, numbers of users, numbers of user * user time, etc.)?

The internal environmental index

A general interpretation of questionnaires results is that there are no serious building problems proved if less than about 20 % of the respondents are dissatisfied with something because the normal spread of opinions is so great. If looking at the buildings assessed in this paper (figure 1), it is only the building Östberga that displays a high proportion of dissatisfied users. However, an aggregated picture as shown by the environmental efficiency can of course conceal problems. If analysing the underlying data of the buildings, it was found that Skärholmen has inferior judgements on thermal comfort (27 % dissatisfied) and light conditions (30 % dissatisfied). However, some problem is expected since the ILI score is 79 %. The other buildings (apart from Östberga) have at least 85 % users that find the average conditions good or acceptable on all four aspects.

Another feature is that the questions used for the calculation of the ILI are just giving an overall judgement of the four aspects. Since the questionnaire used in this study also includes a considerable number of more detailed questions within each area (e.g. draught from windows, dry air, noisy ventilation, etc.) it is possible to find more specific problems in the building. A quick analysis shows that a building like Lindås with absolute top score for ILI, just had a few complaints related to the thermal climate. However, for the buildings with a bit lower ILI scores there are often several detailed aspects that the users are dissatisfied with. In general, the lower the ILI score, the more urgent is it to analyse underlying facts to reveal factual problems. However, in general the ILI gives a very rough but still comparatively valid image of the perceived quality/problems with the indoor environment in a building.

Type of ownership has in other works been seen as important with regard to reporting incidence of sick-building symptoms (Engvall et al, 2004). Owners of their homes tend to neglect building problems more than tenants (Andersson et al, 2003). Among the buildings analysed in this paper, only two were housing co-operatives (Lindås and Majroparken). These are the two buildings in the study that displays the best ILI score. However, all buildings apart from Östberga and Skärholmen also display very good scores, which indicates that different types of ownership of residential buildings can be possible to compare with regard to the ILI score. The questionnaire used in this study is also validated in the sense that it starts with a few general questions about satisfaction with the dwelling, rent, maintenance, etc. Thus, it can be assumed that dissatisfaction with these issues does not tend to spill over on the more specific questions on the indoor environment.

The possibilities to regulate heat and air quality by oneself have often shown to be important for how the indoor climate is perceived. These questions are posed in the questionnaire used in the study. Especially Skärholmen and Östberga had very high proportions of respondents who stated that it was not possible to individually control the indoor temperature and air quality. This may be one reason for lower ILI scores for these two buildings. 

In the calculation of ILI shown in figure 1, the four aspects have been appointed the same weight, 0,25, i.e. the ILI is a mean value. However, it is not evident that all four aspects are equally important. In order to explore this question, a study was done to catch whether people experienced some of these problems as more or less problematic (Glaumann and Malmqvist, 2005). In this study, noise got the highest weight (0,56), followed by air quality (0,35), thermal comfort (0,07) and light conditions (0,02). Using these weights instead would, however, not change the individual order of the scores of the buildings displayed in figure 1.

Apart from validity problems related to that other variables than indoor environment factors may influence the result, it is necessary with a sufficient amount of responses to secure statistic significance. A guiding principle has been that a response rate of at least 75 % should be achieved and that at least 12 responses should be given. If validated user questionnaires are used and high response rates are achieved, a fairly direct assessment of the indoor environment is captured. However, this type of questionnaire study is quite time-consuming and costly. The questions used for calculation of the ILI score could be inserted in for instance quality surveys, which are quite common today, at least among Swedish property management firms. However, if a bad ILI score is received, further investigations must be done in order to trace the causes. It can also be questioned whether the results of the questionnaire more easily can be manipulated than more “hard” measurements.

Finally, it should again be stressed that the aspects included in the ILI index presented here only considers aspects possible to perceive by people. Indoor environment aspects as high concentration of radon gas or legionella bacteria are not included.

Applicability of the concept of environmental efficiency

The main idea with displaying both the ELI and ILI values in the same diagram is to enable analysis of these two major aspects of environmental management simultaneously. Both the building Lindås and the three buildings Tebogatan, Hårstagatan, Centralgatan situated in the same town (figure 1) are  good examples of that it is possible to ensure both a high user satisfaction with the indoor environment and a low impact of the external environment due to energy use at the same time. Östberga has an average external impact (compared to the other buildings in this study), but seems to have several indoor environmental problems that need to be solved. Since the energy use for heating in this building already is high, the perceived indoor environment must be improved without causing a higher impact on the external environment. The buildings Majroparken and Oskar, should benefit from being improved regarding the energy use. In these cases, it is important to ensure that this is not done by jeopardizing the high user satisfaction with the indoor environment.

The image of environmental efficiency may be used as an overarching goal for environmental management of buildings. The information is very comprehensive but presented in a simple way. It may therefore be useful for the top management and external stakeholders. However, to find causes for a specific result, this image must be complemented with the underlying information. In the EcoEffect software it is possible to trace causes for the overall judgements since the layout is designed in a hierarchical way. Figure 2 shows an overview of the structure. Such information is important for the environmental controllers of a property management organisation.


Figure 2. The transparent and hierarchical structure in the EcoEffect software that enables 

tracking of problems related to a buildings physical properties. 
If questionnaires regularly are done in a building stock, it is possible to calculate the environmental efficiencies and to analyse the performance status and improvement potentials continuously. 
To become an even more interesting tool in an environmental management process of property owners the diagram shown in figure 1 can be complemented with borders for different environmental performance classes. This is exemplified in figure 3 by using the same information as in figure 1. In this example a class A includes the best performing buildings with regard to both environmental impact caused by energy use and user perceptions of the indoor environment. A class C may for instance include buildings that comply with current norms or standards. Seen in property management perspective, an ambitious environmental, long-term objective could be that the entire building stock should belong to at least class B. In figure 3, a rough example of the class borders has been given. A more thorough discussion about class borders can be found in Assefa et al (2006:2). 







Figure 3. An example of classification of the environmental efficiency of buildings. 
A rough classification like in figure 3 suggests that Lindås (and maybe Tebogatan) can be seen as an A building and that Norra Köpmangatan, Västervägen, Centralgatan and Hårstagatan can be seen as B. Majroparken, Oskar and Skärholmen can be seen as representatives for current standard. Östberga, however, need improvements even to achieve a C class. Majroparken and Oskar need in this case to improve the ELI value to be able to reach a class B. If Majroparken starts buying electricity generated from water power instead of nuclear power, the building will reach B class. For Oskar it is necessary to reduce the energy use to be able to reach a B class. For Norra Köpmangatan it may be possible to reach B class by reducing the energy use or to find measures that will improve the perceived satisfaction with the thermal climate, which is the indoor aspect that got the poorest judgement of the aspects considered in the ILI index.

Conclusions

In this paper, a procedure for calculating, displaying and analysing the impact on the external environment caused by a building’s energy use and the user’s perceptions of the indoor environment simultaneously, has been proposed. Two indices need to be calculated. The external load index (ELI) proposed is calculated in a way that favours buildings with efficient use of space, low consumption of heat and electricity, the use of electricity that is not produced by nuclear power and heat that is not generated by fossil fuels and electricity. Such an index captures the most important problems related to energy use in buildings, in a comprehensive way. 

The internal load index, ILI, is based on four simple questions in a user questionnaire. The proposed index favours buildings in which the overall air quality, thermal comfort, sound and light conditions are perceived as satisfactory by the users. The analysis of the studied buildings show that these aspects give a quite good overview of the general perceived indoor environmental quality. Generally, it seems as if more than 90 % of the users state that they are not dissatisfied with either of these aspects, it is uncommon to find more specific aspects that many users perceive as problematic (for instance draught from windows). If lower rates are found, it is more important to search for specific problems that may cause the higher dissatisfaction rate. 

It is important to remember that indoor problems that cannot be perceived are not included in the index proposed here and therefore have to be traced separately. Another drawback with the ILI index is that making user surveys is quite costly and cannot be done every year. However, if only the questions used for the index is measured they can easily be integrated into quality questionnaires that have become a more common feature in property management. 

The aggregated indices that are necessary for the calculation of the environmental efficiency of a building are rough but nevertheless of a kind that is easily communicated and probably well suited for comparisons between buildings. The diagram can be used as an overarching objective for environmental management of a property firm´s building stock. It can also be used for environmental classification of buildings, which will probably increase the communication value further. 

To undertake improvement measures in the environmental management process, the environmental efficiency information is not enough and more background information is needed. That is for instance details on energy use for heating and electricity and more specific information about problems with the indoor environment experienced by the users of the building. To compare performance of different buildings normalisation is necessary. In the building sector it is common to divide for instance energy use values by floor area for comparisons. This has the drawback that it favours buildings with inefficient space use. Therefore, the number of users a building is designed for is generally a better basis for normalisation since it is better linked to the service a building gives. Other aspects that may influence the outcome of the index are type of ownership and socio-economic information about users. It can be recommended that comparisons only are made if buildings correspond on these aspects.

The buildings used for exemplify the concept of environmental efficency in this paper are quite few. A continuous work is done to compile information from more buildings, including office buildings and schools in order to further develop this concept and to get improved reference values.
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