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a b s t r a c t 

The dominance of operational energy and related greenhouse gas (GHG) emissions of most existing build- 

ings is decreasing in new construction, when primary fossil energy of building operation decreases as re- 

sult of the implementation of energy efficiency measures as well as a decarbonisation of national energy 

mixes. Stakeholders therefore have a growing interest in understanding the possibilities for reducing em- 

bodied impacts in buildings. In the IEA EBC project ‘Annex 57’ a broad call for case studies was launched 

with the aim to identify design strategies for reducing embodied energy and GHG emissions (EEG) from 

buildings. The aim of this paper is to identify and provide a collected and comprehensive overview of 

quantitative reduction potentials of the particular EEG reduction strategies which should be considered 

by the stakeholders engaged in, and with the capacity to influence the outcome of, individual building 

projects. This is done by a systematic analysis of the Annex 57 case study collection as well as additional 

scientific literature. While it should be noted that the actual EEG savings at building level illustrated in 

this collection of studies are only applicable to each specific case, importantly this multiple cross-case 

analysis has provided rigorous evidence of the considerable potential to reduce embodied impacts in the 

design and construction of new and refurbished buildings. 

© 2018 Elsevier B.V. All rights reserved. 

1. Introduction 

The reduction of the operational energy demand and associated 

greenhouse gas (GHG) emissions in buildings is of high priority 

for the European Commission [1] , primarily through the successive 

recasting of the Energy Performance of Buildings Directive (EBPD) 

2012/27/EU [2] and the related national building regulations. How- 

ever, apart from their operational energy use, buildings also con- 

sume primary fossil fuel energy during other phases, such as ‘cra- 

dle’ to construction, maintenance, replacements and demolition to 

waste processing phases. This embodied energy, together with the 

operational energy, constitutes the total primary energy or life cy- 

cle energy of buildings. An increasing number of academic studies 

now point towards the decreasing proportional impact from oper- 

ational energy (and GHG emissions) as a result of reducing final 

energy demand and replacing primary fossil fuels by renewables 
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[3–8] . From being a topic hardly considered in building regulations 

to date, policy-makers and stakeholders in the construction indus- 

try are now showing a growing interest in the possibilities for re- 

ducing embodied energy (EE), and embodied GHG emissions (EG) 

[9–11] . A couple of recent initiatives by national authorities have, 

however, investigated [12–14] or even implemented the inclusion 

of embodied energy and greenhouse gases (EEG) in the building 

regulations [15] . This growing interest is also reflected by the dra- 

matic increase of academic papers published on the topic during 

the last couple of years [16] . 

Given the growing importance of EEG, the Energy in Build- 

ings and Communities Programme (EBC) of the International En- 

ergy Agency (IEA) agreed on implementing the project ‘Annex 57 

– Evaluation of Embodied Energy and Carbon Dioxide Emissions 

for Building Construction’. Sub-task 4 of this Annex developed a 

compilation and conducted an analysis of a large number of in- 

ternational case studies. This paper describes some of the results 

from this sub-task, namely, the analysis of design and construction 

strategies for reducing EEG in buildings. Even though professional 

and environmentally concerned stakeholders have for a long time 

https://doi.org/10.1016/j.enbuild.2018.01.033 

0378-7788/© 2018 Elsevier B.V. All rights reserved. 

https://doi.org/10.1016/j.enbuild.2018.01.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2018.01.033&domain=pdf
mailto:tove.malmqvist@abe.kth.se
https://doi.org/10.1016/j.enbuild.2018.01.033


36 T. Malmqvist et al. / Energy & Buildings 166 (2018) 35–47 

had general rules of thumb for environmental design, only a lim- 

ited number of cases have existed which collected evidence on the 

range of EEG reduction potential offered by different design and 

structural solutions. There exists a couple of works targeting de- 

sign professionals offering calculations of EE, EG and sometimes, 

also other environmental impact categories, for a range of specific 

building components, relevant for various national contexts. Such 

examples include the calculations of environmental profiles for va- 

rieties of building parts relevant for the Danish market, performed 

by Marsh et al. in year 20 0 0 [17] as well as the similar “Bauteilkat- 

alog” in Switzerland [18] . These works facilitate the understanding 

of potentials at a building component level due to the information 

available on the composition of materials, but not the full impact 

of design choices at building level. In addition, they mainly focus 

on building material selection and naturally tend to cover common 

solutions already existing in the market. On the other hand, the 

broader range of EG mitigation strategies for all types of stakehold- 

ers has recently been reviewed by Pomponi and Moncaster [7] . 

Rather, the aim of this paper is to fill a knowledge gap by iden- 

tifying and providing a collected and comprehensive overview of 

quantitative reduction potentials of the particular EEG reduction 

strategies which should be considered by the stakeholders engaged 

in, and with the capacity to influence the outcome of, individ- 

ual building projects. That is, in particular designers, developers, 

contractors and their consultants. In this context, the following re- 

search questions are studied: 

- What types of design and construction strategies do exist to re- 

duce EEG in buildings? 

- What are the EEG reduction potentials at the building level for 

different design and construction strategies? 

Since the paper aspires to cover the wide range of potential 

design and construction strategies for EEG reduction, an in-depth 

analysis of each potential strategy will not be provided. Instead, it 

contributes with a classification of these strategies and with fur- 

ther analysis, seeks to identify their potential to reduce emissions 

at the building level. This is achieved by using existing evidence 

from the Annex 57 case studies, as well as, from other relevant lit- 

erature. Thus, the paper will also explain the current status in the 

literature concerning the quantification of the potential to reduce 

EEG in individual buildings in relation to the various design and 

construction strategies. 

2. Method 

For the purpose of this paper, case studies at building level 

were sought with a view to illustrating the EEG reduction poten- 

tials when implementing different design and construction strate- 

gies. Early in the work of the IEA EBC Annex 57 Sub-task 4, a call 

was launched for case studies on EEG in buildings. One specific 

aim of the case study call was to collect case studies which iden- 

tified or illustrated potential EEG design and construction strate- 

gies at building level. To motivate the submission of relevant case 

studies, potential design and construction strategies were initially 

defined by the author-group. They were drawn from the expert 

knowledge of the Annex 57 participants, from the literature, and 

later on, from the case studies themselves. For the purpose of es- 

tablishing a broad range of possible strategies, strategies were de- 

fined that affect reductions throughout the lifecycle of a building, 

including beyond the system boundary of an individual building –

see Fig. 1 . Apart from the call for case studies within the large An- 

nex 57 group, international experts outside this group were also 

asked to provide case studies. The call was also disseminated at a 

few regional Sustainable Building Conferences. 

Around 80 case studies were collected, categorized and ana- 

lyzed from across the countries represented within IEA EBC Annex 

57 [19–21] . The strength of using these case studies as an impor- 

tant source of information, is that first-hand in-depth information 

was available for the author group. In addition, case studies that 

otherwise would have been omitted if only journal papers were 

used for the analysis, have been analysed in this paper. 

Nevertheless, since the submitted case studies only provided in- 

formation about the EEG reduction potential of individual strate- 

gies at building level to a limited extent, an additional literature 

review was performed to gain more information. The aim of the 

literature review was to identify additional case studies, or other 

research, which investigated EEG reduction potentials of design 

and construction strategies implemented at building level in quan- 

titative terms. A literature search conducted at the end of 2014, 

resulted in a list of several hundreds of papers in scientific jour- 

nals or books. The literature was collected by a snowball approach, 

i.e. selecting relevant literature as suggested by scientific journals 

to be related to each consecutive paper reviewed. All abstracts of 

this list of literature were then reviewed, resulting in a selection of 

relevant papers for the purpose of this research. Finally, in spring 

2017, an additional, but more limited, literature search was con- 

ducted which focused on finding new studies which particularly 

targeted strategies for which there was still limited case study ev- 

idence. 

After finalising the collection of Annex 57 case studies and 

cases from the literature, the reduction potentials for individual 

strategies were analysed and summarised. The quantitative results 

for EEG differ between the cases depending on data sources and 

calculation methods e.g. system boundaries, attributional or con- 

sequential approach, allocation principles used, etc. [20–24] .There- 

fore, such a case study analysis could not provide exact quantita- 

tive information, but could, nevertheless, give an indication of the 

proportion of the reduction potential. Finally, the case studies and 

the literature review were used to provide input into a summarised 

classification of design and construction strategies to reduce EEG in 

buildings. 

Table 1 shows the full collection of Annex 57 case studies and 

the literature analysed for the purpose of this paper. Within the ta- 

ble, the studies are categorised by the specific reduction strategies 

which were examined, and each strategy is discussed and illus- 

trated with the help of the selected case studies and literature in 

the following section. The case study references in Table 1 relate to 

the numbering used for the Annex 57 case study collection [19] in- 

cluding a national abbreviation code together with a reference to 

background material if it exists. As stressed earlier, the strong in- 

fluence of the calculation methodology, choice of system bound- 

aries and geographical context is not addressed in detail here but 

can be cross referenced in the IEA EBC Annex 57 Subtask 4 report 

[20] and a paper by Nygaard Rasmussen et al. [22] . Therefore, it 

should be noted that as a result of the diversity of the method- 

ologies used in the case studies and literature, the individual cases 

cannot be used to quantify reductions in general, but instead, illus- 

trate the potential of different reduction strategies in various con- 

texts. 

3. Case study analysis: EEG reduction strategies for design and 

construction at building level 

In the following section, the selected case studies deemed rele- 

vant for this paper are analysed with respect to illustrate EEG re- 

duction potentials when implementing different design and con- 

struction strategies at the building level. In Section 3.1 , strate- 

gies are analysed, individually and consecutively, using evidence 

from relevant case studies and literature. The section ends up with 

Table 5 , which summarizes the main conclusions drawn for each 

strategy based on the analysis. Section 3.2 then provides a system- 

atic overview of characteristics of strategies and sub-strategies to 
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