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ABSTRACT 

The purpose of this study is to investigate absolute environmental sustainability in the built 

environment, by assessing whether contemporary environmentally optimized approaches to 

building design, with their associated consumption of resources and subsequent emissions, 

can be considered within the carrying capacity of Earth Systems. A life cycle assessment 

(LCA) was conducted for six dwellings to quantify their environmental footprints. Two 

methods for absolute environmental sustainability assessment were applied to the resulting 

life cycle inventories; one where the normalisation step applied normalisation factors 

reflecting carrying capacities of the Earth System and one where characterisation of 

elementary flows applied characterisation factors based on the Planetary Boundaries. For the 

assessment of environmental impact of each house in an absolute perspective, different 

sharing principles were applied to determine the share of the safe operating space that a 

single-family stand-alone dwelling should be assigned. The study finds that the approaches 

tested in two of the dwellings, namely reducing the energy consumption and recycling and 

reusing materials have the greatest potential to reach an absolute sustainable level of impact. 

The conclusions drawn are found to be dependent of the applied sharing principle used to 

assign a share of the safe operating space. Nevertheless, as the results indicate that in our 

current society absolute sustainability for buildings still appear to be out of reach, even with 

the best attempts at sustainable building design. It is clear that to achieve e.g. lower energy 

consumption and a cleaner energy mix, action is needed by consumers and politicians alike. 
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1 INTRODUCTION 

Today, there is very strong evidence of a causal connection between human activities and 

changes in the Earth’s climate through increasing concentrations of CO2, CH4, and other 

greenhouse gases (GHGs) [1,2]. The emission of GHGs linked to human activities have 

increased since before the industrialisation and can be explained by a growth in both 

economy and population [47]. While the world population has increased more than 10-fold to 

7.6 billion over the past three centuries, the rate of consumption has increased even more 

dramatically [2,3]. In fact, human activities have escalated so rapidly since the mid-20th 

century that the ecological stability of the 11,700-year-long period known as the Holocene 

may now be threatened [4,5]. This has led to efforts to quantify local, regional, and global 

environmental boundaries that should be respected to sustain the Holocene state of the global 

climate which is the only state that, for certain, can support contemporary human societies 

and the destabilisation of which could be detrimental to humans [5]. The Planetary 

Boundaries (PB) framework identified a set of bio- and geophysical Earth System processes 

that are considered key for maintaining the Holocene state, and identified thresholds or 

carrying capacities for each of the processes. The exact carrying capacity is not known due to 

natural variability and incomplete and hence uncertain scientific knowledge about the nature 

of the environmental systems and their underlying mechanisms [6].  

In the PB-framework, the uncertainty about the exact carrying capacity is indicated by a 

lower and an upper limit (see Fig. 1). The PBs in the PB-framework were defined as the 

lower limit of the zone of uncertainty, thus applying a precautionary approach to maximize 

the certainty that carrying capacities are not exceeded [7]. Thus defined, the PBs delimit a 

safe operating space for global Earth System processes within which humanity may operate 

without risking destabilisation of the Holocene state [7]. The building sector has a strong 

influence on total natural resource consumption and on release of emissions and waste to the 

environment. Currently, the construction industry accounts for 36% of European CO2 

emissions and 40% of the total European energy consumption [8]. In Denmark alone the 

building industry produces 4.1 million tonne waste annually, or equal to a third of all waste 

produced in Denmark [9]. Hence, this sector is crucial to address in order for humans to stay 

within the safe operating space. A first step is to facilitate assessments of the building sector 
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and environmental strategies in the building sector in relation to the environmental 

boundaries. Life cycle assessment (LCA) methods are commonly used for environmental 

assessment of activities in the building sector [10] to support decision making, and for 

evaluating and optimising construction processes [11]. LCA is a relative, environmental 

assessment method and is most often used in comparative assessments, i.e. to claim 

environmental superiority of one product over another, or in hotspot analysis’ to identify the 

main environmental impacts of a product’s life cycle [12,13]. To use LCA for analysis of 

whether Earth System processes are able to cope with the burdens of human activities, it is 

necessary to couple LCA with absolute measures [14]. The results are referred to as Absolute 

Environmental Sustainability Assessments (AESAs). AESAs allows assessing whether an 

activity can be considered sustainable relative to an absolute environmental sustainability 

reference (AESR). The AESR is defined by first identifying one or more relevant 

environmental boundaries, quantifying the safe operating space within each boundary and 

then assigning a share of it to the assessed activity. Second, the environmental impact of the 

activity is quantified using e.g. LCA. If the environmental impact of the activity is smaller 

than the share of the boundary assigned to the activity, then the activity can be considered 

environmentally sustainable in absolute terms [15]. So far, two approaches have been used 

for defining AESRs, i.e. the environmental carrying capacity and the Planetary Boundaries of 

the Earth System. The Planetary Boundaries are based on the PBs as defined in e.g. Steffen et 

al. [5] and have been used as AESRs in e.g. Ryberg et al. [15] where impacts from the 

assessed activity were quantified in the metrics of the PBs via a PB based life-cycle impact 

assessment (PB-LCIA) methodology [16]. The environmental carrying capacity approach is 

e. g. based on Bjørn and Hauschild [17] who derived carrying capacity based normalisation 

references for existing LCIA methods used in LCA for quantifying and expressing 

environmental impacts. Further details on absolute environmental sustainability assessments 

can be found in Supporting Information I, Section II.I. Due to underlying differences in the 

LCIA methods and differences in the level of precaution used for setting AESRs, it is 

expected that conclusions about absolute sustainability will differ among AESAs depending 

on whether PBs or carrying capacity approaches are used. The present study has two 

objectives, (i) to evaluate the robustness of conclusions based on AESAs depending on 

whether PBs or carrying capacity approaches are used and (ii) to evaluate to which degree 

different design approaches to single-family stand-alone dwellings can be considered 

absolute sustainable. To do so, two AESA approaches (i.e. carrying capacity-based 

normalisation factors (CCnorm; [17] and the PB-LCIA [15,16]) are applied and compared on 
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a case study with six single-family stand-alone dwellings, that are built on the basis of 

different principles for being sustainable, climate wise. 

 

2 MATERIALS AND METHODS  

2.1 Absolute Environmental Sustainability Assessment approaches  

To assess the importance of the choice of AESA approach we applied two novel approaches 

for absolute environmental sustainability assessment i.e. carrying capacity-based 

normalisation factors (CCnorm [17]; and the PB-LCIA method [15,16]. It should be noted 

that the objective was only to test the robustness of the AESA conclusions to this choice of 

method. Hence, the objective was not to compare results obtained from the two methods, as 

they are inherently not comparable (mostly, they do not consider the same impact categories 

and when they do, the results are often calculated using different models and expressed in 

different units). The work by Bjørn and Hauschild [17] address the fact that “as common 

normalisation factors are solely based on activities within the technosphere they cannot be 

used to compare and aggregate the severity of different types of interventions in the 

ecosphere”. This motivated the development of European and global carrying capacity-based 

normalisation factors compatible with characterised indicator scores at midpoint-level for 

impact categories that link to the Area of Protection “Natural Environment” [17]. However, 

as the normalisation factors are not fully compliant with those of ILCD 2011 Midpoint þ 

LCIA method (ILCD 2011), European Commission’s Joint Research Centre [18] translated 

the normalisation references to be compliant with the ILCD 2011 impact categories to 

facilitate a wider used of the method. Bjørn and Hauschild [14] define carrying capacity as 

“the maximum sustained environmental intervention a natural system can withstand without 

experiencing negative changes in structure or functioning that are difficult or impossible to 

revert”. In contrast to the PB-framework, which applies a precautionary approach, the 

carrying capacities in Bjørn and Hauschild [17] are defined as a best estimate of the exact 

carrying capacity. This is done to avoid introducing a bias during normalisation of different 

impact categories in LCA [17]. Thus, in cases where the carrying capacity is expressed as an 

uncertain interval, the carrying capacity was defined as either the average or median value 

[17]. This is indicated in Fig. 1 where the carrying capacity is placed in the middle of the 

zone of uncertainty. More recently, Ryberg et al. [16] developed an LCIA-method for 

characterizing the resource uses and emissions associated with an activity (collectively 

termed elementary flows) in the metrics of the PBs as defined in Steffen et al. [5]. In contrast 

to conventional LCA and in order to express impacts in the metrics of the PBs, the 
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elementary flows must be modelled and expressed as annual resource uses and emissions 

[16]. To do so, the functional unit must be defined as the annual provision of a function and 

the LCI must be modelled to express the annual “average” elementary flows associated with 

continuous annual fulfilment of the functional unit [16]. The ability to express the impacts of 

an activity in the metrics of the PBs allows for using the PBs as absolute environmental 

boundaries. 

 

Fig. 1. The concept of Planetary Boundaries and carrying capacity framework for global 

Earth System processes. The green zone marks the safe operating space, the yellow zone the 

uncertainty and the red zone a high risk of critical change. The lines mark the Planetary 

Boundary [6] located at the lower limit of the zone of uncertainty and the carrying capacity 

located as an average in the zone of uncertainty as defined by Bjørn and Hauschild [17]. 

 

2.2 Allocating the safe operating space 

To assess if an activity can be considered absolutely sustainable it is necessary to assign a 

share of the total safe operating space within the environmental boundary to the activity. If 

the activity exceeds its assigned share of the space, then it cannot be considered absolutely 

sustainable as it contributes to an overall exceedance of the total environmental boundary. 

For the PBs, it should be noted that to be absolutely sustainable, all impacts should be within 

the assigned share of the safe operating space (SoSOS) for all impact categories. This is 

required as the transgression of one Earth System process might push other Earth System 

processes towards exceeding their threshold [5]. For some Earth System processes, the safe 

operating space also includes the space that is naturally occupied by the environment. Thus, 

the safe operating space that is to be shared among humans is determined by deducting the 
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natural background levels for the relevant PBs [15]. The full safe operating space to be shared 

among humans (i.e. the Planetary Boundary or carrying capacity when the natural 

background level is subtracted) can be found in Supporting Information I, Section II.II and II. 

III. The objects of analysis in this paper are all single-family stand-alone dwellings and it was 

therefore necessary to determine the share of the safe operating space that should be assigned 

to a building of this type. The assignment of a share of safe operating space (SoSOS) to an 

activity can be based on different principles of distribution, such as maximising the utility of 

the global population (i.e. utilitarianism), seeking equality among all people (i.e. 

egalitarianism), or distributing relative to current contribution to environmental impact (i.e. 

based on acquired rights) [19]. For this study we will apply different sharing principles as a 

way of testing the robustness of our assessment, as Ryberg et al. [15] found that the choice of 

sharing principle has large influence on the assigned SoSOS and, thus, conclusions about 

absolute sustainability. We determined six combinations of sharing principles by utilising 

both egalitarian, utilitarian and acquired rights-based approaches (see Table 1). It should be 

noted that the sharing principles applied in this study only represent a selection of ways the 

safe operating space can be shared, for further literature on the topic, see Lucas et al. [20], 

Sandin et al. [21], Ryberg et al. [22], Bjørn et al. [23], H€ayh€a et al. [24], Vanderheiden 

[25].   
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Table 1  Sharing principles applied in this study. 

 Person share out of world 

share 

Household share out of 

person share 

Dwelling share out of 

household share 

Sharing principle 1 

(egalitarian + utilitarian) 

Equal per capita 
Final consumption 

expenditure 

Final consumption 

expenditure 

1

worldpop
 

FCEHH

FCEperson
∙ 𝑁 

FCEdwe

FCEHH
 

Sharing principle 2 

(egalitarian + utilitarian) 

Equal per capita Time spent 
Final consumption 

expenditure 

1

worldpop
 

Hhome

H𝑦𝑒𝑎𝑟
∙ 𝑁 

FCEdwe

FCEHH
 

Sharing principle 3 

(egalitarian + acquired rights) 

Equal per capita Energy consumption Energy consumption 

1

worldpop
 

EHH

Eperson
∙ 𝑁 

Edwe

EHH
 

 Household share out of world share 
Dwelling share out of 

household share 

Sharing principle 4 

(acquired rights + acquired rights) 

CO2 emissions Energy consumption 

CO2HH

CO2world
 

Edwe

EHH
 

Sharing principle 5 

(acquired rights + utilitarian) 

CO2 emissions 
Final consumption 

expenditure 

CO2HH

CO2world
 

FCEdwe

FCEHH
 

 Dwelling share out of world share 

Sharing principle 6 

(utilitarian) 

Final consumption expenditure 

FCEdwe

FCEworld
=

FCEHH

FCEworld
∙

FCEdwe

FCEHH
 

 

Table 1 includes the following elements: Popworld is the population, FCEHH is the final 

consumption expenditure for a household, FCEperson is the final consumption expenditure for 

a person, FCEdwe is the final consumption expenditure for a dwelling, N is the number of 
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persons in a household, Hhome is the hours spent at home, Hyear is the hours in a year, EHH is 

the energy consumption for an average household, Eperson is the energy consumption for one 

person, Edwe is the energy consumption for a dwelling, CO2HH is the CO2 emitted for an 

average household and CO2world is the CO2 emitted worldwide. All factors are considered on 

an annual basis. This study distinguishes between a household and dwelling. A person’s 

household includes all home-based activities and products, e.g. cooking, cleaning, furniture 

etc., while dwelling refers to activities and products linked to the building itself, i.e. floorings, 

major appliances etc. The share assigned to a single-family stand-alone dwelling, is 

calculated by multiplying the fractions across each row. The calculated shares can be found 

in Supporting Information I, Section III.III. Further details on how the shares were calculated 

can be found in Supporting Information I, Section II.IV. To determine if the studied 

dwellings can be considered absolutely sustainable we calculate the share that each dwelling 

occupies of the SoSOS, by applying the sharing principle to the full safe operating space of 

either the PB or carrying capacity as shown in Equations (1) and (2): 

 

(1)    
𝐶𝐼𝑆

𝑃𝐵−𝐿𝐶𝐼𝐴

𝑆𝑃𝑖 ∙ 𝑆𝑂𝑆𝑃𝐵,𝑖
=

𝐶𝐼𝑆
𝑃𝐵−𝐿𝐶𝐼𝐴

𝑆𝑜𝑆𝑂𝑆𝑖
≤ 1            (2)     

𝐶𝐼𝑆

𝑆𝑃𝑖 ∙ 𝑆𝑂𝑆𝐶𝐶,𝑤𝑜𝑟𝑙𝑑,𝑖
=

𝐶𝐼𝑆

𝑆𝑜𝑆𝑂𝑆𝑖
≤ 1 

 

CIS
PB-LCIA is a characterised impact potential calculated with PB-LCIA, and SOSPB,i is the full 

safe operating space of the PBs for impact category i (see Supporting Information I, Section 

II.II). CIS is the characterised impact potential calculated using ILCD 2011 divided by SOSCC, 

world,i which is the full safe operating space of the global annual carrying capacities for impact 

category i. SOSCC, world,i is represented by the carrying capacity-based normalisation 

references (see Supporting Information I, Section II.III) [10]. SPi is the sharing principles 

presented in Table 1. SoSOSi represents the share of safe operating space of impact category i 

assigned to a single-family stand-alone dwelling of the total safe operating space. If the share 

is ≤ 1, a dwelling can be considered within its assigned SoSOS and, thus, absolutely 

sustainable. 

 

2.3 Case study 

In this study we investigated five dwellings known as the MiniCO2 Houses (for more details 

on the project see Supporting Information I, Section II.V) and compared these to a sixth 

house (referred to as the Reference House (Ref House)), which reflects standard Danish 

building practice in 2015 and serves as a benchmark in this study. The MiniCO2 Houses were 
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designed to each reduce one known source of CO2 emissions in buildings to an extreme 

degree, i.e. one design parameter is highlighted and optimized while all other parameters are 

designed to simply comply with (at that point of time) current building regulations, enabling 

a comparison between the different parameters and showing the impact of different actions 

towards CO2 reductions. The first, Upcycle House (UP House), focuses on how use of 

recycled building materials and materials with a high recycling content can save resources 

and decrease CO2 emissions during construction of buildings. The Innovative Maintenance-

free House (IMF House) and the Traditional Maintenance-free House (TMF House) excel in 

two areas; maintenance and service life. The two dwellings differ by the choice of materials. 

TMF House is built from traditional materials that are known to have a long service life, 

while IMF House is built from new materials that are expected to have a long service life. 

Both dwellings have a theoretical service life of 150 years and a building envelope that does 

not require any maintenance during the first 50 years of use. The concept of the Adaptable 

House (AD House) is flexibility and variability during its service life. The house is built of 

components that can be disassembled, providing the opportunity to expand the house without 

destroying existing and remaining components. The final house, Quota House (Q House) 

focuses on smart technology, the behaviour of the residents and their consumption patterns 

[26–31] (see Table 2).  

Table 2 Characteristics of the MiniCO2 Houses 

Dwelling Characteristic 

Upcycle House Recycled building materials and materials with a high 

recycling content 

The Innovative Maintenance-free House New, innovative materials with low maintenance providing 

a long service life 

The Traditional Maintenance-free House Traditional materials with low maintenance providing a 

long service life 

The Adaptable House Flexibility in building components making it possible to 

expand  

The Quota House Smart technology to affect the behaviour of the residents to 

reduce energy consumption  

 

All modelled systems contain parameters that are likely to change in the future, e.g. energy 

consumption, disposal routes, and energy mix. We identified five key characteristics of the 
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buildings which current trends point towards as likely development paths in the coming years 

based on a study by SPREAD Sustainable Lifestyles [32]. Therefore, we defined five 

scenarios each representing a version of the future where one parameter is highlighted. In 

Table 3 the modelled modifications are presented. We modelled the change in each 

characteristic as an improvement in environmental performance, i.e. contributing to a lower 

environmental impact than the current conditions (Base Scenario), thereby representing a 

more sustainable version of the future. Finally, we defined a sixth scenario where all 

characteristics are changed and thus represents a best case scenario. It should be noted that 

the characteristics from Scenario 1 to 5 are mutually complementary and can be combined 

without conflicting assumptions. An extensive description of the scenarios can be found in 

Supporting Information I, Section II.VI.  

Table 3 An outline of the scenarios assessed in this study are presented.  

 Characteristic modified How? 

Base Scenario Current conditions AD House is expanded 3 times, whereas the remaining 

houses are expanded 1 time (see Supporting Information 

1, Section II.VII.II)  

Energy heat use is 3528 kWh for Q House and 4278 kWh 

for the remaining houses 

Energy electricity use for ventilation is 2.1 kWh/m2 for 

all houses 

Energy mix is modelled as for 2018 (average grid mix) 

Estimations of service life of materials and End of Life 

routes are according to current conditions (see Supporting 

Information 1, Section IV for specifications) 

Scenario 1 Expansion  Buildings are modelled without expansion, i.e. building 

area is decreased  

Scenario 2 Energy consumption Energy use is reduced with 25% 

Scenario 3 Energy mix Energy mix is modelled as projected for 2030 (average 

grid mix) 

Scenario 4 Service life of materials Service lives of all materials are doubled 

Scenario 5 End of Life routes End of Life routes are shifted more towards recycling and 

reuse where applicable 

Scenario 6 All of the above Combination of Scenario 1 to 5 
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2.4 Life Cycle Assessment  

LCA is a standardized method described in ISO 14040:2008 and ISO 14044:2008 [13,48] and 

specifically for construction in EN 15978:2011 [33]. In the following subsections a 

description of aspects relevant to the modelling process of the six dwellings is given. 

 

2.4.2 Scope definition 

In typical LCAs, defining the functional unit (FU) includes defining for how long the 

function is provided [12]. In this case, how long would be the service life of the building (120 

years for Ref, UP, AD and Q House or 150 years for TMF and IMF House). However, to 

reflect the framework described in Section 2.1 the inventory must express elementary flows 

as continuous constant input per unit of time rather than an input integrated over time and 

thus the inventory is scaled to an annual basis in respect to the corresponding service lives 

(either 120 or 150 years) [16]. The FU of the compared systems was defined as to annually 

house one family in a stand-alone dwelling in Denmark. The life cycle inventory (LCI) data 

used to model the foreground system are representative for a Danish context, and all 

parameters e.g. energy mix were modelled according to current conditions in Denmark. All 

systems were modelled using the software tool SimaPro 8.0 [34] with the database Ecoinvent 

3.4 [35]. The system boundaries are presented in Fig. 2. Further details regarding scope 

definition can be found in Supporting Information I, Section II.VII.I. 
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Fig. 2.  System boundaries for all modelled systems.  

 

2.4.3 Life Cycle Inventory  

The data used to model the inventory were supplied by the design teams of each building and 

all inventories can be seen in Supporting Information II. The provided data only cover 

building components, and all inventory data regarding Construction, Use, and End of Life 

were therefore based on either Environmental Product Declarations (EPDs), relevant 

literature, or assumptions. A full list of all assumptions regarding the inventories can be 

found in Supporting Information I, Section IV. The uncertainty induced by the inventories 

was assessed quantitatively via Monte Carlo analysis. Uncertainties regarding assumptions 

were considered qualitatively. In addition, the sensitivity of the Base Scenario model was 
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tested towards the changes made in Scenario 1–6. The relative change was calculated and 

used as a measure of sensitivity in the model. It was assumed that if the relative change is 

greater than 2% the model can be considered sensitive. Furthermore, a normalised sensitivity 

coefficient [36] was calculated for a 10% change in district heating consumption, energy for 

construction and the service life of the buildings (for further details, see Supporting 

Information I, Section II. VII.II). The normalised sensitivity coefficient represents the relative 

change in impact divided by the relative change in input and it assumed that if the normalised 

sensitivity coefficient is greater than 0.5 for a single impact category, the parameter is 

considered sensitive. Similarly, a parameter was seen as sensitive if the average of the 

sensitivity coefficients for all impact categories is greater than 0.3 [37, 38]. Further details 

can be found in Supporting Information I, Section II. VII.II. 

 

2.4.4 Life Cycle Impact Assessment (LCIA)  

Two different impact assessment methods were applied in this study. These are described in 

Section 2.1 [39]. carried out a literature review in which they investigate which impact 

categories are used in 25 LCA studies within the building sector in Europe and the USA over 

the past 15 years. They found that the most commonly used impacts were related to climate 

change, acidification, eutrophication and ozone depletion. Based on this we decided to 

include the impact categories Climate change (kg CO2 eq) and Marine eutrophication (kg N 

eq) from the LCIA-method ILCD 2011 and Climate change – energy imbalance (Wm 2) 

and Biogeochemical flows – N (Tg N) from the Planetary Boundary based LCIA-method [40]. 

Furthermore, we decided to include impacts related to land use and water use, as we expected 

both to be relevant in a building context. Therefore, we included the impact categories Land 

use (kg C deficit) and Water resource depletion (m3 water eq) from the LCIA-method ILCD 

2011 and Land system change – global (%) and Freshwater use – global (km3) from the 

Planetary Boundary based LCIA-method. The impact categories related to nitrogen were 

included as they represent an important contributor to anthropogenic pressures that can have 

serious consequences for Earth System processes functioning [41]. The considered impact 

categories is presented in Table 4. Further details regarding choice of impact coverage can be 

found in Supporting Information I, Section II.VII.III.  
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Table 4 The impact categories considered in this study for the two methods respectively  

Impact categories CCnorm Impact categories PB-LCIA 

Climate change (kg CO2 eq) Climate change – energy imbalance (Wm-2) 

Marine eutrophication (kg N eq) Biogeochemical flows – N (Tg N) 

Land use (kg C deficit) Land system change – global (%) 

Water resource depletion (m3 water eq) Freshwater use – global (km3) 

 

3 RESULTS  

In order to make the results transparent and comparable to similar building studies, the 

characterised results obtained using ILCD 2011 are presented in Table 5. The lowest impact 

potential is marked in green, the highest in red. 

 

Table 5 Characterised annual impact potential for each of the MiniCO2 Houses for the Base 

Scenario using the LCIA method ILCD 2011.  

Impact category Refa UPa TMFb IMFb ADa Qa 

Climate change [kg CO2 eq] 1.30×103 1.33×103 1.20×103 1.05×103 1.62×103 1.14×103 

Marine eutrophication [kg N eq] 1.56 1.47 1.52 1.97 2.01 1.56 

Land use [kg C deficit] 6.33×103 7.27×103 7.03×103 1.04×104 1.96×104 6.74×103 

Water resource depletion  

[m3 water eq] 
9.54 9.84 9.80 9.93 1.39×101 8.49 

a120 year service life 

b150 year service life 

Ref - Reference House, UP - Upcycle House, TMF - Traditional Maintenance-free House, IMF - Innovative Maintenance-

free House, AD - Adaptable House, Q - Quota House 

 

The results presented in Table 5 shows that AD House has the highest environmental impact 

potential in 3 out of 4 of the considered impact categories, whereas the house with the lowest 

environment impact potential varies between the impact categories. The larger environmental 

impact potential in AD House is due to additional material consumption when expanding the 

house 3.03 times during the service life. Indeed, a contribution analysis showed that the 

choice and amount of materials used over the house’s service life has a large influence on the 

environmental performance. Moreover, the contribution analysis showed that the Use stage 

was found to be the main contributor to the environmental impact potential across all impact 

categories due to consumption of electricity and district heating (see Supporting Information 

I, Section III. II for further details and results from the contribution analysis). The impact 
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potentials relative to the assigned SoSOS for the six dwellings, the two scenarios and the 

method CCnorm are presented in Fig. 3. The figure shows the extent to which each house 

exceeds the assigned SoSOS when considering the six different sharing principles and the 

LCI uncertainty. The red line in the Figure indicates the boundary and assigned SoSOS, 

which means that if the impact potential is above the line, hence above 1, the boundary is 

exceeded. The error bars indicate the LCI uncertainty in combination with the ranges across 

the applied sharing principles, where the latter dominate the uncertainty. In the figure, the 

results are shown on a logarithmic scale. Consequently, for the impact category Water 

resource depletion the uncertainty range is only expressed from the mean to the upper limit of 

the confidence interval (97.5%) as the lower limit (2.5%) reaches a negative value, which 

cannot be presented on a logarithmic scale. 

 

 

Fig. 3. Impact potential relative to the assigned SoSOS for the Base Scenario and Scenario 6 

for each of the five MiniCO2 houses for four impact categories and applying the method 

CCnorm. The bar for each house represents the variation across six different sharing 

principles. 

Ref - Reference House, UP - Upcycle House, TMF - Traditional Maintenance-free House, 

IMF - Innovative Maintenance-free House, AD - Adaptable House, Q - Quota House 

 

The results obtained for the Base Scenario using the method CCnorm show that the MiniCO2 

Houses are within the assigned SoSOS in 1 out of 4 impact categories, but that the dwellings 

with varying certainty exceed the assigned share in the rest of the impact categories 

considered in this study (see Fig. 3 and Supporting Information I, Section III). In general, we 

find that AD House has the highest impact potential in 3 out of 4 impact categories for the 

Base scenario and thus is one of the worst performing MiniCO2 Houses. For Climate change, 
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AD House exceeds the assigned SoSOS by on average a factor 6.6 across sharing principles, 

7 whereas IMF House, with the lowest impact potential for Climate change, exceeds the 

assigned SoSOS by an average of a factor 4.3 across sharing principles (see Supporting 

Information I, Section III). However, considering the remaining impact categories the results 

show that UP House and Q House are among the best performing dwellings, where UP House 

excels in the impact categories Marine eutrophication and Land use and Q House in Water 

resource depletion and Climate change. The results obtained for Scenario 6 using the method 

CCnorm support the same conclusion as the results obtained for the Base Scenario, namely 

that the impact potential of the MiniCO2 Houses exceeds the assigned SoSOS in 3 out of 4 

impact categories (see Fig. 3 and Supporting Information I, Section III). However, the results 

show that the improvements included in Scenario 6 bring the impact potential of dwellings 

closer to stay within the assigned SoSOS. For the impact category Climate change, Ref 

House is found to be the dwelling with the highest impact potential exceeding the assigned 

share by averagely a factor 2.7 across sharing principles. For the same impact category, IMF 

House is found to have the lowest impact potential and thus is the dwelling that comes closest 

to staying within the assigned SoSOS by an average of a factor 1.7 across sharing principles. 

However, for the impact categories Land use and Marine eutrophication IMF House is 

among the worst performing dwellings, whereas UP House is the best performing dwelling 

being within the assigned SoSOS for both impact categories. Finally, for the impact category 

Water resource depletion, Q House is the MiniCO2 House with the lowest environmental 

impact, on average occupying only 0.17 of the assigned SoSOS. The environmental 

performance of the MiniCO2 Houses thus depends on which impact category is considered. 

For the impact category Marine eutrophication, Fig. 3 shows that the MiniCO2 Houses are 

all likely to stay within the assigned SoSOS for all sharing principles, whereas for the impact 

categories Land use and Water resource depletion, the sharing principle and LCI uncertainty 

determines whether the dwellings are within the assigned SoSOS. However, in order for the 

dwellings to be considered absolutely sustainable, the environmental impact of the dwellings 

must be within the assigned SoSOS for all impact categories. The similar results, obtained 

using the PB-LCIA method, are presented in Fig. 4 and in Supporting Information I, Section 

III.  
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Fig. 4. Impact potential relative to the assigned SoSOS for the Base Scenario and Scenario 6 

for each of the five MiniCO2 houses for four impact categories and applying the PB-LCIA 

method. The bar for each house represents the variation across six different sharing 

principles. 

Ref - Reference House, UP - Upcycle House, TMF - Traditional Maintenance-free House, 

IMF - Innovative Maintenance-free House, AD - Adaptable House, Q - Quota House 

 

The results presented in Fig. 4 focusing on the Base Scenario using the PB-LCIA method 

show that the MiniCO2 Houses are within the assigned SoSOS in 1 out of 4 impact categories 

and that they most likely exceed the assigned SoSOS in 3 out of 4 impact categories (see Fig. 

4 and Supporting Information I, Section III), which corresponds to the results obtained using 

CCnorm. For Climate change – energy imbalance, AD House exceeds the assigned share of 

the PBs by an average of a factor 17.5 across sharing principles and is thus the worst 

performing dwelling in this impact category. For the same impact category, Climate change – 

energy imbalance, the dwelling with the lowest impact potential is UP House and exceeds the 

boundaries by averagely a factor 11.3 across sharing principles. In general we find that UP 

House excels in the impact categories Climate change – energy imbalance, Land system 

change – global and Freshwater use - global, whereas TMF House excels in Biogeochemical 

flows – N. The results obtained for Scenario 6 show that the MiniCO2 houses are closer to 

staying within the assigned SoSOS than in the Base Scenario, however still far from reaching 

a definite absolutely sustainable level. IMF House is found to be the dwelling with the 

highest impact potential for the impact categories Climate change – energy imbalance, 

Biogeochemical flows – N and Land system change - global, where Climate change – energy 

imbalance IMF House exceeds the assigned SoSOS by an average factor of 7.6 (see 

Supporting Information I, Section III). It is found that UP House is the house with the lowest 
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impact potential irrespective of the impact category, but it still exceeds the assigned SoSOS 

by an average of a factor 4.9 for the impact category Climate change – energy imbalance (see 

Supporting Information I, Section III). As for CCnorm, the environmental performance of the 

dwellings depends on the considered impact categories. For the impact category Land-system 

change - global, all dwellings stay within the assigned SoSOS irrespective of the LCI 

uncertainty and of the choice of sharing principle, however for the impact category 

Biogeochemical flows – N and Freshwater use - global, the exceedance of the assigned 

SoSOS is dependent on the sharing principles and on the LCI uncertainty. 

 

4 DISCUSSION  

In the Base Scenario using the CCnorm, Q House, Ref House and TMF House are absolutely 

sustainable if applying sharing principle 4 (acquired rights þ acquired rights – see Table 1) 

and accounting for the uncertainties in the model. However, if applying one of the other five 

sharing principles, no house is within the assigned SoSOS. Applying PB-LCIA, no house is 

absolutely sustainable in the Base Scenario irrespective of which sharing principle is applied, 

indicating that even the best attempts at designing single-family stand-alone dwellings are 

insufficient. If considering the best case scenario, Scenario 6, and CCnorm, all dwellings are 

absolutely sustainable when applying sharing principle 4. Contrarily, for PB-LCIA only UP 

House is absolutely sustainable in Scenario 6 if applying sharing principle 4, thus calling for 

improvements in other dwellings. The results obtained in this study indicate that the choice of 

architectural design of the dwellings within the five different designs may have little impact 

on the dwellings’ ability to stay within the assigned SoSOS. From Section 3 it is evident that 

for the majority of the considered impact categories, the dwellings either all stay within the 

SoSOS or all exceed the assigned share. The exceedance of the SoSOS may be vastly 

dominated by the energy consumption for building operation, which we assumed to be the 

same for all dwellings (except Q House), and thus the differences caused by architectural 

design will appear minor. However, there is a clear tendency in the results that using recycled 

or reused materials in the product stage decreases the environmental impacts of a dwelling. 

This is supported by Table S13 in Supporting Information, which shows that the product 

stage’s share of the total life cycle impacts for UP House is generally lower than for the other 

houses. Another advantage of UP House is its size (129 m2) as a smaller area will lead to less 

operational energy consumed. This could also be part of the reason why Q House performs 

well, as its area is only slightly larger (138 m2). These findings are in line with Brejnrod et al. 

[10], who also identifies housing size as important for a house’s environmental performance. 
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As energy consumption appears an important factor (supported by the decrease in impacts 

from the Base Scenario to Scenario 2 and 3, where energy consumption is reduced and the 

energy grid mix contains a larger share of renewable energy sources, respectively) it is clear 

that action is needed to move from current conditions to these possible future scenarios. A 

reduction in energy consumption can be achieved by changes in our way of living, while the 

composition of the energy grid mix requires the attention of policy makers. Finally, the 

results indicate that the structural system of wood in IMF House and UP House has a positive 

effect in climate change-related impact categories when impact assessment is done with 

ILCD 2011. 

 

4.2 Influence of the sharing principles   

Table S23 and S31 in Supporting Information I, Section III.V shows the sizes of the shares 

assigned by each sharing principle. The difference between the sharing principle that assigns 

the smallest SoSOS (sharing principle 1) and the sharing principle that assigns the largest 

SoSOS (sharing principle 4) to a single-family stand-alone dwelling is approximately a factor 

12, demonstrating the crucial influence of the sharing principle on how large a SoSOS is 

occupied by the dwellings. As sharing principle 4 (i.e. acquired rights based by considering 

CO2 emissions and energy consumption) assigns a larger SoSOS to the dwellings than the 

remaining sharing principles, more dwellings stay within the boundaries when this sharing 

principle is applied. This finding is in line with what has previously been established about 

the importance of the choice of sharing principle by both Sandin et al. [21] and Ryberg et al. 

[15]. For the impact categories Climate change, Land use, Water resource depletion, 

Biogeochemical flows – N and Freshwater use - global, the choice of sharing principle 

determines whether a house is within the assigned SoSOS. The definition of six varying 

sharing principles is an attempt to highlight the uncertainty linked to the choice of sharing 

principle, but also an approach to a question without an answer - i.e. who has the right to 

impact the environment how much? It is a question, which cannot be answered without an 

ever-present bias depending on who replies. Sandin et al. [21] considers the question a matter 

of ethics, and attempts to answer the question by applying four common ethical principles. As 

has previously been argued by Brejnrod et al. [10] there is no objective way to assign the 

SOS to a building or any other service, as the sharing principle will be seen as more or less 

fair depending on the eyes of the beholder. While equal per capita sharing of the safe 

operating space may seem fair given the implied equality of all individuals, it is not given 

that all people require the same size of “ecological resource” to experience an equal degree of 
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welfare [19]. As, for instance, argued by Ryberg [40], people living in colder regions may 

require a larger SoSOS relative to people living in warmer regions because as they require 

energy for heating to experience the same degree of wellbeing. On the other hand, when 

considering sharing principles based on acquired rights there will be bias placed towards 

existing activities which currently have high contribution to impacts, while activities that 

have low contribution to impacts are assigned a smaller share [19]. 

 

4.3 Choice of AESA approach 

One of the objectives of this paper was to test the robustness of the results towards the choice 

of AESA approach. The results presented in Section 3 show that the two approaches lead to 

somewhat different conclusions on whether or not each MiniCO2 House can be considered 

absolutely sustainable now and in future scenarios. Overall, CCnorm finds more dwellings to 

be absolutely sustainable, some even in the Base Scenario if the LCI uncertainty is 

considered. Given the underlying theory of the two methods presented in Section 2.1, it was 

expected that when applying the PB-LCIA methodology a (relatively) larger SoSOS would 

be occupied by the dwellings, as the Planetary Boundaries are defined as “below” the 

carrying capacity of our planet (see Fig. 1). It is suspected that this could be one cause for the 

pattern observed in the results obtained with the two methods. Another supplementing cause 

could be the inherent differences of the CCnorm and PB-LCIA frameworks. In CCnorm 

carrying capacities are adapted as normalisation factors to comply with the impact categories 

of ILCD 2011, whereas in PB-LCIA characterisation factors are adapted to fit with the 

Planetary Boundaries. This means that the results are difficult to compare, as the impact 

categories are simply not directly comparable. Ryberg [40] found that while Climate change - 

energy imbalance (PB-LCIA) has high coefficients of correlation with the impact category 

Climate change (ILCD 2011) and could thus potentially be considered comparable, others 

cannot be compared such as Land-system change - global (PB-LCIA) and Land use (ILCD 

2011) due to low coefficients of correlation [16]. It should be noted that this is an aspect that 

has not been thoroughly investigated yet and possibly more work is required in this area. 

 

4.4 Limitations and recommendations 

One of the most relevant limitations in the modelling of the studied systems is the service life 

of the MiniCO2 Houses. Assuming a realistic service life for building components as well as 

the entire building was one of the main challenges when compiling the inventories. We 

decided to strive for consistency in the modelling and therefore all assumptions were based 
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on theoretical estimates of service life under Danish conditions [42]. This parameter is not 

only related to a high level of uncertainty, it will similarly be subject to a high degree of 

variability and thus have the potential to influence the results. As example, a longer service 

life allocates the impacts of construction and demolition to a higher number of years resulting 

in a lower impact per functional unit. Based on this it should be considered if a different 

approach to predicting the service life of the building could be adopted. One possible 

alternative approach is a study by Østergaard et al. [43], where the service life of buildings is 

determined by the choice of cladding materials, location and use type. Applying this 

approach would have meant modelling an individually estimated service life of each 

MiniCO2 House. This could potentially have made the modelled systems a more accurate 

representation of reality, but in this study we decided to focus on consistency in the 

modelling approach and therefore it seemed more appropriate to model the service life equal 

for all dwellings. Another challenge in modelling the dwellings was deciding what to include 

in the use stage of the life cycle. As mentioned in Section 2.2 we distinguish between a 

household and dwelling, and assign a SoSOS to the dwelling, thereby leaving out all the 

activities taking place within the household, such as cooking, cleaning, and entertainment. 

However, this distinction challenges the fair comparison among the MiniCO2 Houses, as the 

main benefit of the Q House is in fact the lowered impacts from activities taking place within 

the household. Although less can be said about the actual environmental potential of the Q 

House, we decided to include the Q House as the scope of the study is an assessment of the 

building itself, not user behaviour. To express the potential benefits of the Q house, the scope 

must be expanded to cover user behaviour and consumption of products and services used in 

the household. This was outside the scope of this study, but would be relevant to further 

investigate, to obtain a more comprehensive assessment of the absolute environmental 

performance of the dwelling. As described in previous sections it is clear that the choice of 

sharing principle has a determining effect on how much of the SoSOS is occupied. This is a 

challenge, as it is inherently a matter of ethics and therefore problematic to apply when an 

objective conclusion is strived for. Furthermore, the calculated shares become outdated as the 

world population steadily grows, thereby constantly decreasing the SoSOS available to each 

individual. According to the UN, the world population will exceed 11 billion in 2100 [44], 

which will decrease the size of sharing principle 1, 2 and 3 drastically, thus inspiring the need 

for even more ambitious strategies. Nevertheless, it is important to further investigate the 

sensitivity of the AESA results towards the choice of sharing principle. Moreover, we 

recommend being transparent about choice of sharing principles in AESA and work towards 
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a standardization on the application of sharing principles to increase comparability across 

AESAs. We found that the largest reduction in environmental impact compared to the Base 

Scenario was achieved in Scenario 1 and Scenario 3, i.e. avoiding an expansion of the house, 

and lowering the energy consumption by implementing smart technologies and introducing 

positive nudging to alter the residents’ behaviour. Thus, we argue that the most important 

factors towards achieving absolute sustainability are floor area per person and energy 

consumption per square meter. This is in line with the findings of similar studies [10,45,46]. 

 

5 CONCLUSION 

In this study we have presented an absolute environmental sustainability assessment of six 

single-family stand-alone dwellings using two methodologies to quantify absolute 

sustainability. It is found that UP House, Ref House and TMF House is within the boundaries 

when applying CCnorm and sharing principle 4, whereas neither of the assessed dwellings are 

within the boundaries of absolute sustainability when considering PB-LCIA. AD House, i.e. 

flexible area, is found to be the worst performing house across both methods and all impact 

categories, scenarios and sharing principles, whereas Q and UP House, i.e. reduced energy 

consumption and use of recycled and reused materials respectively, generally are found to be 

the best performing dwellings. However, when accounting for uncertainty of the LCI, there is 

not a clear difference in the impact potential for Q and UP house. Thus, it is difficult to 

conclude which sustainability strategy of the two has the greatest potential to reach absolute 

sustainability. The conclusions are found to be overall independent of the assessment method 

applied, but highly dependent on the choice of sharing principle. It is important to note that 

from the results obtained in this study, achieving absolute sustainability for single-family 

stand-alone dwellings still appears to be out of reach if current practices are not changed. The 

results call for drastic action in areas such as composition of energy grid mix, choice of 

materials and way of living. It was found that all parameters considered in this study, which 

covers a wide range of aspects, had a notable influence on the results. It is however clear that 

improving in only one area will very likely not be sufficient to achieve absolute 

sustainability.  

 

DECLARATION OF COMPETING INTERESTS 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 



 23 

APPENDIX A. SUPPLEMENTARY DATA  

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.buildenv.2019.106633. 
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