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Abstract. This study applies an environmental return on investment approach to 
evaluate building refurbishment from a life cycle perspective. The used method-
ology focuses on the changes introduced by refurbishment, i.e. added embodied 
environmental impact and changed operational environmental impact, from a life 
cycle perspective with the technical service life of the refurbishment measure as 
a time limit. The methodology is applied to a case study in Umeå, located 455 
km south of the Arctic Circle, with a unique set of data on reduction in operational 
energy. The result show the environmental impact, energy (Joule) and GWP 
(CO2-eq), in terms of environmental return on investment of the case study refur-
bishment measures. The case study shows that the methodology is a useable ap-
proach to compare refurbishment measures from a life cycle perspective. It is 
possible to use the methodology as a tool at an early stage in planning of sustain-
able building refurbishment from a life cycle perspective. For a widespread use 
of a tool based on an environmental return on investment approach, further re-
search on guidelines for sustainable environmental return on investment values 
is required. 
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1 Introduction 

Refurbishment of buildings represents 17 % of the primary energy savings potential in 
the EU until 2050 [1]. Building refurbishment from a life cycle perspective is required 
to meet the nearly zero-energy policies [2] and continue cutting emissions. Anand et al. 
suggest that further Life Cycle Assessment (LCA) studies on building refurbishment is 
needed and that more case studies are required to build references [3]. Vilches et al 
claims in a recent review study that there are only 13 European studies published on 
refurbishment LCA [1] out of these, 4 studies are made on multi-family buildings.  

There are challenges and research opportunities associated with LCA. Building ser-
vice life is a parameter containing many variables making it difficult to estimate. In 
LCA studies the building service life varies from 50 to 150 years [1; 4], making it prob-
lematic to compare LCA studies. 

The challenges associated with LCA have a negative effect on the usage of the tool. 
The Swedish National Board of housing, building and planning believe that a simplified 
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LCA tools is crucial to stimulate and increase the use of LCA in the Swedish building 
sector [5].  

An environmental return on investment approach could provide a simplified tool for 
refurbishment LCA. Similar to the approach presented by Bhandari et al. in an energy 
return on energy invested evaluation of photovoltaic (PV) technologies [6].  

The scope of this study is to apply an environmental return on investment approach 
as a simplified tool for planning of sustainable refurbishment based on a life cycle per-
spective and the technical service life of the refurbishment measures. 

Vesterberg et al. has during a time period of five years (2010-2015) studied the re-
furbishment of multi-family buildings in the “Sustainable Ålidhem” project in Umeå 
[7]. The study has resulted in a unique set of data on the real reduction in operational 
energy for individual refurbishment measures. The methodology of this study will be 
applied to the Ålidhem case study to assess the refurbishment measures made.  

2 Methodology 

The methodology focuses on the changes introduced by refurbishment, i.e. added em-
bodied environmental impact and changed operational environmental impact, from a 
life cycle perspective with the technical service life of the refurbishment measure as a 
time limit.  

System boundaries of the refurbishment measures follows the EN 15978:2011 stand-
ard [8] and includes as follow; 

x Production stage including raw material supply, transport and manufacturing. Im-
pact of this stage is found in Environmental Product Declarations (EPD).  

x Construction stage including transport and construction installation process. 
x Use stage including environmental impact linked to use, maintenance, repair, oper-

ational use of energy and water. 
x End-of-life stage including environmental impact from deconstruction, reuse, 

transport and disposal. 

The EN 15978:2011 standard does not credit benefits and loads beyond the system 
boundary, e.g. combined heat- and power production from waste material.  

The total environmental impact of the refurbishment measure, according to EN 
15978:2011, is referred to as the Added Embodied Environmental Impact (AEEI) in 
this study. The refurbishment measure affects the operational energy use resulting in a 
change in operational environmental impact. Environmental impact includes energy, 
measured in Joule, and Global Warming Potential (GWP), measured in CO2-eq, in this 
study. Sustainability is assessed trough these units. 

The refurbishment measures are made from an efficiency aspect, to reduce opera-
tional energy during the use stage of the building life cycle, thus reducing environmen-
tal impact during the use stage. Fig. 1 illustrates the effect of refurbishment as an im-
mediate increase in environmental impact because of AEEI from the refurbishment 
measure. As a result of the refurbishment measure there is a reduction in environmental 
impact over time, illustrated in the figure. At the environmental payback, the AEEI is 
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balanced by the reduction in operational environmental impact. The refurbishment 
measure is advantageous in those cases when the technical service life is longer than 
the payback time. 

 
Fig. 1. The environmental payback of a refurbishment measure. AEEI and annual reduction in 

operational environmental impact due to refurbishment is displayed. 

The Environmental Payback Time (EPBT) is calculated according to eq. 1 [6]. AEEI is 
divided by the change (Δ) in operational environmental impact (OEI) per year. 

 𝐸𝑃𝐵𝑇𝐸𝑛𝑒𝑟𝑔𝑦/𝐺𝑊𝑃 =  𝐴𝐸𝐸𝐼𝐸𝑛𝑒𝑟𝑔𝑦/𝐺𝑊𝑃 

∆𝑂𝐸𝐼𝐸𝑛𝑒𝑟𝑔𝑦/𝐺𝑊𝑃
 (1) 

Besides EPBT another important key number is Environmental Return on Investment 
(EROI), calculated according to eq. 2 [6]. EROI accounts for the technical service life 
(TSL) of the refurbishment measure.  

 

 𝐸𝑅𝑂𝐼𝐸𝑛𝑒𝑟𝑔𝑦/𝐺𝑊𝑃 = 𝑇𝑆𝐿
𝐸𝑃𝐵𝑇𝐸𝑛𝑒𝑟𝑔𝑦/𝐺𝑊𝑃

 (2) 

In a previous work, Hall et al. analyzed the minimum needed return on energy invested 
for a sustainable society [9]. In their study, the downstream energy use associated with 
refining, transporting and using oil and ethanol in the transport sector was studied. The 
result of this study was a desirable EROIEnergy of 3, due to downstream energy use and 
needed infrastructure. 

A refurbishment measure with an EROI greater than one results of course in an en-
vironmental saving and a positive environmental impact. If today’s energy system and 
current climate development is considered sustainable, an EROI of one would be suf-
ficient. But taken into account the global need of a transition to renewable energy 
sources, reduction in greenhouse gas emissions and protection of finite natural re-
sources, an EROI value greater than one would be needed for both energy and GWP.  

Environment Payback 

Environment  
Saving 
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In this study, we have used a minimum EROI of 3, the same as Hall et al. [9], for both 
energy and GWP, as a reasonable demand for building refurbishment. 

3 Case Study Data 

The methodology presented in this study has been applied and tested on the “Sustaina-
ble Ålidhem” refurbishment project conducted by the municipal housing company in 
Umeå, AB Bostaden. The project included 405 apartments distributed on 21 buildings 
connected to the district heating in Umeå for space heating and domestic hot water and 
to the national grid for electricity. During the project, measuring equipment was in-
stalled in a reference building, where no refurbishment measures were made, and a Pilot 
building that was refurbished. The refurbishment measures studied are; 

x Installation of an energy recovery ventilation system with a weight of 691 kg. 
x Installation of 3-glass windows with a U-value of 1.1 WK-1m-2. The total installed 

area of windows where 114 m2. 
x Roof insulation of 50 cm loose glass wool and a total weight of 3 ton. 
x Additional glass wool wall insulation. 2.8 cm on short sides and 9.0 cm on long sides 

summing up to a total weight of 1.6 ton. 
x PV was mounted on the roof. 70 m2 of CIGS PV and 55 m2 Multi-Si PV. 

The annual reduction in operational environmental impact as a result of a refurbishment 
measure on the pilot building is shown in Table 1. The annual reduction in operational 
energy has been measured by measuring equipment [7] and annual reduction in opera-
tional GWP has been calculated from the reduction in combined heat- and power pro-
duction (CHP). The district heating in Umeå is based on low impact bio-based fueled 
CHP with an emission factor of 0.011 ton CO2-eq/GJ [10]. 

Table 1. Annual reduction in operational environmental impact due to reduced heating demand. 

Refurbishment measure Annual reduction in 
operational energy 
[GJ/year] 

Annual reduction in 
operational GWP  
[ton CO2-eq/year] 

Energy recovery ventilation 
system 

263 2.89 

Windows 37.8a 0.42 
Roof insulation 76.0a 0.84 
Wall insulation 23.4a 0.26 

a[7] 

As a refurbishment measure PV were mounted on the roof of the pilot building. Two 
different types of PV where installed, the CIGS PV and the Multi-Si PV. Table 2 shows 
the amount of energy produced by the different types of PV and the GWP savings as a 
result of the renewable energy produced.  

The GWP savings are calculated assuming that the electricity produced by the PV 
replaces the Nordic electricity mix [11] and that the net energy production of the PV 
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does not decrease over time. The emission factor (0.036 ton CO2-eq/GJ) of the Nordic 
electricity mix is a mean value over the period 2005-2009 with the allocation method 
Consideration of gross import/export [11]. According to Martinsson et al. this is the 
allocation option that can be considered most similar to reality [11]. 

Table 2. Annual reduction in operational environmental impact due to installation of PV, re-
places Nordic electricity mix. 

Refurbishment measure Annual reduction in 
operational energy 
[GJ/year] 

Annual reduction in 
operational GWP  
[ton CO2-eq/year] 

CIGS PV 18.8 0.69 
Multi-Si PV  18.1 0.66 

Added embodied energy and GWP per refurbishment measure is displayed in Table 3. 
The environmental impact from the construction stage is not included.  

The data in Table 3 has been calculated based on information gathered from various 
scientific reports, referenced in the tables. The only exception is the added embodied 
GWP for the roof and wall insulation. The amount of electricity and fossil energy used 
in production of glass wool is found in the report by Tettey et al. [12]. The added em-
bodied GWP is calculated from the environmental data of the Nordic electricity mix, 
given by Martinsson et al. [11] and oil, fossil gas and coal data was taken from Eng-
ström et al. [10]. 

Table 3. Added embodied energy and GWP per weight or area unit to refurbishment measure.  

Refurbishment 
measure 

Added 
embodied 
energy  
[GJ/m2] 

Added 
embodied 
energy 
[GJ/ton] 

Added  
embodied 
GWP 
[ton CO2-
eq/m2] 

Added 
embodied 
GWP 
[ton CO2-
eq/ton] 

Energy recovery 
ventilation systemb 

 33.9  1.90 

Windowsc 0.13  0.11  
Roof insulationd  19.5  3.71 
Wall insulationd  19.5  3.71 
CIGS PVe 1.52  0.08  
Multi-Si PVe 2.23  0.12  

bWheel Air Handling Unit [13], cAluminium-Clad Wood Window [14] 
dGlass wool insulation [12], ePV system UCTE [15] 

To calculate the environmental return on investment the technical service life of the 
refurbishment measure is needed. Table 4 shows the technical service life of refurbish-
ment measures relevant to the case study. Technical service life of the refurbishment 
measures is collected from the references presented in Table 3, except the technical 
service life of the roof and wall insulation, collected from a study by Sohn et al. [16].   
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Table 4. Technical service life of refurbishment measures. 

Refurbishment measure Technical service life [years] 
Energy recovery ventilation system 20 
Windows 35 
Roof insulation 50 
Wall insulation 50 
CIGS PV 30 
Multi-Si PV 30 

4 Result and Discussion 

The methodology described in this study has been applied to the Sustainable Ålidhem 
refurbishment project case study. The results presented in this section is linked to the 
Pilot building and the conditions of that particular building. The AEEI of the refurbish-
ment measures is plotted in Fig. 2. The environmental impact from the construction 
stage is not included in the result. According to Liljenström et al. the environmental 
impact of the construction stage accounts for about 16 % of total AEEI [17]. If the 
construction stage would be included, the AEEI would increase with 19 % and the 
EROI would decrease by 16 %. This simplification does not affect the internal relations 
between the results since it applies to all refurbishment measures, but it does affect the 
relation to a minimum sustainable EROI. 

 
Fig. 2. Added embodied environmental impact of the refurbishment measures. 

The AEEI of the windows shows the lowest energy impact, but has the highest GWP 
impact. This shows that the manufacturing process of aluminium-clad wood windows 
is fossil charged. 

Environmental return on investment is plotted in Fig. 3. The figure shows the rela-
tionship between technical service life and environmental payback time.  



7 

 
Fig. 3. Environmental return on investment of the refurbishment measures. 

Fig. 3 shows that the choice to change from exhaust air ventilation to an energy 
recovery ventilation system in the Pilot building was successful with a high EROI. The 
window and wall insulation has the lowest EROIGWP. As said in the method, the mini-
mum EROI for a sustainable refurbishment measure is set to 3 in this study. With this 
reasoning, it would not be sustainable to invest in windows and wall insulation. If the 
construction stage would be included in the calculations, the EROIGWP of the window 
and wall insulation would be even lower.  

Roof insulation and PV has an EROIGWP of somewhere between 3 and 4. A reduction 
of 16 %, by including construction stage, would move them to the verge of being sus-
tainable investments, with a minimum sustainable EROIGWP of 3. The PV has a low 
EROIEnergy as well. If construction stage would be included the EROIEnergy of the Multi-
Si PV would get lower than 3.  

Depending on the priorities of the building owner, information of this kind at the 
planning stage of the refurbishment of the Pilot building could have influenced the de-
cision making to not invest in PV, because of its low EROI for both energy and GWP. 
Priorities of the building owner might also have influenced the investment in window 
and wall insulation because of their low EROIGWP. 

The results presented in this study is linked to the Pilot building, the results are de-
pendent on the source for heating and electricity, geographical location and original 
construction design of the building.  
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The emission factor (ton CO2-eq/GJ) of the energy mix is of importance in the eval-
uation of refurbishment measures. This is illustrated in Fig. 4. The results for the pilot 
building is compared to a different case of emission factor for heating and electricity, 
marked with red marks in Fig. 4.  

The Pilot building is heated by the Umeå district heating, based on bio fuels with 
low emission factor (0.011 ton CO2-eq/GJ) [10]. In Fig. 4 this is compared to a Swedish 
district heating based on fossil fuels with a higher emission factor 
(0.027 ton CO2-eq/GJ) [10].  

For the electricity, two different kinds of allocation methods, with different emission 
factors, are compared to each other. The electricity used in the Pilot building is believed 
to be the Nordic electricity mix with the allocation method Consideration of gross im-
port/export with a high emission factor (0.036 ton CO2-eq/GJ) [11]. In Fig. 4 this is 
compared to a lower climate impact Nordic electricity mix with the allocation method 
without regard to distribution, import or export (0.029 ton CO2-eq/GJ) [11].  

 
Fig. 4. Illustrating the methodology dependence on emission factor for heating and electricity by 
comparing DH fuel-composition and Nordic electricity mix allocation. Red marks indicate a dif-
ferent case of heating and electricity source than the Pilot building and the orange lines indicate 
EROIGWP and EROIEnergy of 3. 

The results shown in Fig. 4 clearly illustrates that the EROI results are dependent on 
the source for heating and electricity. An increased use of fossil fuels for heating affects 
the EROIGWP of the window and insulation, resulting in a EROIGWP higher than 3 for 
the wall insulation. The change in Nordic electricity mix allocation results in a lower 
EROI for both energy and GWP for the PV. The PV indicators plotted in Fig. 4 are 
close to the minimum sustainable indicator lines for EROIGWP and EROIEnergy of 3, be-
fore and after change in allocation method for the Nordic electricity mix. But the result 
is also dependent on the AEEI of the refurbishment measures, a less fossil charged 
production would result in a higher EROIGWP and thus make the questionable refurbish-
ment measures sustainable. 
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The methodology, an EROI approach, including AEEI and changed operational en-
vironmental impact based on a life cycle perspective and technical service life, can be 
implemented into excel and become a simplified tool for planning of sustainable refur-
bishment from a life cycle perspective. This would make the methodology usable in the 
building sector. Hopefully this kind of tool would stimulate and increase the use of 
LCA in the building sector.  

A excel tool could be developed by including the possibility to choose from different 
sources for heating and electricity and enable options for geographical placement of the 
building being assessed. Annual reduction in operational energy could be calculated 
using simulation tools, such as IDA ICE, when data is not available. Further studies 
should be conducted to develop a toolbox for planning of sustainable refurbishment 
from a life cycle perspective. 

In accordance with the EN 15978:2011 standard [8], the methodology does not credit 
benefits and loads beyond the system boundary. If the methodology would credit ben-
efits and loads beyond the system boundary, it would affect the AEEI and the EROI. 
Assessing benefits and loads beyond the system boundary is complex and paved with 
many allocation choices. In a simplified tool for planning of sustainable refurbishment, 
it would not be suitable to include benefits and loads beyond the system boundary. 

A key element for the future use of a tool based on this methodology, is the minimum 
EROI values. In this study, the minimum value for sustainable EROI for both energy 
and GWP has been set to 3. However, for future applications, guidelines for sustainable 
EROI values for both energy and GWP are needed. 

5 Conclusion  

The case study show that the methodology is an accessible approach to comparing 
refurbishment measures based on a life cycle perspective and the technical service life. 
There is a possibility to implement the methodology into excel as a tool to be used at 
an early stage in planning of sustainable building refurbishment from a life cycle per-
spective. Further development of the tool would include different sources for heating 
and electricity, possibility to choose geographical location and enable calculation of the 
annual reduction in operational energy through a simulation tool. For the widespread 
use of a tool based on an EROI approach, the development of guidelines on sustainable 
EROI values is required. 
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