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ARTICLE INFO ABSTRACT
Keywords: Through a systematic study, this paper conducted a life cycle assessment (LCA) consisting of evaluation of both
Building retrofitting embodied and operational emissions of different building retrofitting scenarios for a typical office building,

Zero energy building
Zero emission building
LCA

Embodied CO4-eq
CO,-eq payback time

located in Norway. LCA analysis was performed via the OneClick LCA tool. The emissions associated with the
operational energy use were evaluated for both the reference and optimized building energy models developed in
the IDA-ICE models from our previous studies. These models included two different HVAC systems: an all-air
(AA) system equipped with a demand control ventilation (DCV) and a hydronic system with the radiator
space heating (RSH) and a constant air volume (CAV) ventilation system. The findings showed that, through
retrofitting measures, the net total emissions could be reduced up to 52%, from 1336-637 kg carbon dioxide
equivalent (CO2-eq)/m?, which was achieved for the life cycle cost (LCC) optimal scenario equipped with the AA
system. The share of operational energy use (B6) in the total CO2-eq emissions was around 77% for the reference
case, whereas it was around 43-46% for the retrofitting scenarios. The most embodied CO,-eq emitted stages of
the LCA through retrofitting concerned the product stage (19-23%), transport to construction site (24-31%), and
the end-of-life service (around 25%). The findings confirmed that it was more environmentally friendly to further
re-insulate the other parts of the building envelope instead of ground floor, as the latter retrofitting scenario was
accompanied with a large increase of embodied emissions.

studied to cope with the climate change issue, but to achieve the target
of EU’s Policy, the renovation rate should further increase [6]. Ac-
cording to Statistics Norway (SSB), the amount of CO2 emissions in
non-residential buildings, which form the largest part of building stock
in Norway (around 58%), has decreased around 39% from 2015 to 2019
due to improvement of building energy performance [7]. However,
there must be additional attention to this matter if the goal is to reach a
carbon neutral level in Norway by 2030. Retrofitting towards the zero
energy buildings (ZEB) signifies a purposeful step in this regard,
resulting in reduction of forthcoming buildings energy use. The retro-
fitting process can include renovation measures with regard to building
envelope and facade, technical system, and utilization of renewable
energy technologies [8-10]. Furthermore, there are several ZEB defi-
nitions and some of them only focus on the energy use during building
operation and ignore the energy utilized for the production and
manufacturing of material and systems when shifting to ZEB level, or so

1. Introduction

According to the Intergovernmental Panel on Climate Change
(IPCC), the global temperature has risen by roughly 1 °C since the in-
dustrial age, because of human actions. It is also expected that the
temperature will increase further, by 1.5 °C, if the current situation is
prolonged [1]. Greenhouse gas (GHG) emissions are considered to be
one of the main sources for the climate change, and there has been
already introduced a GHG abatement curve in order to maintain the
global temperature rise below 2 °C by 2030 [2].

It has been reported that around 30-40% of global CO emissions are
produced in the building stock [3]. Since the 80-90% of the existing
buildings will still be in operation in 2050 [4,5], it is apparent that
building retrofitting would substantially mitigate the total GHG emis-
sions in the building sector. Building retrofitting has been broadly
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Nomenclature

Roman symbols

AA all-air

CAV constant air volume

CHP combined heat and power
CO,, carbon dioxide

COz-eq carbon dioxide equivalent
COP coefficient of performance
DCV demand control ventilation
EU European union

EPD environmental performance deceleration
GHG greenhouse gas

GSHP ground source heat pump

GWP global warming potential

HVAC  heating, ventilation, air conditioning system
IPCC intergovernmental panel on climate change
LCA life cycle assessment

LCC life cycle cost

nsg airtightness (1/h)

nZEB nearly zero energy building

PH passive house

PV photovoltaic

RSH radiator space heating

ZEB zero energy building

Greek symbols

v normalized thermal bridge (W/(m?K))

called embodied energy [11,12]. The concepts of the zero energy
building and embodied energy have proposed the idea to replace the
former concepts by the zero emission building and embodied emissions,
in which the balance is applied in terms of GHG emissions [13,14]. In
this regard, to reach the greatest level of the zero emission building in
the retrofitting process, it is necessary to conduct a life cycle assessment
(LCA) on how to compensate the embodied emissions of additional
materials during the whole life cycle. The balancing can be done using
the GHG emissions of produced energy from renewable sources such as
the use of solar energy via photovoltaic (PV) panels [15].

A broad range of embodied CO2 emission from buildings has been
reported in literature. De Wolf et al. [16] signified this by analyzing the
data obtained from over 200 buildings and the results showed that the
amount of building embodied CO, emission equivalent (CO-eq) varies
in the range of 150-600 kg COs-eq/m? per year of building lifetime.
Simonen et al. [17] state also a significant change of buildings’ contri-
bution in COs-eq emissions, which is in the range of 10-1082 kg
COy-eq/m? per year by evaluating 1150 buildings. These variations are
pointed out regarding several parameters such as building type, mate-
rials, geometry, and other design variables. So far, several studies on the
life cycle assessment (LCA) of GHG emissions related to both new and
refurbished buildings have already addressed the impact of the afore-
mentioned parameters. Some of them consider only the building use
phase, but others also consider the other stages of building life cycle
including the production, construction, and end-of-life.

Asdrubali et al. [18] evaluated the energy use and carbon payback
time of different retrofit scenarios for a school building in Northern Italy.
They applied the LCA method for calculating environmental impact of
the building for lifetime of 50 years. Their findings show that a cost
optimal case, in which the total specific building energy use was around
70 kWh/m?2.year, had a carbon payback time around 3.2 years. Opher
et al. [19] conducted a LCA, using OneClick LCA tool, to assess the
embodied emissions associated with the renovation of an existing
building. By assuming a 60-year lifetime, the results show that the
installation of renewable energy systems and the raised concrete floor
are responsible for 31% and 26% of the embodied COz-eq. Rodriguez
et al. [20] assessed the embodied carbon emissions associated with the
mechanical, electrical, and plumbing systems (MEP) in an office build-
ing in the Pacific Northwest, USA and Canada. Various heating, venti-
lation, and air conditioning (HVAC) systems such as variable air volume
(VAV) air handling unit (AHU), parallel fan terminals, water-source heat
pump, dedicated outdoor air system, variable refrigerant flow, and en-
ergy recovery ventilator were evaluated. The results showed that the
embodied carbon estimates ranged from 40 to 75 kg COg-eq/m? for
MEP. Garcia-Sanz-Calcedo et al. [21] quantified the embodied carbon of
HVAC systems installed in healthcare centers in the region of Extrem-
adura, Spain. The results showed that the embodied carbon considering
a 15-year lifetime of HVAG installations, is around 48.95 kg COy-eq/m?.

This was equivalent to the CO2 emitted for 2.3 years in the operation
phase. Ylmén et al. [22] investigated the embodied and operational
carbon emissions from HVAC systems in an office building in Sweden
and the results showed that 38 kg CO,-eq/m? was emitted in the pro-
duction phase and 100 kg CO»-eq/m? in the operation phase. Shuo [23]
analyzed the embodied emissions associated with three different HVAC
installations, including a VAV system, a chilled beam system, and an
underfloor air distribution in an office building in Australia. The total
embodied carbon emission was reported 21.01 kg COz-eq/m?, 42.70 kg
CO,-eq/m?, and 9.2 kg COy-eq/m?, respectively. Kiamili et al. [24]
performed a detailed LCA for HVAC systems based on building infor-
mation modelling (BIM) of a newly built office building in Switzerland.
The results indicated that the embodied impact of HVAC systems was in
the range of 15-36% of the total embodied impact of office buildings.
However, Medas et al. [25] indicated that recurring embodied carbon of
MEP from 30 years of maintenance and replacement might be much
larger than the initial embodied carbon.

Moschetti et al. [26] investigated alternative design solutions for a
zero energy office building, located in Norway, in order to achieve a zero
emission one. The building model was run using SimaPro tool, and the
results revealed that it was difficult to totally balance the life cycle GHG
emissions from materials by renewable energy, even with widespread
use of PV panels, and hence the embodied emissions from the materials
should come into the sharp focus. Piccardo et al. [27] conducted the LCA
of a retrofitted building to passive house level. They considered various
scenarios including using covering different building materials and
different electricity production cases. They pointed out that a careful
choice of building materials might result in maximum 68% reduction of
the net COz-eq in the retrofitted building than in the reference case,
notably when selecting the wood material for building frames. Chen
et al. [28] presented a multi-criteria evaluation approach for retrofit of a
residential building to reduce the primary energy, global costs, payback
period and the CO; emission. Regarding the environmental impact, an
COq-eq factor, corresponding to the emissions from different GHGs
generated only during building operation, was considered on the time
frame of 100 years. The results showed the CO2-eq can drop up to 10.4
kg COs-eq/m? in the case of applying extensive retrofits of building
envelope and use of renewable measures. Pal et al. [29] proposed a LCA
optimization approach to find the carbon-cost optimal solutions in terms
of both operational and embodied CO3 emissions. The results showed
that when the carbon optimal solution was the matter of concern, the
contribution of carbon embodied emissions in the LCA process was 39%,
while in the cost optimal solution, its share was 28% in the LCA. Krist-
jansdottir et al. [30] studied the feasibility of achieving a zero emission
building level, in terms of the life cycle energy and the material emission
balance, through redesigning a single family pilot building located in
Norway, which was constructed based on previous concept of zero
greenhouse gas emission building [31,32]. The findings revealed that
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the embodied emissions can be compensated up to 60% using the new
model. However, an optimization framework is necessary to reach the
balance of the life cycle energy and material emissions. Llantoy et al.
[33] developed a comparative LCA by focusing on different building
insulation materials including polyurethane, extruded polystyrene, and
mineral wool. The results showed that although all insulation materials
demonstrated a net positive benefit over 55 year’s lifetime, the highest
environmental impact was corresponding to the polystyrene insulation
material and the lowest one was for the mineral wool. Echarri-Iribarren
et al. [34] proposed a Life Cycle Construction Assessment of Envelopes
(LCCA-e) method for analysis of constructive improvements derived
from the application of ceramic panels and aluminum in a building
facade located in Spain. The results showed 65.6% and 67.7% reduction
in the global energy resources (GER) and global warming potential
(GWP) indicators in the production phase and a reduction of these in-
dicators by 87.1% and 86.8% respectively in the complete LCA. Chang
et al. [35] performed a life cycle energy assessment of several academic
buildings in Singapore. Their findings showed that 90% of the total life
cycle energy is due to operational energy while the remaining 10% is
from embodied energy. Sierra-Pérez et al. [36] used an integrated life
cycle and thermal dynamic simulation assessment to identify the ade-
quacy of each renovation alternative regarding the post-renovation en-
ergy performance of a commercial building, located in Spain. Their
method included an evaluation of using a renewable insulation material
in a low-energy building, especially a particular cork solution. The re-
sults showed that the renovation process of the low energy building
results in an increase in the embodied impacts in the building, mainly for
the large amount of insulation material. Furthermore, adopting cork did
not fit the requirements for competing with the common non-renewable
insulation materials as it did not lead to a better environmental per-
formance in buildings. Luo and Chen [37] established a LCA of a resi-
dential building in different areas and the results showed that the
amount of CO5 emissions in server cold area and hot summer and warm
winter area are the largest and the smallest, respectively. Wralsen et al.
[38] studied the LCA of retrofitting a residential building block from
1960s to nearly Norwegian passive house standard level over a 30 years
period. The results of upgrading showed that all environmental impact
categories reduced around 56-96% compared to the reference case, and
the carbon payback period was 1.09 year. Shirazi and Ashuri [39] car-
ried out a systematic LCA comparison of different retrofit measures and
their associated payback time for a single family residential building.
The investigation results showed that the foundation wall insulation
significantly contributed to the carbon and smog potential for the
building constructed before 1970s. The replacement of windows and the
HVAC system had the next highest environmental impact. However, for
after 1970s, HVAC replacement had the highest contribution to the
carbon and smog potential.

Some studies focused on the uncertainty of parameters, methods, and
scenarios in LCA process as it is a long-time frame process and there
might be significant changes in building fabric features, occupancy
behavior, climate changes, and etc. Zhang et al. [40], in a comparative
case study, investigated the uncertainty in the LCA of a building case
study by adopting deterministic and stochastic approaches. The first
term is basically defined as the emissions, which are equal to the
quantity product and the associated emission factor of the analyzed
process [41]. The second approach could be applied by Monte Carlo
simulations by considering the data samples generation as the main
technique, which necessitates the dissemination of input data [42]. The
results showed that the uncertainty in the input parameters could lead
the ratio of standard deviation to the results sample mean, which was in
accordance with the deterministic results, to be obtained around 0.51.
Zhang et al. [43] also carried out a similar investigation to quantify the
uncertainties in LCA of building COs-eq emissions when applying
different parameter, methods, and modelling. The methods included
process based method [44,45], input-output analysis [46,47], and
hybrid method [48,49]. LCA results of two residential buildings showed
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that selection of methods could significantly affect the CO»-eq emissions.
Furthermore, regarding parameter uncertainty, the input-output anal-
ysis could result in substantial errors, and hybrid techniques were sug-
gested in the emission evaluation instead. Goulouti et al. [50] applied a
systematic method to investigate the uncertainties of life service of
building components through a stochastic approach. This method was
applied for LCA calculation of a multi-family house. Moreover, a
comprehensive sensitivity analysis was applied. The results showed that
the main influential building elements on the uncertainty of LCA
replacement stage were external insulation, windows, roofing, flooring,
internal layout, and ceiling covering, respectively.

As the aforementioned studies showed, in the building retrofitting
context, applying new materials introduces extra embodied emissions
although the impacts associated with the energy use are reduced.
Furthermore, LCA is a proper tool to analyze the resulting shifting be-
tween the increased embodied emissions and the reduced impacts
associated with the energy use from an environmental standpoint.
Therefore, in this paper, we conducted a feasibility study through
adapting a cradle to grave method to assess the environmental impacts
associated with GHGs generated due to applying extra/new materials
and systems, and the resulting reduction of building energy use, by
applying several retrofit measures for a typical and existing Norwegian
office building. The main aim and novelty of this study was to identify
the environmental impacts associated with the aforementioned retrofit
measures applied in two different HVAC scenarios: (1) radiator space
heating (RSH) system with constant air volume (CAV) and (2) all-air
(AA) system equipped with a demand control ventilation (DCV) sys-
tem. Due to complexity of the building simulation modeling, the
building energy models corresponding to these scenarios were taken
from our previous studies [8,51]. In addition, the aim was to find an
optimal set of design solutions contributing to achieve a zero emission
building level with regard to these HVAC scenarios.

The rest of the paper is organized as follows. Section 2 introduces the
case building study and its characteristics, LCA specifications for anal-
ysis of embodied emissions connected to building materials and com-
ponents, and emissions related to the operational energy use both for the
reference building and the retrofitting scenarios. Furthermore, the
building LCA tool and its properties are described in this section (see
Fig. 1). Section 3 presents the results obtained from the LCA tool and
discuss and interpret the CO»-eq emissions produced in different sce-
narios and stages of the building life cycle. Finally, Section 4 summarizes
the conclusions and findings of this study and suggests a framework for
future work.

2. Method, building description, and tools

In this study, the LCA method was adopted to obtain science based
information about the environmental impact of different retrofit mea-
sures of an office building built in the 1980s, in terms of GHG emissions
(kgCO, — eq/m2  ...), implemented according to the Norwegian
standard NS 3720 [52]. This reference is based on the European LCA
standard EN 15978 [53] and is used for calculation of GHGs in buildings.
The functional unit was considered as one square meter of heated floor
area (m3_,, ,..,) over a service lifetime of 60 years [54]. The GHGs were
based on the Kyoto basket gases weighted by their global warming po-
tential (GWP) and aggregated to give total greenhouse gas emissions in
terms of CO»-eq [55]. In the first stage, we conducted energy simulations
using the building model and the optimized scenarios applied in our
previous work [8]. In this respect, we updated the building technical
system and envelope characteristics in the building Indoor Climate and
Energy (IDA-ICE) simulation software [56] to comply with the Norwe-
gian building regulation TEK 87. Afterwards, we calculated the CO»-eq,
using OneClick LCA, for various retrofit scenarios in different phase of
the building life cycle.
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Fig. 1. Method and different stages of LCA process.

2.1. Case study and retrofitting scenarios

The case building that was simulated and analyzed in this study was
a building model representing a typical and existing office building
configuration located in Norway (Fig. 2). As shown in Fig. 2 (a) and (b),
two office buildings, built on 1965 and 2015, have similar rectangular
geometry and consist of combination of single and landscape offices. The
considered building model in this study was an existing building from
1980 that was already applied in our previous studies [8,51]. The
reference building properties were selected according to the Norwegian
building regulation TEK 87 describing the characteristics of the typical
existing Norwegian office buildings in the same time frame [57], as the
majority of office buildings in Norway were built in the 1980s [7]. All
data related to the building’s area, volume, and energy use were ob-
tained from the IDA-ICE model in our previous study [8] and were used
as a basis for the greenhouse gas calculations in the LCA tool.

The building had a compact square design with a total internal vol-
ume of 9062 m® and a total floor area of 2940 m>. Details about the
building system and services can be found in the previous work [51] and
the most important building properties are given in Table 1.

In addition, four retrofitting scenarios were considered based on the

Table 1
Properties of the building mass used in the energy simulation
and LCA analyses.

Building component Values
Gross volume (m®) 10 200
Net volume (m®) 9062
Gross area (mz) 3000
Useable area (m?) 2940
Heated area (m?) 2290
Number of floors 3
Roof and Floor area (m?) 1000
External wall gross area (m?) 1326
External wall net area (m?) 1025
Window area (m?) 280
Exterior doors (m?) 21

models in our previous work [8]:

e The first and second scenarios models were designed based on the
Norwegian Passive House (PH) standard NS 3701 for non-residential
buildings [58]. The difference between the two scenarios was the

Fig. 2. (a) FN office building located in Arendal, which was built in 1965 and renovated in 2006 (b) An office building located in Bergen, which was completed in
2015 for the Norwegian Defence Estates Agency (NDEA) as a nearly zero energy building (nZEB) (c) Considered office building configuration modelled in the energy

simulation software in our previous studies [8,51].
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type of HVAC system in the zones. RSH and CAV ventilation system
were used in the first scenario (the same HVAC system as the refer-
ence building) while the AA system was applied in the second sce-
nario [8].

The two other scenarios were the optimized models achieved in the
previous work [8]. The optimized models were designed so that the
minimum life cycle cost (LCC) of retrofit measures were reached
while the building energy use for space heating and cooling did not
exceed the requirements defined in the Norwegian PH standard NS
3701. Furthermore, a thermal comfort constraint was also consid-
ered in these cases. The difference between two scenarios was the
type of space heating and cooling systems. The RSH system was
adopted in the third scenario whereas AA system, was applied in the
fourth scenario.

It should be noted that the space heating and cooling system in the
reference building and first and second scenarios was the RSH system.

The minimum requirements for the building envelope and glazing
properties for the reference building (TEK 87) and the PH cases, and the
building envelope properties for two other retrofit scenarios were
selected based on the previous work [8], are shown in Table 2.

2.2. Life cycle assessment

2.2.1. LCA tool

OneClick LCA was used for the LCA by taking into account the
Norwegian standard NS 3720 [59]. It is a standardized web-based
platform specifically designed for LCA of construction projects and
contains EPDs [60], completed together with upstream data from
well-established commercial LCA databases. It includes twelve
third-party certifications and complies with more than 30 certifications
and standards for the life cycle assessment, including NS 3720 [59]. Data
points used in our life cycle analysis were mainly Norwegian EPDs for
Norway or Nordic countries. In cases where none of the aforementioned
standard were accessible in the database, data from other countries were
used. It should be noted that this tool uses qualitative data input
meaning that the user selects an option from a given list, i.e. the modules
and indicators to be considered, the building substructure type, as well
as pre-established scenarios for construction and end-of-life. It facilitates
the data inputs, especially in the early stages of design, when exactly
information is not yet available. However, one of the downsides of
qualitative inputs is the “black box” approach that does not allow the
user to modify or access the parameters considered. Moreover, the tool
does not calculate the operational energy use, however, it allows the
user to input this information, as well as the electricity and fuel grid.

2.2.2. Godl, scope, and data source

Fig. 3 illustrates all the life cycle stages for building constructions. In
this study, we focused the LCA on the building GHG emissions, calcu-
lated in terms of COy-eq, from four main stages, i.e. production of ma-
terials, construction phase, operation stage, and the end-of-life (filled
green and red boxes). The first stage included extraction of raw mate-
rials, transport of them to the production site, and production (A1-A3).

Table 2
Building envelope and glazing properties reported in the previous work.
Building component TEK 87 PH RSH_LCC AA_LCC
External wall U-value (W/ <0.3 <0.1 0.12 0.12
(m*K))
Roof U-value (W/(m2K)) <0.2 <0.08 0.18 0.08
Floor towards ground U-value <0.3 <0.08 0.18 0.18
(W/(m?K))
Windows/doors U-values (W/ <2.4 (doors, <0.8 0.8 0.8
(m*K)) <2
v (W/(m-K)) <0.13 <0.03 0.03 0.03
nsp (1/h) <4 <0.6 0.6 0.6

Building and Environment 204 (2021) 108159

The second stage encompassed transportation of materials/components
to the construction site, construction, and installation work (A4-A5).
The embodied emissions related to the operation of the building
included renovation and replacement of building materials and com-
ponents during the use of the building (B2-B5). The embodied emissions
in the last phase covered the demolition, transportation, waste pro-
cessing, and disposal (C1-C4). The life service period for the retrofitted
building and the reference case study was assumed to be 60 years [54,
61]. In addition, the life service for various products in this study was
selected based on the product information provided by the manufacturer
and it available in the LCA tool. The emissions associated with the
operational energy use (B6) were calculated based on the energy sim-
ulations performed by considering the details of retrofitting scenarios
from our previous studies [8,51]. In fact, IDA ICE was used as a platform
to compute the energy performance of the models, and that data was
used in One Click LCA to compute the emission in the energy use. It
should be pointed out that the reuse, recovery, and recycling potential of
materials/components (phase D) were not taken into account due to
considering a cut-off system modelling approach, implying that the
avoided burdens of the recyclable materials were not modelled
throughout the way to where they recycled to new production.

For the retrofitting process, we adopted the same framework as in
Fig. 3, but considering a refurbished process instead of a new building
construction. This infers that the inputs for materials and components of
the LCA model were only associated with the retrofit measures and not
to the entire building in the retrofitting scenarios. Furthermore, the
database used for the greenhouse gas calculations at different life cycle
stages in the LCA tool are shown in Table 3.

In the product stage (A1-A3), the quantity of materials and technical
information of the building structural foundation, which mostly con-
cerned the reference building, were obtained from the archive for the
Norwegian Building Research Series for the office buildings constructed
in the 1980s [57].

2.3. Embodied CO3z-eq for building materials and components at different
scenarios

The material/component quantities, types, and their corresponding
CO2-eq emissions for the building structural foundation, vertical struc-
tures and facade, horizontal structures, and building HVAC and heating
supply systems were described only for the reference building, according
to the TEK87 code (see Fig. 2 c). For the retrofit scenarios, only the
quantity and the emissions associated with the extra building materials
and components were considered. Therefore, in the following sections,
the quantity and CO5-eq emissions of the materials used for the afore-
mentioned building components are firstly described for the reference
building and afterwards only the changes due to retrofitting are
mentioned. It should be noted that the life service for building founda-
tion, and vertical and horizontal structures was considered permanent if
otherwise it was mentioned.

2.3.1. Structural foundation

The building materials used in the structural foundation are shown in
Table 4. These materials were never replaced, considered with perma-
nent lifetime in all scenarios, and their quantities were calculated per
building gross area. The frost insulation was specified according to the
Norwegian building instructions and was calculated for the externally
insulated concrete with the maximum frost amount of 35 000 h°C [62].

2.3.2. Vertical structure and fagade

Table 5 shows the list of all materials’ quantity and their corre-
sponding CO»-eq emissions used in the vertical structures and facade.
The insulation materials were mineral wool class 36, which were
selected according to the archive for the Norwegian Building Research
Series in 1987 [63]. For the material calculation of load-bearing vertical
structures, the same calculation principles were used as proposed for the
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reference buildings in the Carbon Designer tool. Furthermore, the inte-
rior walls were assumed to be composed of 25% concrete walls and 75%
timber frame. In addition, a layer of water-based interior paint was
added to all interior walls in the calculation.

2.3.3. Horizontal structure

The quantities and corresponding CO2-eq emissions of the materials
used in the horizontal structure of the reference building are shown in
Table 6. The components of the horizontal structure such as roof, floors
and floor separators were set to be constructed of concrete.

2.3.4. Fenestration, elevator, and staircase
Table 7 shows an overview of the quantities and the corresponding
CO1-eq emissions of the materials used in the windows, stairs, elevators,

and doors. The considered material quantities corresponded to stairs
with 11 m height and one elevator shaft. As there was no available
window or door type with U-value of 2.4 W/ (mz.K) in the OnceClick LCA
library, a generic two-layer windows with wooden/aluminum frame
were used instead, because it had the same material impact on the CO»-
eq emissions as those had in 1987. The same assumptions were adopted
in selecting the type of doors.

2.3.5. HVAC and heating supply systems

The HVAC system in the reference building consisted of a generic
constant air volume system for cooling and heating of ventilation air and
the RSH system. The materials used for the ventilation system were due
to duct work and machinery. The materials used in the radiators or the
RSH system were due to hydronic heating distribution system, as shown
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Table 3
Data sources used for different LCA stages.
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LCA stage Source/assumption

Material quantities in
production stage (A1-A3)

Quantities and material types were entered
manually in the LCA tool based on the
requirements for the reference building case and
retrofit scenarios.

Automatic regional transport scenarios were used
representing typical transport distances. If there
was no data for the materials, the LCA’s Norwegian
default distance was used. The vehicles’ type used
for transportation was modelled using the
available database, so that the maximum capacity
of the vehicles nearly matches the transported
mass.

Emission from waste materials associated with the
construction and installation work was calculated
based on the available standard values for each
individual product.

Estimated lifetime was based on typical values for
each material. Maintenance and repairs were
omitted from the assessment as the materials were
assumed to be replaced at the end of their technical
life.

Emissions from energy use were calculated based
on the findings from building energy simulations
and optimization in our previous study [8].
Emissions in connection with the end-of-life
service were calculated according to the default
scenarios in the tool representing the typical
procedures for different types of material in
accordance with the requirements in the
Norwegian standard NS 3720.

Transport of material to the
production site (A4)

Construction and installation
work (A5)

Replacement and retrofitting
(B4-B5)

Operational energy use (B6)

End-of-life service (C1-C4)

Table 5
Materials’ quantity and CO,-eq emissions for vertical structure and facade.
Component Source Quantity CO3z-eq
(kg/
mz)

Exterior wall made of concrete Wooden studwork 118.9 m? x 26

148 mm
Mineral wool 906.1 m? x
insulation 150 mm
wind barrier 1025 m? x
9 mm
Generic concrete for 1025 m? x
external wall 200 mm
Reinforced steel 17 425 kg
Exterior cladding (external wall) Fiber cement board 1025 m°® 1.5
cladding
Concrete columns (support Generic mixed 56 203 kg 4
systems) concrete
Reinforced steel 4662 kg

Internal concrete wall with Mortar wall 960 m? x 1 9

reinforcement and filler mm
Generic mixed 480 m? x
concrete 150 mm
Reinforced steel 6120 kg

2 x 1440 7
2

Timber framed wall and 100 mm  Plaster cast 13 mm
steel stud with mineral wool m

insulation (internal walls) Structural steel 3984.5 kg
profiles
Mineral wool 1440 m? x
insulation boards 100 mm
Interior paint (internal walls) Water-based 514.4 kg 0.3

interior paint
(lifetime 15 years)

Table 4
Materials’ quantity and CO,-eq emissions for the ground foundation.
Component Source Quantity COz-eq (kg/
m?)
Foundation Base plate, 0.3 m generic 225 m® 28
concrete
Reinforced steel 18 750 kg
Gravel products 78 7500 kg
Frost EPS80 39 m® 0.8
insulation
in Table 8.

The systems were based on the generic available environmental
products in the LCA tool and represented the average quantity of the
materials for the performance criteria determined for the building gross
area around 3000 m2 The electric boiler was sized to cover the total
building heating demands. However, there are still large uncertainties
regarding the data sources used in the LCA tool since the available data
may not be accurate or can be specific to the investigated system.

2.3.6. Retrofitting scenarios

In the retrofitting scenarios, only the additional materials, with
corresponding CO»-eq emissions, to the aforementioned building ma-
terials were taken into account. In the scenarios where the re-insulation
of building envelope and facade was essential, a completely new con-
struction component was replaced. This was performed to have a correct
calculation of the life cycle assessment, so that the replacement of
component was taken into consideration. In this respect, for example,
the floor was replaced and the outer layer of asphalt in the roof was
replaced in order to re-insulate these building components with addi-
tional insulation. All the building envelope components including floor,
roof, and exterior walls were re-insulated with Glava Extrem 32 in the
LCA tool.

Table 9 shows the quantity of extra materials and the associated
emissions. In the PH scenarios (RSH_PH and AA_PH) the extra materials

Table 6
Materials’ quantity and CO,-eq emissions for horizontal structure.
Component Source Quantity COz-eq
(kg/
m2)

Floor towards ground EPS insulation 1000 m? x 39

80 mm
Generic concrete 1000 m? x
300 mm
Vapor barrier in plastic 1000 m? x
0.2 mm
Reinforced steel 27 000 kg
Mineral wool insulation 1000 m? x
3 mm
Floor separator: hollow Generic hollow core slab 1940 m? x 43
core slab with mineral 265 mm
wool insulation Generic concrete 1940 m? x
50 mm
Reinforced steel 4306.8 kg
Mineral wool insulation 1940 m? x
20 mm
Floor paint Epoxy floor painting 2940 m? x 0.7
0.1 mm
Floor covering Linoleum covering 2000 m? x 0.8
(lifetime 30 years) 2.25 mm
External roof: Compact EPS insulation and 1000 m? x 33
concrete Mineral wool insulation 180 mm
boards
Vapor barrier plastic 1000 m? x
0.2 mm
Generic concrete 1000 m? x
200 mm
Reinforced steel 28 000 kg
Roof membrane (external Double layer of asphalt 1000 m? x 4
roof) roof membrane (lifetime 3,5 mm
60 years)

were chosen to meet the standard requirements. The RSH_LCC and
AA_LCC scenarios were based on the previous work [8], where the re-
quirements were obtained from the LCC optimized solutions. The HVAC
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Table 7
Materials’ quantity and CO,-eq emissions for fenestration, elevator, and stairs.
Component Source Quantity CO3z-eq
(kg/m*)
Stairs Generic concrete 6.6 m® 0.8
Reinforced steel 658.4 kg
Elevator Generic concrete 19 m® 2
shaft Reinforced steel 1897.4
kg
External Steel door (lifetime 30 years) 12.6 m? 0.7
doors Steel garage door (lifetime 30 years) 8.4 m?
Internal Wooden interior door (lifetime 30 years) 44 units 1.9
doors Wooden double door (lifetime 30 years) ~ 13.2 m? 0.6
Emergency door (lifetime 30 years) 6.15 m? 0.1
Windows Two-layer window with wooden/ 280 m? 12
aluminum frame (lifetime 30 years)
Table 8

Materials’ quantity and CO3-eq emissions for HVAC system and central heating
system.

Component Source Quantity COy-eq
(kg) (kg/m?)
Ventilation Generic ventilation system 8250 55
system (lifetime 50 years)
Heating system Radiator heating system (lifetime 10 755 18
30 years)
Electric boiler Electric boiler, 280 kW (lifetime 3558 8
22 years)

system in the RSH PH and RSH_LCC was the same as the reference
building but with new waterborne radiators. In the AA_PH and AA_LCC
the HVAC system was replaced by an AA system to cover space heating,
space cooling, and ventilation air needs. In that case, the ventilation
control method was changed to DCV.

To investigate the effect of different insulation materials, the same
requirements for the building envelope characteristics should be
considered. Therefore, we considered the U-value requirements for the
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Norwegian PH standard NS 3701 [58]. The reason was that the PH
standard required the thickest insulation layers associated with largest
CO9-eq emissions. Table 10 shows the overview of which products were
assessed, and whether Norwegian EPDs were used. In the cases where
the desired product and EPD were not found in the software, generic
products were used instead, such as cellulose insulation.

Since a German product was used for the VIP insulation, the trans-
portation distance to the construction site was set to 1160 km.
Furthermore, the transportation distance to the construction site was
considered 1000 km for Polyurethane foam due to use of a Finnish
product. Otherwise, a standard Norwegian value was used for the
transportation of other insulation materials to the construction site.

Furthermore, as the aim of the retrofitting was to reach a nZEB level,
two types of PV were used, namely Monocrystalline and Polycrystalline.
Similar to the comparison of CO»-eq emissions for different insulation
materials, the energy use for the PH standard was used as the criterion to
balance the total delivered energy to the building and to calculate the
necessary area of PV panels, which was calculated based on the method
reported in Ref. [51]. The required area was obtained around 1500 m>
and 1800 m? for Monocrystalline and Polycrystalline cells, respectively.
The efficiency of these two types of PV cells was estimated based on
typical figures for commercial PV panels. To allow these types of panels
to be comparable in terms of CO2-eq emission, a manufacturer that
produced both types of panels were chosen, which is a Dutch manu-
facturer. Furthermore, the lifetime of PV cells was considered 30 years
and their degradation rate neglected in this study.

2.4. COz-eq emissions due to operational energy use

GHG emissions due to operational energy use were calculated based
on the delivered energy to the building and emission factors for elec-
tricity and district heating in accordance with NS 3720 [52]. Regarding
the COz-eq factor related to the electricity production and trans-
portation, 0.13 kg CO2-eq/kWh was assumed based on production mix
approach in the electricity supply (EU28 + Norge) with an expected
average over 60 years and starting point based on the average for the last

Table 9
Extra materials’ quantity and CO,-eq emissions for different retrofitting scenarios.
Component Materials RSH_PH AA_PH RSH_LCC AALCC
Quantity COs-eq Quantity COz-eq Quantity CO3-eq Quantity COz-eq
(kg/m?) (kg/m?) (kg/m?) (kg/m?)
Extra insulation for Glava Extrem 32 1 025m? x 4.6 1 025m? x 4.6 1 025m? x 3.5 1 025m? x 3.5
external wall 215 mm 215 mm 160 mm 160 mm
New exterior fagade Fiber cement board cladding 1 025m?> 4.3 1 025m? 4.3 1 025m? 4.3 1 025m?> 4.3

(external wall)

Extra insulation of the Glava Extrem 32 1 000m? x 116

floor towards 240 mm
ground Generic concrete 1 000m? x
300 mm
Plastic vapor barrier 1 000m? x
0.2 mm
Armouring 27 000 kg
Mortar 1 000m? x
3 mm
Epoxy floor paint 1 000m? x
0.1 mm
Extra insulation of the  Glava Extrem 32 1 000m? x 17.5
roof 240 mm
Double layer of asphalt roof 1 000m? x
membrane 3.5 mm
Plastic vapor barrier 1 000m? x
0.2 mm
Window Triple glazing, lifetime 30 years 280m? 34
External door Existing doors were replaced by 12.6m? 4
sliding door for use in exterior wall,
lifetime 30 years
New hydronic system For RSH_PH, and RSH_LCC, lifetime 10 755 kg 52

30 years

1 000m? x 116 1 000m? x 111 1 000m? x 111

240 mm 20 mm 20 mm

1 000m? x 1 000m? x 1 000m? x

300 mm 300 mm 300 mm

1 000m? x 1 000m? x 1 000m? x

0.2 mm 0.2 mm 0.2 mm

27 000 kg 27 000 kg 27 000 kg

1 000m? x 1 000m? x 1 000m? x

3 mm 3 mm 3 mm

1 000m? x 1 000m? x 1 000m? x

0.1 mm 0.1 mm 0.1 mm

1 000m? x 17.5 1 000m? x 12.9 1 000m? x 17.5
240 mm 20 mm 240 mm

1 000m? x 1 000m? x 1 000m? x

3.5 mm 3.5 mm 3.5 mm

1 000m? x 1 000m? x 1 000m? x

0.2 mm 0.2 mm 0.2 mm

280m? 34 280m? 34 280m? 34
12.6m> 4 12.6m> 4 12.6m? 4
NA NA 10 755 kg 52 NA NA
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Table 10
Required quantity of various insulation materials and their corresponding CO,-
eq emission to satisfy Norwegian PH standard.

Insulation product Norwegian Quantity COz-eq
EPD (kg/m?)
Glass wool: Glava Available Roof and floor: 2 x 5
Extreme 32 1000m? x 240 mm
External wall: 1025m?
x 215 mm
Rock wool: Rockwool- Available Roof and floor: 2 x 24
REDair Plate 1000m? x 248 mm
External wall: 1025m?
x 221 mm
EPS80: EPS-group, Available Roof and floor: 2 x 17
EPS80 1000m? x 285 mm
External wall: 1025m?
x 255 mm
VIP insulation, Vacuum Not available Roof and floor: 2 x 121
VIP 1000m? x 53 mm
External wall: 1025m?
x 47 mm
Cellulose insulation No EPD* Roof and floor: 2 x 2.6
1000m? x 278 mm
External wall: 1025m?
x 248 mm
Polyurethane foam No EPD” Roof and floor: 2 x 12.2
1000m? x 173 mm
External wall: 1025m?
x 155 mm
XPS, Sundolitt XPS Available Roof and floor: 2 x 30

1000m? x 255 mm
External wall: 1025m?
x 230 mm

# A Norwegian generic model was selected.
b A Finnish generic was used.

3 years [52,64]. The EU28 mix is a global power producer and the result
of cooperation between the countries of the EU, where the goal is to
reduce greenhouse gas emissions related to the production of electricity
[64].

The CO3-eq factor for district heating was selected 0.0138 kg CO»-
eq/kWh, which was based on the public data from Norwegian District
Heating Fellowship [65]. Additionally, we compared the COs-eq for
various types of energy supply system for heating. Four scenarios
including district heating, a ground source heat pump (GSHP), electric
boiler, and a combination of GSHP and electric boiler were considered.
In order to find the necessary electricity required by the GSHP, a COP of
2.5 was considered for the GSHP [66]. In the hybrid scenario, the GSHP
covered 60% of the heating demand and the rest was covered by the
electric boiler. It should be mentioned that the embodied emissions
related to the district heat distribution and the GSHP were selected
based on the available data source for Norway in 2019, which were
equal to 9.23 kg CO2-eq/kW and 59.0 kg COz-eq/kW, respectively.

3. Results and discussions

In this section, the obtained results from the LCA tool are presented
for both the reference case and the retrofitting scenarios. In this regard,
the CO2-eq emissions from different stages of building life cycle for the
reference building are elaborated. Afterwards, the retrofitting scenarios
are compared with the reference cases in terms of COg-eq during the
whole building life span and the CO,-eq payback period is discussed. In
the third section, the CO»-eq emissions for different insulation materials
and various heating supply systems are described. In the fourth section,
the CO2-eq emissions for nZEB cases are presented.

3.1. COz-eq emissions for reference building

The amount of CO»-eq emissions related to various stages of the
building life cycle for the reference building is presented in Fig. 4. The
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overview of the building life cycle shows that most of emissions, around
77%, was due to building operational energy use (B6), calculated based
on the building energy simulation model in our previous study [51].
Furthermore, the product stage (A1-A3) stood for 16% of the total
emissions, and the lowest emissions, around 1%, were related to trans-
port to construction site (A4) and the end-of-life service (C1-C4). This
implies the importance of improving the energy performance of the
existing buildings as it leads to significant reductions in the building
energy use and the corresponding CO3-eq emissions.

Analyzing the embodied CO-eq emissions of materials shows that
decks stood for the largest amount of the embodied CO5-eq emissions,
around 83 kg/m?, and the stairs generated the lowest amount, approx-
imately 3 kg/m? see Fig. 5. A Large part of COo-eq emissions for HVAC
installations was related to the replacement and retrofitting stage,
because the service life of the ventilation system, the eating system, and
the electric boiler was estimated at 50, 30 and 22 years respectively and
must be, therefore, replaced during the life of the building (60 years). It
was also pointed out in Ref. [25] that the embodied emissions corre-
sponding to the periodical maintenance of the HVAC system could be
larger than the initial embodied emissions. However, the total produc-
tion of materials (A1-A3) formed the largest source of emissions from the
life cycle stages, with 73% of the total embodied emissions.

Fig. 6 shows the CO2-eq emissions associated with 10 resources in the
building that have the largest environmental impact in the reference
building. The finished concrete was the largest driving source of the
CO2-eq emissions in all stages of building life cycle except the replace-
ment and retrofitting, where the ventilation system was the most CO2-eq
emitted component. Overall, the finished concrete and ventilation sys-
tem produced around 44% and 21% of the total embodied emissions in
the entire life cycle stages. However, the minimum embodied CO2-eq
emissions were generated by the EPS insulation materials due to poor
insulation quality of the reference building.

3.2. Environmental impacts of retrofitting scenarios

Fig. 7 shows the total COs-eq emissions for the reference building
and retrofitting scenarios for the lifetime of 60 years. An obvious
decrease of COz-eq emissions was obtained in the retrofitting scenarios,
around 68% and 73% for the RSH and the AA scenarios respectively,
mostly due to significant energy savings achieved by applying retrofit-
ting measures. It should be noted that the emissions associated with the
building operational energy use were calculated based on the reference
and the optimized building energy models in our previous studies [8,
51]. Less CO2-eq reduction in the cases with the RSH system was, firstly,
due to the heating distribution network for radiators, which did not exist
in the cases with the AA system, and secondly, because of the DCV in the
AA system assisted in higher reduction of the building energy use than
CAV ventilation in the RSH system. Although, due to the utilization of
extra materials, the embodied CO,-eq emissions increased in the retro-
fitting scenarios compared to the reference case, around 12-19%, the
reduction of CO»-eq emissions was much bigger in the operational stage.
Accordingly, the share of operational energy use (B6) in the total CO2-eq
emissions was around 77% for the reference case whereas it was ob-
tained around 43-46% for the retrofitting scenarios, and 54-57% of
total emissions were due to embodied emissions of extra materials. In
Ref. [38] it was also shown that applying the building retrofit measures
could reduce the corresponding environmental impacts by 56-96% for a
residential building in Norway, where the largest reduction was due to
renovation of energy supply in addition to building envelope retrofit-
ting. Overall, the AA_LCC produced the least CO»-eq emissions, around
354 kg CO,.eq/m?, among all studied scenarios, owing to less materials
used in the product stage together with less emissions generated in the
operational energy use stage. It should be emphasized that the share of
embodied CO3-eq emissions related to material usage in the RSH and AA
scenarios may vary depending on how these systems are implemented
and installed.
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mC1-C4 (End of life service) = 13.6 (kg CO,-eq/m?)

" B6 (Operational energy use) = 1021.4 (kg CO,-eq/m?)
B4-BS5 (Replacement and retrofitting) = 47 (kg CO,-eq/m?)

B AS (Construction and installation work) = 27 (kg CO,-eq /m?)

m A4 (Transport to construction site) = 10 (kg CO;-eq/m?)

B Al-A3 (product stage) = 213 (kg CO,-eq/m?)

Fig. 4. Total COy-eq emissions related to various stages of the building life cycle.
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Fig. 5. Embodied CO,-eq emissions of the materials in the reference building.

To further compare the embodied emissions for the reference
building and retrofitting scenarios, the CO2-eq emissions associated with
different building component and materials are shown in Fig. 8. The
change in the insulation thickness of the building envelope, together
with replacement of various types of windows were the differences be-
tween the retrofitting scenarios. The cases equipped with AA system
generated less emission related to HVAC installations. In this regard, the
minimum embodied CO,-eq emissions from materials were produced for
the AA_LCC case.

Although HVAC installation generated almost the largest embodied
CO9-eq emissions among all building components and materials for all
the five cases, which was mainly due to replacement (B4-B5), the largest
increase in the embodied emissions, due to retrofitting, was associated
with the re-insulation of the ground floor. Furthermore, to maintain the
ceiling height the same as that in the reference building, due to re-
insulation of floors, the ground floor had to be replaced. This retrofit
measure is not only costly and time consuming, but also turned out to
have a considerable impact on the total CO3-eq emissions in the LCA
analysis as it involves new pouring of concrete. It should be noted that
the share of produced emissions in the operational energy use which was
only corresponding to re-insulation of the ground floor should also be
considered to find out if this retrofit measure could compensate for the
large associated embodied emissions. However, it could have been more
appropriate, from an environment perspective, to further re-insulate the
other parts of the building envelope instead of ground floor. It can be
also observed in Fig. 8 that the emissions associated with retrofitting of
the exterior walls and the roof were considerably lower compared to the
ground floor.

To obtain a comprehensive LCA of retrofit scenarios, the CO3-eq
payback time was used for the studied cases, as shown in Fig. 9. It is an
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important indicator for finding the retrofit scenarios which have the best
environmental performance in the building lifetime and determines how
long it would take before the lower emissions from energy use will offset
greenhouse gas emissions in connection with retrofitting. In this respect,
the retrofitting scenarios were compared to the reference building,
spread over a 60-year period.

In Fig. 9, the embodied emissions related to all building’s life cycle
stages, except the replacement, have been considered at the beginning of
the lifetime period, while the emissions related to the operational energy
use were successively added over the building lifetime. As the results
demonstrated, the CO3-eq payback times for the AA_LCC and RSH_LCC
scenarios were almost the same and equal to 3.9 years, followed by the
AA _PH and RSH_PH scenarios with CO3-eq payback times equal to 4.6
and 5.1 years, respectively. These payback periods were obtained
without considering the retrofitting of the building energy supply sys-
tem and changing the energy supply could shorten the CO,-eq payback
period. A case in this point was stated in Ref. [38], where retrofitting of
building envelope along with changing the energy supply system
resulted in a COz-eq payback period 1.09 years for a residential building
in Norway. Overall, considering both the carbon payback times and the
total COz-eq emissions generated at various stages of the building life
cycle, the AA LCC had the best environmental performance among all
retrofitting scenarios. It should be noted that these retrofitting scenarios
are not the most environmentally friendly solutions and are already
based on our previous LCC optimization study [8]. Nevertheless, they
can provide worthwhile information about the environmental impacts
associated with the cost-efficient solutions for the buildings in cold
climate.
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Fig. 6. Ranking of embodied CO2-eq emissions of different building materials in various life cycle stages for the reference building.
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Fig. 8. Embodied CO5-eq emissions from materials for the reference building and the retrofitting scenarios.
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Fig. 9. Time plot of CO,-eq for the reference case and different retrofit scenarios.

3.3. Environmental impacts of various insulation materials and heating
supply systems

To investigate the carbon life cycle impact of various heating supply
systems and insulation materials, the RSH_PH case was considered as a
case study, since the environmental impact of the type of insulation and
heating supply system would be the same for all the scenarios.

Fig. 10 shows the CO»-eq emissions related to the four supply heating
systems described in section 3.4. The emissions include only the envi-
ronmental impacts related to the operational energy use and the
embodied emissions for installation of heating supply systems.

As Fig. 10 shows, the district heating systems resulted in the mini-
mum CO»-eq emissions among all the considered systems, in terms of
embodied CO;-eq emissions corresponding to the materials and those
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associated with the operational energy use. The reason was that the
electricity was supplied to the heating systems by considering the EU28
mix supply scenario in which 49% of the power production sources is
from fossil fuels, having a large effect on greenhouse gas emissions. It
was also pointed out in Ref. [67] that the district heating may reduce the
CO9-eq more than other supply systems. The reduction amount still
depends on the source of the district heating system, as reported in
Ref. [68] that the district heating provided by CHP plants competes with
other forms of heat generation such as heat pumps. Furthermore, the
hybrid system did not show better environmental performance than the
GSHP because the electricity source was the EU28 mix. However, it
could be an interesting alternative if the boiler was supplied by
renewable sources and if the Norwegian electricity mix, which has much
lower COz-eq impact than the EU28 mix, was used to drive the GSHP.
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Fig. 10. CO,-eq emissions associated with various types of heating systems for the RSH_PH case.

This analysis could be a further research in this area.

The total embodied CO3z-eq emissions of the entire building corre-
sponding to various insulation materials are shown in Fig. 11. Using VIP
and Glass wool insulation materials led to maximum and minimum CO5-
eq emissions among all types of insulation materials, respectively. The
high CO,-eq emissions were mostly associated with the product stage
(A1-A3) and end-of-life service (C1-C4). However, Cellulose insulation
material resulted in the minimum CO3-eq emissions in the product stage.
Although VIP is not an Eco-friendly product, it is still a desirable insu-
lation material in rehabilitation projects with little space for extra
insulation materials.

It should be noted that the choice of insulation material will always
depend on the type of building, type of building components, climate
conditions at the location, and the thickness and positioning of the
insulating material. Environmental impact, heat resistance, and area to
be insulated will be factors that come into play. For example, it was
found in Ref. [30] that by using a strip foundation of low carbon con-
crete with glass wool insulation and a timber construction, a consider-
able reduction of embodied emissions in terms of CO-eq is achieved,
around 40%, for a zero emission single family house located in Norway.
However, it was reported that retrofitting a Swedish residential building
with glass wool insulation along with other materials such as
aluminum-framed windows and aluminum cladding results in trivial
saving in COg-eq [27]. The cost of insulations also plays an important
role in the assessment of various insulation materials. For instance, it
was reported in Ref. [69] that Cellulose insulation shows the best overall

Rock wool
Cellulose insulation
Polyurethane foam

XPS
EPS80
VIP

Glass wool

0 50 100 150 200

250

performance for the considered areas of applications (energy, environ-
mental, economic) in a residential building in Ireland. Nevertheless,
each investigation regarding the environmental impacts of insulation
materials may provide worthwhile information about the environmental
and economic aspects of them in various conditions.

3.4. COgz-eq emissions for nZEB scenario

As mentioned in Section 3.3.5, the nZEB scenario was achieved by
installing PV panels to balance the total delivered energy to the building.
The environmental impacts of two types of PV panels were studied for
the RSH_PH scenario, as shown in Fig. 12.

Although Monocrystalline resulted in less material usage (smaller PV
panel areas) to reach nZEB level, due to its higher efficiency than
Polycrystalline, it generated more COj-eq emissions than Poly-
crystalline, especially in the product stage and replacement and retro-
fitting see Fig. 12(a). This was due to extra Czochralski process in the
production of the Monocrystalline PV panels. In addition, in both cases,
the replacement and retrofitting stood for more than 49% of CO2-eq
emissions production. Fig. 12(b) shows that installing the PV panels to
balance the delivered energy use for RSH_PH led to increase of embodied
emissions around 11% and 6% when applying the Monocrystalline and
the Polycrystalline, respectively. However, the emissions related to the
operational energy use, accounting for 50% of total emissions in
RSH_PH, were decreased resulting in approximately 39% and 44% net
reduction of CO3-eq emissions in the nZEB 2 and nZEB 1 scenarios,

W A1-A3 (product stage)

M A4 (Transport to contruction site)

mAS (Construction and installation work)
®B4-B5 (Replacement and retrofitting)
B C1-C4 (End of life service)

1300 38.9 NM4SEN 432

151 25.9] 475 15.1
300 350

400 450 500 550 600

COy-eq (kg/m?)

Fig. 11. Total building embodied CO5-eq emissions associated with using various types of insulation materials for the RSH_PH case.
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Fig. 12. (a) CO2-eq emissions for two types of PV panels to reach nZEB level and (b) total COs-eq emissions for the RSH_PH and two nZEB cases.

reactively.

Fig. 13 shows the time profile of COz-eq emissions for the RSH_PH
case and the two nZEB scenarios over the lifetime period 60 years. As it
can be observed, the nZEB 1 had carbon payback time around six years
while, the payback time was obtained around 12 years for the nZEB 2
scenario.

Comparing the results obtained in Figs. 12 and 13 shows that the case
with the Polycrystalline PV panels had better performance than the
Monocrystalline ones in terms of environmental impact even though

with a larger PV area, around 20%, was needed for the Polycrystalline
PV panels to reach nZEB level. However, the high efficiency and space
saving make Monocrystalline PV panels attractive on the market, as
there is often limited installation space.

4. Conclusions

This paper investigated a detailed LCA of various retrofit scenarios,
in terms of CO5-eq, for a typical existing office building built in Norway

400

—PH RSH
—nZEB 1 (with Polycrystalline)
—nZEB 2 (with Monocrystalline)

350 A

300 A

250 A

200 ~

150 4

CO,-eq (kg/m?)

100 A
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0 T T T T T

0 3 10 15 20 25 30 35 40 45 50 55
Years

Fig. 13. Time plot of CO5-eq for the RSH_PH and two nZEB cases.
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in 1987, by assuming a 60-years lifetime for both the existing and the
retrofitted buildings. The alternative design solutions for different sce-
narios were based on the optimized building energy models obtained in
our previous studies. These alternatives were accordingly based on the
Norwegian passive house standard and a LCC optimization study.
Furthermore, in the retrofitting scenarios, two different HVAC systems
including the AA with a DCV system and the RSH system equipped with
a CAV ventilation system were taken into consideration. The LCA was
conducted using OneClick LCA tool by considering the national Nor-
wegian standard NS 3720. Analysis of the reference building showed
that around 77%, 1021.4 kg COz-eq/m2, of the total GHG emissions
were due to building energy use and the 23% were attributed to the
embodied emissions of building materials and components, of which
16%, 213 kg COz—eq/mZ, of embodied emissions were related to product
stage in the building life cycle. The most carbon emitted materials in this
respect were finished concrete and the ventilation system components.
Applying the retrofit measures increased the embodied emissions for
different retrofit scenarios owing to use of extra materials, their trans-
port to construction site, and the end-of-life service, and they were
accounted for around 18-23%, 25-31%, and around 25%, respectively.
However, the reduction of CO,-eq emissions associated with the oper-
ational energy use, which were calculated around 69-73%, over-
weighted the embodied CO, emissions of the extra materials. Among all
the retrofitting scenarios, the LCC optimized case with the AA system
(AA_LCC) showed the best performance in terms of environmental
impact, so that the total CO2-eq emissions were decrease from 1336 kg
COz—eq/mZ, in the reference case, to 637 kg COz—eq/m2 in the AA_LCC
scenario. The reason was that this scenario showed better energy per-
formance with less material use, due to omitting radiators for heating,
which resulted in less embodied and operational CO3-eq emissions
compared to other retrofitting scenarios. Looking at the CO2-eq payback
times of retrofitting scenarios, the LCC scenarios had shorter return
period, around 3.9 years, than the PH scenarios. In addition, we assessed
the GHG emissions associated with adopting various heating supply
system and insulation materials. The results confirmed that the district
heating system generated the minimum emissions related to operational
energy use and the embodied emissions for the heating supply systems,
while the Glass wool and cellulose insulation led to minimum embodied
emissions related to building materials. Eventually, the GHG missions
associated with the two nearly zero energy (nZEB scenarios) corre-
sponding to use of the Polycrystalline and the Monocrystalline PV panels
showed a considerable reduction, around 39-44%, of the total CO,-eq
emissions compared to the PH case with the RSH system. Although the
material usage for the Monocrystalline PV panels was less than the
Polycrystalline ones, due to higher efficiency, the extra Czochralski
process in the production of Monocrystalline resulted in higher
embodied emissions for nZEB case for the Monocrystalline PV panels.
Therefore, based on the LCA for the retrofitting scenarios in terms of
CO9-eq emissions, the AA_LCC scenario taking advantage of the Glass
wool insulation material, the district heating supply system, and the
Polycrystalline PV panels could be considered as a potential retrofitting
solution greatly contributing to achieve a ZEB level. Nevertheless, they
can provide worthwhile information about the environmental impacts
associated with the cost-efficient solutions for the buildings in cold
climate. Furthermore, the data sources used in this LCA work may
include some uncertainties arising from inaccuracy of available data or
their dependency on the specific analyzed systems and inaccuracy of
parameters modelled in this study.

To finish, let us recall that the scenarios investigated in our study was
limited to the Norwegian passive house standard and a LCC optimization
model obtained in our previous work. As a cost-effective model may not
fully represent the most environmentally friendly solutions for building
retrofitting, it would be very interesting to focus on ZEB level by broad
use of low CO»-eq emission materials and those having negative
embodied carbon in the construction phase such trees and short-term
crops. Alternatively, an extensive use of renewable energy sources
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such as PV panels, biomass combined heat and power (CHP), etc. Can
also be considered to compensate both the embodied and operational
emissions during entire building life cycle. It would be worth finding out
which approach is more efficient because if, for example, a scenario of
low carbon electricity grid is considered, it would be more difficult to
achieve a zero emission level through extensive use of PV panels.
However, a combination of LCC and LCA would give a more practical
perspective in achieving a zero emission level.

Declaration of competing interest

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.

References
[1] F. Aragon-Durand, W. Cramer, S. Humphreys, M. Kainuma, J. Kala, N. Mahowald,

Y. Mulugetta, R. Perez, M. Wairiu, K. Zickfeld, Special Report on Global Warming

of 1.5° C (SR15)-Chapter 1: Framing and Context, 2018.

M. Company, Pathways to a Low-Carbon Economy, Version 2 of the Global

Greenhouse Gas Abatement Cost Curve, 2009.

T. Johansson, T. Olofsson, M. Mangold, Development of an energy atlas for

renovation of the multifamily building stock in Sweden, Appl. Energy 203 (2017)

723-736.

L. Bakken, S. Bjgrberg, K. Kalhagen, N. Lassen, L. Palm, E. Weydahl,

Konsekvensanalyse av & innfgre nye forskriftskrav til energieffektivisering av bygg

(in Norwegian), Regjeringen: Analyse & Strategi. Multiconsult (2011) 5-96.

C. Skaar, K. Elvebakk, K. Skeie, Klimafotspor fra byggematerialer ved ambisigs

oppgradering av boligblokker, 2018.

N.H. Sandberg, I. Sartori, O. Heidrich, R. Dawson, E. Dascalaki, S. Dimitriou,

T. Vimm-r, F. Filippidou, G. Stegnar, M. Sijanec Zavrl, H. Brattebg, Dynamic

building stock modelling: application to 11 European countries to support the

energy efficiency and retrofit ambitions of the EU, Energy Build. 132 (2016) 26-38.

S.S.B. Statistics Norway, Energy use in minicipial property management, by

function and energy type (M) 2015, 2020. 2020, https://www.ssb.no/en/statb

ank/table/12150/, 2019.

M. Rabani, H. Bayera Madessa, O. Mohseni, N. Nord, Minimizing delivered energy

and life cycle cost using Graphical script: an office building retrofitting case, Appl.

Energy 268 (2020).

F. Rosso, V. Ciancio, J. Dell’Olmo, F. Salata, Multi-objective optimization of

building retrofit in the Mediterranean climate by means of genetic algorithm

application, Energy Build. 216 (2020).

C. Waibel, R. Evins, J. Carmeliet, Co-simulation and optimization of building

geometry and multi-energy systems: interdependencies in energy supply, energy

demand and solar potentials, Appl. Energy 242 (2019) 1661-1682.

A.J. Marszal, P. Heiselberg, J.S. Bourrelle, E. Musall, K. Voss, 1. Sartori,

A. Napolitano, Zero Energy Building — a review of definitions and calculation

methodologies, Energy Build. 43 (4) (2011) 971-979.

P. Hernandez, P. Kenny, From net energy to zero energy buildings: defining life

cycle zero energy buildings (LC-ZEB), Energy Build. 42 (6) (2010) 815-821.

L. Georges, M. Haase, A. Houlihan Wiberg, T. Kristjansdottir, B. Risholt, Life cycle

emissions analysis of two nZEB concepts, Build. Res. Inf. 43 (1) (2015) 82-93.

A. Stephan, L. Stephan, Achieving net zero life cycle primary energy and

greenhouse gas emissions apartment buildings in a Mediterranean climate, Appl.

Energy 280 (2020), 115932.

T.F. Kristjansdottir, C.S. Good, M.R. Inman, R.D. Schlanbusch, I. Andresen,

Embodied greenhouse gas emissions from PV systems in Norwegian residential

Zero Emission Pilot Buildings, Sol. Energy 133 (2016) 155-171.

C. De Wolf, F. Yang, D. Cox, A. Charlson, A.S. Hattan, J. Ochsendorf, Material

quantities and embodied carbon dioxide in structures, Proceedings of the

Institution of Civil Engineers - Engineering Sustainability 169 (4) (2016) 150-161.

K. Simonen, B.X. Rodriguez, C. De Wolf, Benchmarking the embodied carbon of

buildings, Technology\Architecture + Design 1 (2) (2017) 208-218.

F. Asdrubali, I. Ballarini, V. Corrado, L. Evangelisti, G. Grazieschi, C. Guattari,

Energy and environmental payback times for an NZEB retrofit, Build. Environ. 147

(2019) 461-472.

T. Opher, M. Duhamel, 1.D. Posen, D.K. Panesar, R. Brugmann, A. Roy, R. Zizzo,

L. Sequeira, A. Anvari, H.L. MacLean, Life cycle GHG assessment of a building

restoration: case study of a heritage industrial building in Toronto, Canada,

J. Clean. Prod. 279 (2021).

B.X. Rodriguez, M. Huang, H.W. Lee, K. Simonen, J. Ditto, Mechanical, electrical,

plumbing and tenant improvements over the building lifetime: estimating material

quantities and embodied carbon for climate change mitigation, Energy Build. 226

(2020), 110324.

J. Garcia-Sanz-Calcedo, N. de Sousa Neves, J.P. Almeida Fernandes, Measurement

of embodied carbon and energy of HVAC facilities in healthcare centers, J. Clean.

Prod. 289 (2021), 125151.

P. Ylmén, D. Penaloza, K. Mjornell, Life cycle assessment of an office building

based on site-specific data, Energies 12 (13) (2019) 2588.

[2]

[3]

[4]

[5]

(6]

[71

[8]

[91

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]


http://refhub.elsevier.com/S0360-1323(21)00560-6/sref1
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref1
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref1
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref2
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref2
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref3
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref3
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref3
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref4
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref4
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref4
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref5
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref5
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref6
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref6
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref6
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref6
https://www.ssb.no/en/statbank/table/12150/
https://www.ssb.no/en/statbank/table/12150/
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref8
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref8
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref8
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref9
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref9
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref9
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref10
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref10
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref10
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref11
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref11
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref11
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref12
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref12
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref13
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref13
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref14
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref14
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref14
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref15
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref15
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref15
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref16
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref16
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref16
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref17
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref17
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref18
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref18
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref18
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref19
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref19
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref19
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref19
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref20
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref20
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref20
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref20
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref21
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref21
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref21
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref22
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref22

M. Rabani et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[391]

[40]

[41]

[42]

[43]

S. Chen, System Dynamics Based Models for Selecting HVAC Systems for Office
Buildings: A Life Cycle Assessment from Carbon Emissions Perspective, Master
Thesis, RMIT University, 2011.

C. Kiamili, A. Hollberg, G. Habert, Detailed assessment of embodied carbon of
HVAC systems for a new office building based on BIM, Sustainability 12 (8) (2020)
3372.

M. Medas, D. Cheshire, A. Cripps, J. Connaughton, M. Peters, Towards BIM-
Integrated, Resource-Efficient Building Services, Product Lifetimes And The
Environment, 2015.

R. Moschetti, H. Brattebg, M. Sparrevik, Exploring the pathway from zero-energy
to zero-emission building solutions: a case study of a Norwegian office building,
Energy Build. 188-189 (2019) 84-97.

C. Piccardo, A. Dodoo, L. Gustavsson, Retrofitting a building to passive house level:
a life cycle carbon balance, Energy Build. 223 (2020).

X. Chen, K. Qu, J. Calautit, A. Ekambaram, W. Lu, C. Fox, G. Gan, S. Riffat, Multi-
criteria assessment approach for a residential building retrofit in Norway, Energy
Build. 215 (2020).

S.K. Pal, A. Takano, K. Alanne, K. Siren, A life cycle approach to optimizing carbon
footprint and costs of a residential building, Build. Environ. 123 (2017) 146-162.
T.F. Kristjansdottir, A. Houlihan-Wiberg, I. Andresen, L. Georges, N. Heeren, C.
S. Good, H. Brattebg, Is a net life cycle balance for energy and materials achievable
for a zero emission single-family building in Norway? Energy Build. 168 (2018)
457-469.

A. Houlihan Wiberg, L. Georges, T.H. Dokka, M. Haase, B. Time, A.G. Lien,

S. Mellegérd, M. Maltha, A net zero emission concept analysis of a single-family
house, Energy Build. 74 (2014) 101-110.

T.H. Dokka, A.A.M. Houlihan Wiberg, L. Georges, S.E. Mellegard, B. Time,

M. Haase, M.M. Maltha, A.G. Lien, A Zero Emission Concept Analysis of a Single
Family House, 2013.

N. Llantoy, M. Chafer, L.F. Cabeza, A comparative life cycle assessment (LCA) of
different insulation materials for buildings in the continental Mediterranean
climate, Energy Build. 225 (2020).

V. Echarri-Iribarren, F. Echarri-Iribarren, C. Rizo-Maestre, Ceramic panels versus
aluminium in buildings: energy consumption and environmental impact
assessment with a new methodology, Appl. Energy 233-234 (2019) 959-974.
C.C. Chang, W. Shi, P. Mehta, J. Dauwels, Life cycle energy assessment of
university buildings in tropical climate, J. Clean. Prod. 239 (2019), 117930.

J. Sierra-Pérez, B. Rodriguez-Soria, J. Boschmonart-Rives, X. Gabarrell, Integrated
life cycle assessment and thermodynamic simulation of a public building’s
envelope renovation: conventional vs. Passivhaus proposal, Appl. Energy 212
(2018) 1510-1521.

L. Luo, Y. Chen, Carbon emission energy management analysis of LCA-Based
fabricated building construction, Sustainable Computing: Informatics and Systems
27 (2020).

B. Wrélsen, R. O’Born, C. Skaar, Life cycle assessment of an ambitious renovation
of a Norwegian apartment building to nZEB standard, Energy Build. 177 (2018)
197-206.

A. Shirazi, B. Ashuri, Embodied Life Cycle Assessment (LCA) Comparison of
Residential Building Retrofit Measures in Atlanta vol. 171, Building and
Environment, 2020.

X. Zhang, R. Zheng, F. Wang, Uncertainty in the life cycle assessment of building
emissions: a comparative case study of stochastic approaches, Build. Environ. 147
(2019) 121-131.

X. Zhang, F. Wang, Life-cycle assessment and control measures for carbon
emissions of typical buildings in China, Build. Environ. 86 (2015) 89-97.

J. Hong, G.Q. Shen, Y. Peng, Y. Feng, C. Mao, Uncertainty analysis for measuring
greenhouse gas emissions in the building construction phase: a case study in China,
J. Clean. Prod. 129 (2016) 183-195.

X. Zhang, K. Liu, Z. Zhang, Life cycle carbon emissions of two residential buildings
in China: comparison and uncertainty analysis of different assessment methods,
J. Clean. Prod. 266 (2020).

16

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

[54]
[55]

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]

[64]

[65]
[66]

[67]

[68]

[69]

Building and Environment 204 (2021) 108159

A. Dodoo, L. Gustavsson, R. Sathre, Lifecycle carbon implications of conventional
and low-energy multi-storey timber building systems, Energy Build. 82 (2014)
194-210.

J. Hong, G.Q. Shen, Y. Feng, W.S.-t. Lau, C. Mao, Greenhouse gas emissions during
the construction phase of a building: a case study in China, J. Clean. Prod. 103
(2015) 249-259.

L. Shao, G.Q. Chen, Z.M. Chen, S. Guo, M.Y. Han, B. Zhang, T. Hayat, A. Alsaedi,
B. Ahmad, Systems accounting for energy consumption and carbon emission by
building, Commun. Nonlinear Sci. Numer. Simulat. 19 (6) (2014) 1859-1873.
J.-J. Ma, G. Du, Z.-K. Zhang, P.-X. Wang, B.-C. Xie, Life cycle analysis of energy
consumption and CO2 emissions from a typical large office building in Tianjin,
China, Building and Environment 117 (2017) 36-48.

X. Zhang, F. Wang, Assessment of embodied carbon emissions for building
construction in China: comparative case studies using alternative methods, Energy
Build. 130 (2016) 330-340.

R.H. Crawford, Post-occupancy life cycle energy assessment of a residential
building in Australia, Architect. Sci. Rev. 57 (2) (2014) 114-124.

K. Goulouti, P. Padey, A. Galimshina, G. Habert, S. Lasvaux, Uncertainty of
building elements’ service lives in building LCA & LCC: what matters? Build.
Environ. 183 (2020).

M. Rabani, H. Bayera Madessa, N. Nord, Achieving zero-energy building
performance with thermal and visual comfort enhancement through optimization
of fenestration, envelope, shading device, and energy supply system, Sustainable
Energy Technologies and Assessments 44 (2021), 101020.

NS 3720- Method for Greenhouse Gas Calculations for Buildings (In Norwegian),
Norsk standard, 2018.

EN 15978- Sustainability of Construction Works- Assessment of Environmental
Performance of Buildings- Calculation Method, Standard Norge, Norway, 2011.
A.G. Hestnes, N.L. Eik-Nes, Zero Emission Buildings, Fagbokforlaget Bergen2017.
L.A. Wright, S. Kemp, I. Williams, ‘Carbon footprinting’: towards a universally
accepted definition, Carbon Manag. 2 (1) (2011) 61-72.

N. Bjorsell, A. Bring, L. Eriksson, P. Grozman, M. Lindgren, P. Sahlin,

A. Shapovalov, M. Vuolle, IDA indoor climate and energy, in: Proc. Of the 6-th
IBPSA Conference, 1999, pp. 1035-1042.

Byggeforskrift- TEK 87 (1987).

NS-3701-Criteria for Passive Houses and Low Energy Buildings, Non-residential
buildings, Standard Norge, Norway, 2012.

Bionova, Calculate your environmental impacts in minutes [Online]. https://www.
oneclicklca.com/, 2020. (Accessed 5 March 2020).

ISO 14020: Environmental Labels and Declarations, General Principles, Standard
Norge, 2002.

Calculation of Areas and Volumes of Buildings, NS 3940:2012. Standard, Standards
Norway, Oslo, Norway, 2012.

Byggforsk, 521.111 golv pa grunnen med ringmur. Oppvarmede bygninger.
Arkiveksemplar (in Norwegian) 1986-1998.

Byggforsk, 471.010 varmegjennomgang. U-verdier for bygningskonstruksjoner (in
Norwegian). Arkiveksemplar (tabell 381), 1987-1995.

R. Turconi, A. Boldrin, T. Astrup, Life cycle assessment (LCA) of electricity
generation technologies: overview, comparability and limitations, Renew. Sustain.
Energy Rev. 28 (2013) 555-565.

Norsk fjernvarme, Energikilder, Retrieved April, 2020, https://www.fjernvarme.no
/fakta/energikilder, 2020.

NS 3031, Calculation of Energy Performance of Buildings - Method and Data,
Standard Norge, 2014, p. 100.

T. Lidberg, M. Gustafsson, J.A. Myhren, T. Olofsson, L. Odlund, Environmental
impact of energy refurbishment of buildings within different district heating
systems, Appl. Energy 227 (2018) 231-238.

J. Karlsson, L. Brunzell, G. Venkatesh, Material-flow analysis, energy analysis, and
partial environmental-LCA of a district-heating combined heat and power plant in
Sweden, Energy 144 (2018) 31-40.

T. Dickson, S. Pavia, Energy performance, environmental impact and cost of a
range of insulation materials, Renew. Sustain. Energy Rev. 140 (2021), 110752.


http://refhub.elsevier.com/S0360-1323(21)00560-6/sref23
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref23
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref23
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref24
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref24
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref24
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref25
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref25
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref25
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref26
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref26
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref26
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref27
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref27
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref28
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref28
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref28
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref29
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref29
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref30
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref30
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref30
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref30
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref31
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref31
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref31
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref32
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref32
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref32
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref33
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref33
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref33
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref34
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref34
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref34
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref35
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref35
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref36
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref36
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref36
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref36
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref37
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref37
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref37
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref38
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref38
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref38
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref39
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref39
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref39
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref40
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref40
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref40
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref41
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref41
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref42
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref42
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref42
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref43
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref43
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref43
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref44
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref44
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref44
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref45
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref45
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref45
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref46
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref46
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref46
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref47
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref47
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref47
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref48
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref48
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref48
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref49
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref49
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref50
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref50
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref50
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref51
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref51
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref51
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref51
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref52
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref52
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref53
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref53
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref55
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref55
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref56
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref56
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref56
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref57
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref58
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref58
https://www.oneclicklca.com/
https://www.oneclicklca.com/
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref60
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref60
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref61
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref61
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref64
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref64
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref64
https://www.fjernvarme.no/fakta/energikilder
https://www.fjernvarme.no/fakta/energikilder
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref66
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref66
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref67
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref67
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref67
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref68
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref68
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref68
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref69
http://refhub.elsevier.com/S0360-1323(21)00560-6/sref69

	Life cycle analysis of GHG emissions from the building retrofitting: The case of a Norwegian office building
	1 Introduction
	2 Method, building description, and tools
	2.1 Case study and retrofitting scenarios
	2.2 Life cycle assessment
	2.2.1 LCA tool
	2.2.2 Goal, scope, and data source

	2.3 Embodied CO2-eq for building materials and components at different scenarios
	2.3.1 Structural foundation
	2.3.2 Vertical structure and façade
	2.3.3 Horizontal structure
	2.3.4 Fenestration, elevator, and staircase
	2.3.5 HVAC and heating supply systems
	2.3.6 Retrofitting scenarios

	2.4 CO2-eq emissions due to operational energy use

	3 Results and discussions
	3.1 CO2-eq emissions for reference building
	3.2 Environmental impacts of retrofitting scenarios
	3.3 Environmental impacts of various insulation materials and heating supply systems
	3.4 CO2-eq emissions for nZEB scenario

	4 Conclusions
	Declaration of competing interest
	References


