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The buildings and construction sector account for a significant part of the total energy use and related green-
house gas emissions. However, climate change mitigation often becomes secondary or completely disregarded in
building design assessment as the primary concern of building owners are economic tenability. Therefore, this
study introduces an Extended Life Cycle Cost Assessment that include monetary evaluation of climate risk and
opportunities in terms of Social Cost of Carbon (SCC). SCC could function as a tax to promote climate change
mitigation within e.g. the construction industry. The purpose is to provide a more holistic assessment approach
that is easy to relate to if economic tenability is of primary concern in decision making, which can be used to
assess building design. Return on invested greenhouse gas emissions is used as an additional or standalone in-
dicator for climate change mitigation. The introduced approach is exemplified by a case study where renovation
and new construction are compared with keeping buildings in its original design. The case study show that with

or without a flat greenhouse gas tax, renovation is the most climate and cost efficient alternative.

1. Introduction

Global warming of 1.5 °C above preindustrial temperatures will
result in a severe loss of natural capital, i.e. a resilient ecosystem and
access to clean air and water (Hoegh-Guldberg et al., 2018; Matthew
et al., 2014; Stiglitz et al., 2017). Working out ways to tackle climate
change is one of the key challenges facing society both today and in the
decades ahead. The buildings and construction sector account for 40% of
EU final energy use and for 39% of energy and process-related green-
house gas emissions, out of which 11% results from manufacturing
building materials and products (Abergel et al., 2019; EU, 2020). Thus,
efficient resource use is critical to accommodate sustainable develop-
ment that promote climate change mitigation. However, at present the
primary concern of building owners in decision making is the economic
tenability (Jakob, 2006).

The economic assessment method of Life Cycle Cost Assessment
(LCCA) has been deployed to make a more economically compelling
case for reducing resource use by adopting energy efficient strategies
(Hajare & Elwakil, 2020; Marszal & Heiselberg, 2011). Generally,

building LCCA include total investment cost, annual operational cost
and cost of maintenance and disposal. However, upstream and down-
stream greenhouse gas (GHG) emissions are rarely included in building
LCCA (De Boeck et al., 2015). Thus, building climate impact are not
included in the economic building design assessment.

Including environmental parameters such as climate impact would
provide a more holistic approach to building design assessment. This is
generally done by complementing the LCCA with a life cycle GHG
emissions assessment. Thus, the decision maker are faced with the task
to weight financial cost to GHG emissions. Firstly, this can be perceived
as complicated and unclear as two different entities are to be weighed
against each other, in this case Euro and tCO-eqvivalents. Secondly, the
decision will most probably fall on the most economically effective so-
lution, since the main concern of commercial building owners in deci-
sion making is primarily the economic tenability (Jakob, 2006).

By valuing climate risk and opportunities of GHG emissions in
monetary terms, GHG emissions can be included in the building cost
assessment, providing a more holistic approach to building design
assessment that may be less confusing for the building owner. This can
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be done by utilizing Social Cost of Carbon (SCC), which estimates the
total net impact cost of an extra metric ton emission of COy-equivalents
due to the associated climate change. SCC are estimated by utilizing
Integrated Assessment Models (IAMs), which is a collection of tools
developed by environmental and economic scientists to facilitate deci-
sion making. IAMs couple models of energy system technologies with
economic and climate science models to evaluate different population,
economic and technological pathways to achieve specific climate
change mitigation goals (Hare et al., 2018). Negative and positive
climate impacts are monetized, discounted and the net value is
expressed as an equivalent loss of GDP today. Different models has
valued the SCC from 0 EUR tCOz—qu’1 to 830 EUR tCOz—eqv’l (Pin-
dyck, 2019). This wide variation depends on assumptions about future
emissions, how climate will respond to increasing temperatures, the
impacts this will cause, the value of future damages and choice of dis-
count rate etc.

Monetary valuation of climate risk and opportunities are occasion-
ally included in building design assessment. It is included in a study by
Luo et al. to calculate the building life cycle carbon cost (Luo et al.,
2021). In a study by Lu et al., the life cycle carbon cost are included in
the LCCA of engineered wood, concrete and steel structural products
(Lu et al., 2017). They utilize a carbon tax of 20 EUR tCOy-eqv ™" (Strong
Growth, 2011), which was introduced by the Australian government in
2012 and then repealed two years later. In addition to that study, the
authors of this paper assessed building refurbishment from an economic
perspective with the inclusion of future climate induced cost based on an
SCC varying from 8 to 250 EUR tCOg-eqv ' (Nydahl et al., 2019). Also
Guardigli et al. (2018) suggested, as a topic for future research, that
operational SCC should be included in sustainable building LCCA.
However, none of the reviewed papers introduces a systematic meth-
odology for incorporating monetary evaluation of climate risk and op-
portunities into building LCCA that can be used to assess profitability of
different building design for both renovation and new construction.
Therefore, this study suggests the use of an Extended Life Cycle Cost
Assessment (ELCCA) to provide a more holistic assessment approach
that is easy to relate to if economic tenability is of primary concern in
decision making by including monetary evaluation of climate risk and
opportunities. This approach can be used to assess building design.

The introduced approach is exemplified by a comparative case study
of a developed lot with fifteen buildings. The buildings were built in the
late 1960 in Umed, Sweden, and have the typical design of the million
homes program that were built during that same time period (Hall &
Vidén, 2005). However, in 2014 the buildings were regarded as
increasingly inadequate. Therefore, the building owner chose to reno-
vate six of the buildings and demolish nine of them to be replaced with
new construction. An extended life cycle cost assessment is utilized to
compare renovation and new construction with keeping the building in
its original design.

2. Methodology

An extended building cost calculation is introduced to assess cost and
climate impact of building renovation and new construction. The
extended building cost calculation is based on LCCA, which is a
commonly used method for investigating cost-optimal building solu-
tions and design. The extension is done by valuing the climate risk and
opportunities of GHG emissions in monetary terms and including it in
the LCCA. Thus, this chapter presents the different parts of the method
used in this study, i.e.

e framing the scope of the assessment,

e introducing the life cycle cost assessment,

e valuing GHG emissions in monetary terms,

e present the extended life cycle cost assessment.
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2.1. Scope of comparative life cycle assessment

Building design can be evaluated by Life cycle assessment (LCA)
which assess different parameters, such as economic, environmental and
social parameters. This study includes economic and environmental LCA
parameters. Furthermore, standardized LCA include modules A-D,
where the A module include the production and construction stage, the
B module include the use stage, the C module include the end-of-life
stage and the D module include reuse, recycling and recovery (ISO,
2006b, 2006a).

Previous LCA studies on renovation and new construction have
varying scope (Hasik et al., 2019; Rgnning et al., 2009; Vilches et al.,
2017). The recommended approach by Hasik et al. (2019) is based on
the avoided burden approach, i.e. avoided impacts as a result of reuse,
recycling and recovery are credited the studied product. Thus, Hasik
et al. (2019) suggest that only newly added components should be
included in the building impact assessment since they “burden” the
assessment. However, demolished material that are not reused or recy-
cled, i.e. end-of life stage (C-module) of the original building, should
also be seen to “burden” the building impact assessment. This is
confirmed by both Vilches et al. (2017) and Rgnning et al. (2009) who
suggest that the end-of-life stage (C-module) of the original building
should be included in the building impact assessment. Renovation imply
that the original building is partly demolished and to allow new con-
struction the original building need to be fully demolished. Further-
more, to avoid “double counting”, the end-of-life stage (C-module) of the
renovated or new building should not be included in the impact
assessment. It is difficult to estimate future waste disposal, reuse, recy-
cling and recovery and therefore it is more suitable to account for this
impact by including end-of-life stage (C-module) of the original building
into the building impact assessment.

Moreover, studies on both economic costs and GHG emissions over
the building life cycle show the significance of operational energy use
(B6) as the main contributor of the use stage (module B) (Erlandsson
et al., 2018; Sterner, 2002). Therefore, the LCA is simplified to only
include operational energy use. Maintenance and repair are assumed
negligible. Building operational energy use (B6) refers to the actual
annual energy that is used in order to meet the different needs associated
with defined uses of the building, i.e. heating, domestic hot water sup-
ply, ventilation, lighting and auxiliary energy used for pumps, control
and automation.

Fig. 1 show the scope of the comparative life cycle assessment.
Renovation means that the original building is partly demolished (Cop).
The degree of demolition varies depending on the performance of the
original building as well as the desired performance of the renovated
building. The desired performance of the renovated building affects the
added embodied impact to the building (Apew) and these choices affect
the building energy performance (B6). New construction that occur on a
developed lot leads to full demolition of the original building (C). The
desired performance of the constructed building affects the added
embodied impact of the building (A) which affect the building energy
performance (B6).

To allow comparison between different building designs, the LCA
results are estimated for the floor area that are heated to 10 °C or above,
called Heated Floor Area (HFA). Furthermore, a theoretical service life
of the building is employed, which is set to 50 years in this study.

2.2. Life cycle cost assessment

In accordance with the introduced assessment scope, the LCCA for
renovation or new construction include disposal cost from partial or full
demolition of the original building, investment cost and operational
energy cost, see Eq. (1).

LCCA = C¢ + Cy + Cgs (@)

Cc = End-of-life cost from partial or full demolition of the original
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Fig. 1. Scope of comparative LCA of (a) renovation scenario, (b) new construction scenario. The A-module include production and construction stage, B-module
include use stage and C-module include end-of-life stage. The asssessment of the renovation scenario include the original building that is partly demolished (Cop), the
added embodied impact of newly added components to the renovated building (ANew) and the energy use of the renovated building (B6). The asssessment of the new
construction scenario include end of life stage (C) of the original building, production and construction stage (A) of the new construction and the energy use of the
new construction (B6). The included modules are coloured in blue (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

building

Cp = Investment cost, i.e. construction costs, development costs and
VAT

Cpg = Cost of building life cycle operational energy use

The disposal cost of the original building (C¢) are assumed to account
for about 2% of the total construction life cycle cost based on a European
average (Islam et al., 2015).

The investment cost (Cp) can either be estimated based on average
cost, or be calculated based on project-specific cost data linked to a
building project. The production cost for renovation differs depending
on the level of renovation and therefore an average production cost for
renovation could be difficult to estimate. However, previous projects
with similar renovation level could be used to estimate average cost for
renovation.

The building life cycle operational energy cost (Cge) are calculated
according to Eq. (2).

SL
Cs =Y _((OE: x EPx (1+EPC)"™") .+ (OE; x EP x (1+EPC)""")

i=1

Hear)

(2)

OE; = Annual operational use of property electricity or heating, year

EP = Annual electricity or heating prize

EPC = Annual real price increase for electricity or heating

SL = Building service life

Annual operational energy use (OE;) for a building can either be
estimated in a design stage by building simulation software or in an
evaluation stage by measured building specific data. The annual oper-
ational use of electricity refers to the property electricity and include
electricity for ventilation, lighting and electricity used for pumps, con-
trol and automation. The property electricity can be reduced by

installing fans and pumps that are more efficient or installing better
control of lighting. The annual operational use of heating includes space
heating and domestic hot water supply and are influenced by factors
such building design, the climactic region were the building is located
and the behavior of the residents. The annual electricity and heating
prize (EP) are linked to the geographical location of the building. The
prize for electricity and heating will change (EPC) with an annual real
price increase, i.e. the price increase obtained if inflation is deducted
from the nominal price increase.

2.3. Life cycle carbon cost

Greenhouse gas emissions associated with renovation and new con-
struction are calculated with environmental life cycle assessment in
accordance with the LCA scope of this study. The life cycle GHG emis-
sions are expressed in monetary terms with the use of SCC, which values
the total damage cost of an extra metric ton emission of CO2 equivalents
due to the associated climate change. Eq. (3) show how to calculate life
cycle carbon cost for renovation or new construction.

LCCAGuge = (GHGec + GHGe, + GHGegs) x SCC 3

GHGe, = End-of-life GHG emissions from partial or full demolition of
the original building

GHGe, = GHG emissions from production and construction

GHGepe = GHG emissions from building life cycle operational energy
use

SCC = Social Cost of Carbon

Data from the Swedish Environmental Research Institute (IVL)
(Erlandsson & Pettersson, 2015) has been utilized to calculate GHG
emissions from partial or full demolition of the original building
(GHGe,). To cohere with current LCA practice, energy use for mechan-
ical processing of the most significant types of material is also included
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in the demolition data. The Global Warming Potential (GWP) for the
energy use at end-of-life and reuse, recycling and recovery is calculated
based on the assumption that the change in purchased electricity affect
the margin. Thus, the emission factor for purchased electricity is
assumed to 0.122 kg COz-eqv/MJ (Spath & Mann, 2000). Furthermore,
an emission factor of 0.053 kg CO5-eqv/MJ for vehicle diesel has been
used (SEPA, 2020).

Climate impact from production and construction of newly added
components (GHGe,) are calculated using the calculation tool devel-
oped by The Swedish Environmental Research Institute (IVL) (BM tool)
(Ebena et al., 2019). The tool contains a complete database with climate
data for construction resources used on the Swedish market. Climate
impact is calculated for material production (A1-A3), transport (A4)
and construction waste (A5.1).

GHG emissions from operational energy use (GHGepg) during the
building service life is calculated according to Eq. (4). The operational
energy use include property electricity (Elec) and heating (Heat).

SL
GHGey=> ((OE:xEFx(14+EFC)"™") . +(OExEFx(1+EFC)"")

i=1

Hear)

4

OE; = Annual operational use of property electricity or heating, year

EF = Emission factor of electricity or heating

EFC = Emission factor change of electricity or heating

SL = Building service life

The emission factor (EF) of electricity and heating are linked to the
geographical location of the building and changes with the fuel mix.
During the building service life of 50 years, the emissions factor will
change as energy sources and efficiency of the electricity and heating
grid change. In this study an annual change rate is applied, called
Emission Factor Change (EFC). To estimate the EFC, a scenario for the
change over time of the Swedish energy system has been utilized. The
scenario is developed by the Swedish Energy Agency and are based on a
EU reference scenario, which is the main scenario used for emission
calculations by the European Commission (SCB, 2020). Based on this
scenario, the emission factor change for district heating is estimated to -
0.59% and electricity is estimated to 0.30% over the coming 50 years in
Sweden. The EU reference scenario assume that the emission factor for
district heating will decrease annually since fossil fuels such as peat,
petroleum products, natural gas and coal will be phased out over time.
The emission factor for electricity, on the other hand, are assumed to
increase annually since even though fossil fuels will be phased out to a
certain extent, the nuclear power are also predicted to be phased out.
Thus, it is assumed that the growing need for electricity over time cannot
be met only by renewable energy sources (SCB, 2020).

SCC is calculated based on socioeconomic projections, climate
change projections and climate change impact assessment together with
economic costs associated with these impacts. In a study by Pindyck
(2019), SCC estimations by roughly 600 economists and climate experts
spread from 0 to 830 EUR tCO4-eqv ™!, where on average the estimate of
climate scientists imply a higher SCC than the estimates of economists.
By analyzing the distribution among the estimates of the experts, the
SCC estimates are narrowed down to 67-250 EUR tCO2-eqv !, with a
best-fit distribution mean of 242 EUR tCO2-eq*1 (Pindyck, 2019). The
SCC used in this study are therefore 242 EUR tCOz-eqv’1 (SCC1) and
830 EUR tCOz-eqv ™! (SCC2).

2.4. Extended life cycle cost assessment

ELCCA complements the "traditional" building cost calculation
(LCCA) by adding the life cycle carbon cost (LCCAguge), see Eq. (5).
LCCA are calculated according to Eq. (1) and LCCAgyge are calculated
according Eq. (3).

Sustainable Cities and Society 76 (2022) 103451

ELCCA = LCCA + LCCAgge. ()
3. Case study

Fifteen buildings that were originally built in the late 1960 in Umea,
Sweden, has been studied. The city of Umea in Sweden is located 455 km
south of the Arctic Circle in Continental Subarctic Climate (Dfc) ac-
cording to Koppen. In 2014, the buildings were regarded as increasingly
inadequate, therefore six of them were renovated, and nine were
demolished and replaced with new construction. The design of the
original buildings correspond to the typical design of the million homes
program that were built around Sweden between 1965 and 1974 (Hall &
Vidén, 2005). The design of the renovated and newly constructed
buildings are shown in Fig. 2.

The comparative assessment of renovation and new construction
include structural and exterior construction, i.e. foundation, substruc-
ture, superstructure and exterior walls, roof, windows, glazing and
doors. Excluded from the comparative assessment are interior and sys-
tem construction, i.e. interior walls, ceilings, floors, doors, finishes and
furniture and systems such as mechanical, electrical and plumbing.
Interior and system construction are excluded from the assessment since
the interior and systems are fully replaced with new components in both
the renovated and new buildings. Therefore, it is assumed that the cost
and climate impact from interior and system construction are more or
less similar for the renovated and new buildings.

The structural renovation include replacement of the old roof
structure to make space for an air-handling unit and the exterior reno-
vation include change of windows and additional wall insulation with
28 mm insulation on the building gables and 45 mm insulation on the
long sides. The investment cost for the structural and exterior renovation
are estimated based on another renovation project in Umea with similar
level of renovation (Strong Growth, 2011). Thus, the investment cost are
estimated to approx. 788 EUR HFA-1 (Strong Growth, 2011).

The investment cost for new construction are calculated based on the
2019 Swedish average production cost for new multi-dwelling buildings
which amounted to 4522 EUR HFA~! (SCF , 2017). Included in this cost
is construction costs, development costs and VAT (Boverket, 2009).
Structural and exterior construction accounts for about 74% of total
construction cost (Werner, 2016), which equals 41% of total production
cost. Moreover, new construction that takes place on a developed lot
have reduced development costs since there are small or non-existent
land costs which reduces the production cost. Land costs account for
about 16% of the total production cost. Thus, investment cost are esti-
mated to approx. 3 155 EUR HFA ! for new construction on a developed
lot.

Other estimated Swedish average input data for the comparative life
cycle assessment of renovation and new construction are shown in
Table 1.

The energy performance of the original buildings, renovated build-
ings and new buildings are shown in Table 2. Renovation of the original
buildings reduced the yearly heating demand by 43% and the yearly
electricity demand by 7%. Demolition and construction of a new
buildings reduced the yearly heating demand by 67% and the yearly
electricity demand by 54%.

The studied case buildings have been in use by tenants, therefore
building specific energy use can be measured and evaluated. Heat and
property electricity use for the original buildings were measured for the
full year of 2013. At this time, heat and property electricity were
measured at a centrally located substation that served all buildings on
the lot. To calculate heat and property electricity use at building level,
culvert losses were subtracted from the total measured use at the cen-
trally located substation and thereafter divided by the total HFA of all
buildings that were centrally supplied. The same approach was applied
for the renovated buildings to measure and calculate heat and property
electricity use. For the new buildings, on the other hand, measuring
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Fig. 2. (a) building structure of the renovated case building with a HFA of 850 m? and (b) building structure of the newly constructed building with a HFA of

1289 m?.

Table 1

Input data and assumptions made for the life cycle cost assessment (LCCA) and life cycle carbon cost (LCCAgnge)-

LCCA Ce Assumed 2% of the total construction life cycle cost.
Cap Assumed 3 155 EUR HFA ™! for new construction on a developed lot.Assumed 788 EUR HFA ™! for renovation.
Cge Average Swedish heating price assumed to 0.086 EUR/kWh (Eurostat, 2020).Average Swedish electricity price assumed to 0.183 EUR/kWh (Rydegran,
2020).The annual real price increase are assumed to a steady rate of 3% for both heating and electricity.
LCCAGuge GHGec Calculated based on data from the Swedish Environmental Research Institute (IVL) (Erlandsson & Pettersson, 2015).
GHGe, Calculated using average data from the BM tool developed by The Swedish Environmental Research Institute (IVL) (Ebena et al., 2019).
GHGepe  Heating are supplied by district heating with an average Swedish emission factor of 0.06 kg CO2-eqv/kWh (Martinsson et al., 2012).
Electricity are assumed to be supplied by the Nordic electricity grid with an emission factor of 0.13 kg CO2-eqv/kWh (VVS-tekniska, 1974).
The emissions factor change is estimated to —0.59% for district heating and 0.3% for electricity based on the EU reference scenario effect on the Swedish
energy system (SCB, 2020).
SCC Assumed to 242 EUR tCOZ-eqv’1 (SCC1) and 830 EUR tCOz-eqv’1 (SCC2).

equipment were installed at building level, which enabled building
specific heat and property electricity use measurements. Heat and
property electricity for the renovated and new buildings were measured
during 2019. All measurements were made with a resolution of one
month and the annual operational heating was degree-day corrected.

4. Result and discussion

In this section, ELCCA is utilized in a comparative assessment of
renovation and new construction. The assessed options are to keep the
existing building in its original design, renovate the building or demolish
the building and replace it with new construction. Table 3 show the
result of the comparative assessment of renovation and new construc-
tion with the use of the ELCCA. Table 3 also report LCCA and LCCAgpge
separately to show the influence of these parameters on the ELCCA.

Table 2
Energy performance of the original buildings, renovated buildings and newly
constructed buildings.

Annual Operational heating
(OEheat)
[kWh year! HFA™ ']

Annual Operational
Electricity (OEg)
[kWh year! HFA™!]

Original buildings 137 18
Renovated 78 16
buildings

New construction 45 8

The result in Table 3 shows that the renovation scenario has the
lowest ELCCA. The result in Table 3 also show that new construction has
a slightly lower ELCCA than keeping the existing building in its original
design. This difference is not very big and may be the result of as-
sumptions and estimations made. However, keeping the existing build-
ing in its original design could potentially be more costly than indicated
in Table 3, if maintenance and repair would be included in the assess-
ment. The need for maintenance and repair would probably be higher
for the original building than for new construction. Still, if the original
building satisfies the health and need of the tenants without larger in-
terventions it may be an as viable option as new construction.

The result in Table 3 show that LCCAghge(SCC2) accounts for 10.0%,
9.1% and 7.1% of the ELCCA for the original, renovated and newly
constructed building, respectively. Thus, the ELCCA result in Table 3 are
strongly influenced by the LCCA. In order to obtain an equal impact from
LCCAGHGe and LCCA when combining them in ELCCA, the SCC would
have to increase to approx. 7600 EUR tCOs-eqv " in for the original
building, 8400 EUR tCOz-eqv ™! for the renovated building and 10,800
EUR tCOz-eqv’1 for the new construction. However, in this case, not
even a very high SCC will affect the priority order between the three
studied options.

In a time where climate change mitigation is one of the key chal-
lenges facing society both today and in the decades ahead it is important
to evaluate the three different building design alternatives based on
their ability to reduce climate impact in a near future, i.e. 50 years in this
study. To compare the climate efficiency of renovation and new con-
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Table 3
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Life cycle cost assessment (LCCA), life cycle carbon cost (LCCAgnge) and extended life cycle cost assessment (ELCCA) for the case building in its original design (HFA
850 m?), the renovated building (HFA 850 m?) and the newly constructed building (HFA 1289 m?). The social cost of carbon applied are 242 EUR tCOz—qu’1 (SCC1)

and 830 EUR tCO5-eqv ! (SCC2).

Original Building Renovation New Construction
[EUR HFA™'] [EUR HFA™'] [EUR HFA™]
SCC1 SCC2 SCC1 SCC2 SCC1 SCc2
LCCA Disposal cost - 67 67 100 100
Investment cost - 788 788 3155 3155
Cost of operational energy use 4434 4434 2065 2065 1139 1139
Total 4434 4434 2920 2920 4394 4394
LCCAGHGe End-of-life - - 0.7 2.4 1.6 5.5
Production and Construction - - 13 43 58 197
Operational Energy use 143 491 72 247 39 134
Total 143 491 85 292 98 337
ELCCA Total 4577 4924 3005 3212 4492 4731
Table 4

Input data and assumptions made for the life cycle cost assessment (LCCA) and life cycle carbon cost (LCCAgnge) When the case building is relocated to Poland.

LCCA Ce Assumed 2% of the total construction life cycle cost.
Ca Assumed 598 EUR HFA ! for new construction on a developed lot (Euroheat, 2019).Assumed 134 EUR HFA™! for renovation.
Cge Average Polish district heating price assumed to 0.043 EUR/kWh (Eurostat, 2020).Average Polish electricity price assumed to 0.146 EUR/kWh (Rydegran,
2020).The annual real price increase are assumed to a steady rate of 3% for both district heating and electricity.
LCCAGHGe GHGec Unchanged
GHGep Unchanged
GHGeps  Heating are supplied by district heating with an estimated emission factor of 0.33 kg CO,-eqv/kWh based on an fuel mix of 82% coal, 5% natural gas and 13%
bio fuel (Schakenda & Askham, 2010).
Electricity are assumed to be supplied by the European electricity grid with an emission factor of 0.63 kg CO,-eqv/kWh (Wierzbowski et al., 2017).
The emissions factor change is estimated to —2.21% for both district heating and electricity based on the EU reference scenario effect on the Polish energy
system (Stern, 2007).
SCC Assumed to 242 EUR tCO,-eqv 1 (scC1) and 830 EUR tCO4-eqv 1 (scc2).

struction, the concept of return on investment (ROI) could be used. The
ROI show the relation between the operational GHG emission-savings
from the original building design and embodied emissions. Within the
boundaries of the set scope in this study (Fig. 1), the ROIgyg. are
calculated according to Eq. (6), where SL equals 50 years.

SL
Z[:] (GHGeEG original building — GHGEBG renovated/new construcution building)l-

ROIGnge =
oHG (GHGec¢ + GHGe,)

renovated [new construcution building

The renovation scenario has a ROIgyge of 5.37 and the new con-
struction scenario a ROIgyge of 1.76. This means that the climate change
mitigation is 5.37 times greater than the embodied emissions for the
renovation scenario and 1.76 times greater from the new construction
scenario. Thus, the ROI indicator shows that the renovation scenario has
the highest climate efficiency. The results in Table 3 together with the
ROI indicator show that the renovation scenario is the most economic
and climate efficient alternative.

The ELCCA and ROI result are dependent on local and national
conditions that influence investment cost and cost of operational energy,
embodied GHG emissions, present and future GHG emission from heat
and electricity supply and the estimated SCC. Hence, a more carbon
intense energy market together with significantly lower construction
and energy costs would probably lead to an increased influence of
LCCAGHGe on the ELCCA result. Therefore, as a thought experiment to
test this hypothesis, the case buildings are theoretically relocated to a
country with one of Europe’s most carbon intense energy markets and
that also have significantly lower construction and energy costs than in
Sweden.

The case buildings are theoretically relocated to Poland. Poland is
situated in Humid Continental Climate (Dfb) according to Koppen,
which is a different climactic region than Umed. Thus, the building
heating demand are different in Poland. The degree-day method (Sta-
tista, 2018) is used to estimate the change in operational heating

demand when the case buildings are relocated to Warsaw, Poland. The
property electricity use, on the other hand, are assumed unchanged
when the case buildings is relocated. Furthermore, the building design
are kept unchanged and therefore the embodied emissions (GHGec and
GHGe,) are assumed to be the same as in Sweden.

Average construction cost for multi-dwelling buildings in Poland are
81% lower than in Sweden. Furthermore, the average Polish district
heating price is 40% lower and the average electricity price 20% lower
than the Swedish average. At the same time, the district heating emis-
sion factor increases by 448% and the electricity emission factor by
386%. Input data and assumptions for the LCCA and LCCAgpge when the
case buildings is relocated to Poland is described in Table 4 and the
results in Table 5.

Table 5 show that the renovation scenario is still the most cost and
climate efficient option. However, while the new construction scenario
in Poland has a clearly lower ELCCA than keeping the existing building
in its original design, the ELCCA for new construction is comparable to
renovation. The ROIguge indicator, on the other hand, show that the
climate change mitigation is 8.73 times greater than the embodied

Table 5

Buildings relocated to Poland — Life cycle cost assessment (LCCA), life cycle
carbon cost (LCCAgnge), extended life cycle cost assessment (ELCCA) and
climate impact return on investment (ROIguge) for the case building in its
original design (HFA 850 m?), the renovated building (HFA 850 m?) and the
newly constructed building (HFA 1289 m?). The social cost of carbon applied in
the calculation is 242 EUR CO»-eqv " (SCC1) and 830 EUR tCO»-eqv ™! (SCC2).

Original Building Renovation New Construction

[EUR HFA ] [EUR HFA ] [EUR HFA ]

SCC1 SCC2 SCC1 SCC2 SCC1 SCC2
LCCA 1873 1873 1074 1074 1124 1124
LCCAGHGe 213 732 111 381 113 388
ELCCA 2087 2605 1185 1455 1237 1512

ROIGHGe - 8.73 2.69
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emissions for the renovation scenario and 2.69 times greater from the
new construction scenario. Thus, the renovation scenario is the most
resource efficient alternative based on a holistic assessment approach.
Furthermore, the result in Table 5 confirms the hypothesis that the
LCCAGHge would have an increased influence on the ELCCA on a more
carbon intense energy market together with significantly lower invest-
ment and energy costs. The LCCAgpnge accounts for 28.1%, 26.2% and
25.7% of the ELCCA for the original, renovated and new building,
respectively. Thus, even in this scenario the ELCCA result in Table 5 are
mainly influenced by the LCCA.

The estimated emission factor change (EFC) influence the result in
Table 5. An annual emission reduction of 2.21% in Poland is a quite
ambitious reduction target, even though it is considered realistic ac-
cording to the EU reference scenario (SCB, 2020; Stern, 2007). Never-
theless, if there would be no change in the Polish heat and electricity
emissions, i.e. an EFC of 0%, the LCCAgHge(SCC2) would account for
53.9%, 49.4% and 40.3% of the ELCCA for the original, renovated and
new building, respectively. Thus, the LCCAguge would have a greater
influence on the ELCCA for the studied case buildings. However, this
would not affect the relative ranking of the studied building design al-
ternatives. The renovation scenario would still have the lowest ELCCA,
followed by new construction and lastly keeping the existing building in
its original design. Furthermore, the renovation scenario would have a
ROIGHge Of 26.12 and the new construction scenario a ROIgyge of 8.06.

Simplifications and assumptions has been made in this thought
experiment. For instance, the building design is assumed similar in
Sweden and Poland and GHG emissions for end-of-life (GHGec) and
production and construction (GHGec) are not adjusted for the Polish
market. However, the thought experiment indicate how a more carbon
intense energy market together with significantly lower construction
and energy costs influence the ELCCA and ROIgyge result. It also in-
dicates the impact on the relative raking between the studied building
design alternatives.

4.1. Social cost of carbon

Economists has described climate change as a market failure (ISO,
2019; Nordhaus & Boyer, 2000). To correct this, policy intervention are
called for to increase the price of activities that emit greenhouse gases
and thereby provide a clear signal to guide economic decision making.
Such policy intervention could be a flat tax on GHG emissions, i.e. a
fixed amount per ton GHG emission that corresponds to the social cost of
carbon. With a GHG-tax instead of SCC, ELCCA becomes a policy in-
strument to achieve climate change mitigation targets. Without a
GHG-tax, SCC is only a fictitious cost that can be applied in good will to
guide economic decision making. Thus, ELCCA can only be seen as a
climate change mitigation indicator.

In this study, the SCC estimations applied are 242 EUR tCO2-eqv ™!
(SCC1) and 830 EUR tCOZ-eqv’1 (SCC2), where SCC2 is considered a
high SCC estimate (Pindyck, 2019). However, if the global warming
increases well above 2 °C, the socioeconomic and environmental dam-
ages and associated costs will be extensive, probably much higher than
SCC2. Thus, an increase in SCC would increase the influence of
LCCAgGHge on ELCCA. However, an increase in SCC would not affect the
relative ranking of the studied building design alternatives in either
Sweden or Poland. This means that in the context of the studied case
study, a flat GHG-tax will not affect the economic decision making. A flat
GHG tax could potentially be more influential when assessing in-
vestments with a high LCCAgpge. This could occur in the assessment of e.
g. individual energy efficiency measures or within other areas than the
construction industry. Furthermore, to allow for an even more
comprehensive sustainability assessment, tax could also be applied to
other environmental impact parameters in addition to GHG emissions
with the use of the ISO 14,008:2019, standard (ISO, 2019).
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5. Conclusion

The introduced ELCCA approach provide a more holistic approach to
life cycle assessment that is easy to understand if economic tenability is
of primary concern, as climate impact is monetized with the use of SCC.
Monetary evaluation of climate risk and opportunities could be used as a
policy instrument functioning as a tax on GHG emissions to promote
climate change mitigation within e.g. the construction industry. As an
additional or standalone indicator to promote climate change mitiga-
tion, ROIgHge can be used.

The case study show that the methodology is applicable to the
assessment of renovation and new construction. Furthermore, the case
study show that the inclusion of a flat GHG tax does not affect the
relative ranking of the studied buildings in either Sweden or Poland.
Therefore, an inclusion of a flat GHG tax will not affect the economic
decision making for the studied case buildings. The renovation scenario
is the most climate and cost efficient alternative in both countries and
the ROIgyge indicator reinforces this. Thus, renovation of the existing
building stock should be seen as a viable option to be considered.
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