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Abstract: This research undertakes a Life Cycle Analysis (LCA) to determine the climate change
potential of a typical newly built steel detached dwelling in Palmerston North, New Zealand (NZ)
and assesses its results concerning the 2 ◦C and 1.5 ◦C 2050 Paris Agreement targets. The proposed,
upcoming policy and actions of the NZ government relating to its residential building and construc-
tion sector, which are set with an overarching aim to allow NZ to progress towards meeting the 2050
Paris Agreement targets, are also discussed in this paper. The results of the LCA demonstrate that the
projected stock of steel-framed detached houses significantly exceeds the calculated climate budget
and eventual 2050 Paris Agreement targets. For both the 2 ◦C and 1.5 ◦C scenarios, the magnitude of
exceedance of the climate budget is 5.2 and 7.3 times more than the acceptable limit, correspondingly.
These findings suggest that the sector will need to undergo a significant transition in order to fulfil
the 2050 Paris Agreement targets. In the meanwhile, the sector’s upcoming policies and regulations
must be achievable while progressing toward achieving net-zero carbon emissions.

Keywords: climate change potential; Life Cycle Analysis; steel detached dwelling; New Zealand;
net-zero carbon

1. Introduction

In 2020, the building and construction sector in New Zealand (NZ) accounted for
approximately 20% of its total carbon emissions, which mainly resulted from the embodied
and operational carbon emissions associated with material and energy use in buildings [1].
NZ committed to the Paris Agreement in 2016 to keep the global temperature increase
below 2 ◦C while seeking a limit of 1.5 ◦C by 2050 [2]. To enable NZ to achieve the National
Development Contribution, the NZ Government has set policies and frameworks to help
mitigate carbon emissions, such as the Ministry of Business, Innovation, and Employ-
ment (MBIE)’s Building for Climate Change programme, which contains the Whole-of-life
Embodied Carbon Reduction framework and the Transforming Operational Efficiency
framework [1,3,4]. Both frameworks have suggested that the building and construction
sector should implement a series of actions, beginning in the national emission reduction
budget period of 2022–2025 [1,4].

These actions include requiring new buildings to report their whole-of-life embodied
carbon and imposing a mandatory cap on operating carbon emissions and whole-of-life
embodied carbon to obtain permission prior to building construction [1,4]. The framework
for the Building for Climate Change programme is presently being evaluated, with a public

Buildings 2022, 12, 290. https://doi.org/10.3390/buildings12030290 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings12030290
https://doi.org/10.3390/buildings12030290
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-3962-035X
https://orcid.org/0000-0002-8086-3070
https://orcid.org/0000-0002-3563-8050
https://orcid.org/0000-0001-9720-8518
https://doi.org/10.3390/buildings12030290
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12030290?type=check_update&version=2


Buildings 2022, 12, 290 2 of 21

consultation session scheduled for early 2022 to gather input and participation from the
industry [3]. In the framework, it is also recommended that data on embodied carbon
emissions from buildings be archived in a public repository, with the goal of sharing and
benefiting from the data collectively [1,4].

The aim of this research is to determine whether a newly built steel-framed detached
dwelling, built and used in NZ, will meet the 2 ◦C and 1.5 ◦C Paris Agreement targets by
2050, and if it cannot meet the targets, how much the exceedance will be. As shown in
Figure 1, the selected detached house with G550 cold-formed steel framing and a concrete
foundation has a design occupancy of four people and a gross floor area of 180 m2. A
cradle-to-cradle Life Cycle Analysis (LCA) using LCAQuick was performed to assess the
climate change potential of this house. Afterward, those results were used to quantify
the climate change impacts for this typology of buildings in relation to the 2050 Paris
Agreement targets.
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Figure 1. The selected steel-framed detached house in Palmerston North, NZ.

The typology of the “newly built detached house” was chosen in this study because
the majority of the houses built in NZ are single-detached dwellings and new builds are
the initial focus of the MBIE frameworks proposed in NZ [4,5]. Furthermore, since most
previous research conducted in NZ has focused on timber-framed houses, the LCA research
on steel-framed houses in NZ has not been widespread [6]. Steel is a highly efficient and cost-
effective material [7–20] and offers a variety of other benefits as a framing material [21–39].
Steel has a near 100% recycle rate, and it has never been downcycled in the same manner
that other building materials have been [40–48]. For example, when the wood is chopped,
the fibres shorten, whereas recycling steel keeps all of its qualities on a molecular level,
offering greater robustness [49]. Steel constructions also require less maintenance because
they are not affected by moisture or biological activity [50–58]. Hence, steel was chosen
as the material of study in this paper to help fill this research gap and contribute to the
proposed repository. Conducting this research and understanding the climate change
potential of this building typology can increase people’s awareness and data availability,
enabling the sector to better understand their current position and collaborate with MBIE
on finalizing the frameworks throughout the open consultation period. This research is also
helpful for setting the embodied and operational emission caps for the sector at achievable
levels while progressing towards the overarching 2050 Paris Agreement targets.



Buildings 2022, 12, 290 3 of 21

2. Background Information on NZ’s Climate Change Policies
2.1. NZ’s Climate Change Regulatory Context

In 2016, the NZ Government ratified the Paris Agreement, committing to maintaining
a global temperature increase below 2 ◦C while limiting the temperature increase by 1.5 ◦C
by 2050 [2]. According to the recent updated Nationally Determined Contribution (NDC),
NZ committed to reducing its net Greenhouse Gas (GHG) emissions by 50% below gross
2005 levels by 2030 [2]. It corresponds to 41% when managed using a multi-year emissions
budget starting from NZ’s 2020 emissions target [2].

Several policies, programmes, and frameworks have been proposed to action NZ
towards the necessary changes to meet its 2050 Paris Agreement commitments.

Following a top-down order, these policies, programmes, and frameworks include:

• The Climate Change Response (Zero-Carbon) Amendment Act (2019) [59];
• The first Emissions Reduction Plan [60];
• Building for Climate Change programme [3];
• Whole-of-life Embodied Carbon Emission Reduction framework [1];
• Transforming Operational Efficiency framework [4].

The Climate Change Response (Zero-Carbon) Amendment Act (2019) is an amendment
to its predecessor, the Climate Change Response Act (2002) [59]. The NZ Government
modified this in 2019 to establish a framework for developing and implementing climate
change policies to ensure that NZ meets the 2050 Paris Agreement targets while also
achieving net-zero carbon emissions [59]. The Climate Change Commission is required by
this legislation to provide independent advice to the government on emissions budgets,
which are the total amount of emissions allowed over a specified time period [60]. The
emission budget attempts to set incremental goals every five years towards the long-term
net-zero carbon target of 2050 [60]. The first budget will start in 2022 and will be exempt
from the scheduled five-year increment, which is planned to end in 2025 [60].

The first Emissions Reductions Plan (ERP) was published in May 2021 [61] to advise
the NZ Government on its first emission budget throughout 2022–2025. It is important to
note that before releasing emission budgets, the Climate Change Commission will have
open consultations to measure public opinion on the budgets and progress [60].

2.2. Building and Construction Sector Regulatory Context

The Building for Climate Change (BfCC) programme is a building and construction
sector-specific response to the climate goals and ERP, released by MBIE [3]. There are
two critical frameworks within the BfCC programme, the Whole-of-life Embodied Car-
bon Emission Reduction (WoLECER) and the Transforming Operational Efficiency (TOE)
frameworks. Both frameworks were open to public consultations, and 374 submissions
were received from a variety of individuals and organizations in the building and con-
struction industry [62]. Those responses received from the submissions clearly support
changes within the sector, with 92% of the respondents agreeing that reducing emissions is
necessary [62].

2.2.1. Transforming Operational Efficiency (TOE) Framework

In 2018, the operational phase of buildings utilized around 20% of all energy consumed
in NZ, with electricity accounting for 65–70% of all energy consumed in buildings [63,64].
The TOE framework was developed in 2020, with three main objectives, including [4]:

1. Reducing operational emissions;
2. Reducing water use to meet demand;
3. Improving the health and well-being of occupants.

This framework also proposes that the following actions be mandatory for the sector
to comply with [4]:

• Setting an Operational Energy Cap, which is the total allowable annual emissions per
square meter per annum for all new buildings;
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• The Operational Energy Cap will have fossil fuel combustion, electricity use, and
water use requirements;

• Setting a Water Use Cap, which is the absolute allowed drinking water use per square
meter per year for all new buildings.

The Operational Emissions Cap and Water Use Cap will be tightened in steps, with a
final cap expected in 2035 [4]. Before these actions become finalized and mandatory, the
Cabinet will open public consultation on the entire package of measures [62].

According to MBIE [1], the occupants’ behaviours can significantly affect all these
objectives of the TOE framework. Therefore, this framework is focused on regulating
buildings’ design and construction, with the occupants’ behaviours assumed to be beyond
the scope [1].

2.2.2. Whole-of-Life Embodied Carbon Emission Reduction (WoLECER) Framework

Embodied carbon emission is defined as all carbon emissions attributable to the build-
ing itself, including emissions across the entire supply chain of materials and products,
construction processes, repair and maintenance, and processes at the end of life of a build-
ing [1]. Considering a whole-of-life perspective is critical in reducing the emission of
building and construction sector, as the relative significance of embodied emissions from
buildings increases with time as the operation of buildings becomes more efficient [4,63].
Operational efficiency can also be gained through appliance and technology innovation,
which happens more quickly than manufacturing and construction innovation [64]. Fur-
thermore, in the context of NZ, operational efficiency can be further improved by a large
portion of the country’s electricity grid being sourced from renewable energy sources, such
as hydro, geothermal, wind, and biomass energy; in 2017, approximately 82% of NZ’s
electricity was sourced from renewable energy sources, with a goal of 95% by 2050 [65,66].

The WoLECER framework has three key objectives [1]:

1. Maximising new build efficiency;
2. Increasing building material efficiency;
3. Reducing the carbon intensity of the materials used in new buildings.

This framework also proposes mandatory actions for the sector to comply with,
including [1]:

• The whole-of-life embodied carbon of buildings will only be required to be reported
as part of the building consent process;

• Buildings will also be required to meet a mandatory cap on their whole-of-life embod-
ied carbon to obtain building consent;

• The cap will be tightened in a series of steps over time according to a transparent sched-
ule to deliver the increasing reductions in emissions required by the National ERP;

• The cap levels will be set considering best practices and consultation with the sector
to ensure they are ambitious but achievable and will be reviewed at each step;

• Data on the embodied carbon from buildings, collected from the reporting stages, are
stored in a repository and made publicly available.

These actions and objectives set out in the framework will initially apply to all new
buildings because the respondents prefer a stepped approach to include existing buildings,
given the complexity involved in developing regulations for existing buildings [1].

While these objectives and actions have been met in favour and agreement by the
sector, the building and construction sector in NZ currently has a relatively immature
understanding of the embodied carbon and the impacts of its activities [1]. However,
respondents favoured establishing a publicly accessible repository of data relating to
embodied carbon emissions to transparently share information for the sector’s collective
benefits [62].
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3. Literature Review on Life Cycle Analysis
3.1. Life Cycle Analysis Definition

Life Cycle Analysis (LCA), alternatively known as Life Cycle Assessment, has been
widely utilized and studied to assess sustainability and climate change in the building and
construction sector by calculating its carbon emissions [67]. International ISO and European
EN standards have been developed to regulate LCA practice and to certify several LCA
softwares, tools, and databases [68–70].

The service life of a building typically includes the stages of construction, occupancy,
demolition, and benefits beyond the end of life [71]. The scope of an LCA is highly
variable, and the practitioners must identify the system boundaries, which include the
building’s service life, building elements, environmental impacts, and measured life cycle
stages [72,73]. As illustrated in Figure 2, the life cycle stages include the product (modules
A1–A3), construction (modules A4, A5), use (modules B1–B5), operational (modules B6,
B7), end of life (modules C1–C3), and benefits and load stages beyond the system boundary
(module D) [1]. The terms “life cycle stages” and “modules” are interchangeable throughout
international and domestic LCA studies, Environmental Product Declarations (EPDs),
definitions, software, and tools [68]. A commonly known cradle-to-cradle LCA considers
all the stages, from A1 to D [1].
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3.2. System Boundary Definition and Subjectiveness

Some researchers reported that the system boundaries are often selected subjectively
in the existing studies [73,74]. The choice of inputs into the LCA is a part of the system
boundary definition [73]. Due to a lack of data or a great variety of available data, life
cycle stages or different building systems and material elements are frequently missed [72].
Neglecting certain life cycle stages might result in truncation errors in calculations of up to
50% [72].

Hossain and Ng [74] reported that more than half of the LCA studies they reviewed
did not consider operational energy consumption due to its complexity. Many studies
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have demonstrated that when assessing buildings’ operational energy, the location, oc-
cupancy, and climate must be carefully examined or assumed, whether in NZ [75,76] or
other countries [64,77,78]. Some domestic LCA studies in NZ, including the Waitakere
Now Home LCA [75], Exemplar House [76], and the LCA studies by McLaren et al. [5],
have included operational energy life cycle stages in their system. However, significant
assumptions were made in their studies, and they relied on secondary data sources to
assess operational energy.

3.3. Data Quality

It was found by Hossain and Ng [74] that 31% of the LCA studies they reviewed only
used data from secondary sources, and 15% used a combination of data from primary and
secondary sources. Many LCA studies conducted in NZ used a combination of primary
and secondary data to complete their study due to a lack of product-specific information for
certain materials [5,64,76,79–82]. Nebel and Szalay [76] suggested a more comprehensive
dataset constructed from the ground up, using the specific detail of NZ data, complemented
by international data, to produce more robust results in studying buildings’ environmental
impacts. These studies have also emphasized the necessity for a data repository to improve
data quality through regulations and benchmarks [5,64,74,76,79–82].

Dixit [72] proposed global guidelines that included transparency and standardization,
as well as the widely agreed-upon definitions and terminologies. The computational data
should be reported, and calculations should be standardized, requiring studies demonstrat-
ing how to define the system boundaries and use data sources and units for different LCA
indicators [72].

3.4. Review of Existing LCA Software, Databases, and Tools

GaBi [83] and SimaPro [84], two of the most widely used LCA software packages,
provide the most comprehensive databases and tools for performing LCA and are com-
pliant with international standards ISO 14040, ISO 14044, and EN 15804. However,
Nebel et al. [76] found that using Gabi and SimaPro to conduct LCA in NZ was erro-
neous. GaBi and SimarPro primarily use European and international databases, which fail
to capture geographical applicability to NZ, particularly in terms of products produced or
used in NZ but not elsewhere, as well as differences in transportation, logistics, and energy
production and usage [76].

3.5. LCAQuick v3.4.3

LCAQuick v3.4.3 is a tool developed by the Building Research Association New
Zealand (BRANZ) in 2020 [79]. It is compliant with relevant ISO and EN standards [79].
The indicator used in LCAQuick to assess climate change potential is based on the Bern
Model, a widely recognized model produced by the Intergovernmental Panel on Climate
Change (IPCC) [71]. This indicator is also consistent with the NZ Government’s proposed
GHG inventory, which will aid the development of future emission budgets (ERP) [60].

Since most international databases do not consider the geographical setting of NZ,
LCAQuick has adapted data with the geographically relevant EPDs documented in the
SR418 report [79] and averaged datasheets documented in the SR351 report [85]. When NZ
data are unavailable, BRANZ uses data from the database EcoInvent and GaBi, adapted
with an NZ electricity grid mix and included in their SR418 report [79].

3.6. Quantifying Climate Change in Relation to the 2050 Paris Agreement
3.6.1. Potential Limitations of LCA

Performing an LCA can provide information on the environmental impacts of a
defined system. However, it is an insufficient indicator for quantifying performance
concerning global climate targets or caps [70,81,86–89]. LCA has been classed as a Relative
Environmental Sustainability Indicator (RESI) by Bjorn et al. [70]. LCA results for a studied
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system do not inherently show comparable results unless compared to results from one or
more reference systems with similar studied system boundaries [74].

3.6.2. Comprehensive and Robust Climate Change Indicators

There are different suggestions and methods in the existing literature which describe
quantifying LCAs and other RESIs in relation to broader systems [70,90]. Absolute Envi-
ronmental Sustainability Indicators (AESI) and Environmental Sustainability Assessment
Methods (ESAM) are terms used in the literature to describe such comprehensive sustain-
ability indicators [70,87].

Chandrakumar and McLaren [87] recommended that these AESIs and ESAMs should
successfully address the following questions in order to be more comprehensive and robust:

1. What are the environmental consequences of a chosen system?
2. What are the Earth system’s allocated biophysical limits for the chosen system?
3. How can proposed system interventions be measured for their ability to bring the

system within these biophysical limits?

3.6.3. Distance-to-Target Method

Despite the widespread adoption of AESIs and ESAMs, most still have various draw-
backs. The Distance-to-Target (DTT) approach employed by LCA researchers is an example
of such disadvantages [91–94]. The DTT method derives weighting factors for LCA impact
categories such as climate change potential by comparing a system’s observed environ-
mental performance against the existing environmental targets [91]. It could answer the
first two questions mentioned previously and potentially the third question. However,
many of the studies defining the DTT method published in 2018 have used the method by
developing policy-based targets for different sustainability indicators [70,87]. As a result,
they are limited to a regional or national scale and do not allow geographical flexibility in
the context of NZ.

3.6.4. Carbon Budget Method

Another method that has been proposed in the existing body of literature is to use the
concept of Planetary Boundaries (PBs) [89]. The PB framework may be used to calculate the
maximum amount of global warming potential or GHG emissions that can be released into
the atmosphere while staying within the 2050 Paris Agreement targets [89]. A carbon budget
can be estimated up to 2050 using the maximum GHG concentration [81,89,95]. However,
this method has drawbacks because PB frameworks remove some environmental indicators
and do not incorporate social, financial, or human sustainability indicators [96–99]. It
also has the issue of geographical applicability to NZ, and there is currently a small
pool of researchers in NZ who have published building carbon budget studies [5,80,81].
Furthermore, the present estimates are constrained by the fact that they do not account for
the increase in the quantity of stock and the gross floor area (GFA) of buildings through
2050 [81].

4. Methodology
4.1. House Model Information

The newly built detached dwelling being analyzed in this research is a steel-framed
house with a concrete foundation in the high-wind zone of NZ. This house has a design occu-
pancy of four people and a GFA of 180 m2, with a design service life of 90 years. The primary
structural component of the investigated steel-framing house is the 89.0 × 41.3 × 0.75 mm
lipped channel section. Figure 3 shows the framing outline, wall layout, roof layout, and
sectional plan of the house.
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4.2. LCA Scope

The foundation, wall framing, roof framing, and roof cladding were included in the
scope of the building elements assessed in the LCA. The LCA scope was confined to struc-
tural elements to broaden the applicability of the research findings. In NZ, there is currently
little variety in the structural materials used in residential detached dwellings [100]. In
2018, 93.1% of houses in NZ were timber-framed, and the remaining were primarily steel-
framed [100]. This LCA scope is well-aligned with the WoLECER framework, including
the structural elements and the building envelope, while excluding internal fittings [1].

In addition, all life cycle stages were included in the conducted LCA (cradle-to-cradle,
as shown in Figure 2), with the following module additions and omissions:

• Module D was included in this research as steel is a highly reusable material, and
there is potential for the steel elements of this house to have a negative climate
change potential.

• Installed products covered in module B1 were beyond the LCA scope.
• Module B3 was omitted as it was assumed that the building elements would be

regularly and adequately maintained during its maintenance. No repairs would be
required over the building’s service life. Repair needed due to unpredictable events
such as tornados and cyclones was omitted from the LCA scope.

• Module B5 was omitted as it was assumed that the building would not have changes
(outside of maintenance) made to the structural elements over the service life.

• Module B6 was omitted as this was highly dependent on user behaviour and it was
challenging to find a reliable rate. However, it was still within the research scope. The
climate change potential for this module is included in the carbon budget analysis
as explained in Section 4.5.2, using averaged impacts from dwellings with similar
typology, size, and occupancy.

4.3. Material Inputs

The materials were derived from the Bill of Quantities (BoQ) for the building. There-
fore, the LCA results do not account for additional materials being reordered and only
apply to the quantity of materials present in the specified building plans and drawings.
Since the foundation was not included in the BoQ provided for this research, the foundation
and concrete mixture quantities were estimated.

The product-specific materials from the BoQ were matched with the most equivalent
material present in the LCAQuick material inventory. The necessary quantities of these
materials were calculated from the BoQ, and the data associated with the LCAQuick
material inputs were used to calculate the climate change potential.

4.4. LCA Indicator

The Climate Change (Global Warming) Potential in LCAQuick was used as the indica-
tor, measuring the Global Warming Potential (GWP) over 100 years in kgCO2eq.

4.5. Carbon Budget

A Carbon Budget for this building typology was assigned following a Grandfathering
Sharing Principle [61]. The carbon budget for a selected sector was calculated by taking
into account its relative contribution to NZ’s national consumption-based climate impact.
The budget was calculated based on the available carbon share allocated to NZ under the
2050 Paris Agreement. A top-down approach was adopted in this method.

For this research, the chosen sector was the steel residential detached dwelling sector.
The carbon budget was computed according to the publicly available information from
Chandrakumar et al.’s study [81]. The year 2018 was chosen as the starting point to align
with the currently available information in NZ’s framework [81].

The grandfathering methodology was adopted instead of other allocation methods,
such as purchasing carbon credits, as it is often seen as a more equitable approach [81].
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Additionally, this method does not allow wealthier participants to buy their way out of
their climate impacts and responsibilities [81].

4.5.1. Sector Allocation

The first step was to obtain the allocated global carbon share for NZ. The budgets
for NZ to meet the 2050 Paris Agreement climate change targets were 786 GtCO2eq and
1110 GtCO2eq for 1.5 ◦C and 2 ◦C scenarios [5]. The budgets from each scenario were then
used to determine the sector budget. The consumption-based account (CBA), also known
as the carbon footprint, was sourced from the Eora MRIO tables [101], with the reference
year of NZ carbon footprint being 2015. It was assumed that the contribution from NZ’s
steel detached housing sector to the consumption-based account of NZ’s carbon footprint
would be unchanged during the period from 2015 to 2050.

The carbon budget for NZ over the period of 2018–2050 (CBNZ,2018−2050) was calcu-
lated using the population values and projections sourced from Chandrakumar et al. [81]
as follows:

CBNZ,2018−2050 =
PopulationNZ,2018−2050

PopulationWW,2018−2050
× CBWW,2018−2050, (1)

where PopulationNZ,2018−2050 is the cumulative population estimate of NZ for 2018–2050,
PopulationWW,2018−2050 is the cumulative population estimate worldwide for 2018–2050,
and CBWW,2018−2050 is the worldwide carbon budget for 2018–2050.

The carbon budgets assigned for NZ over 2018–2050 for both climate scenarios were
then broken down by the proportion assigned to detached dwellings in the residential
sector. The budgets were multiplied by 4.9%, the sector proportion of GHG emissions by
the detached residential dwellings [81].

The carbon budget for the detached dwelling sector over 2018–2050 (CBNZ D.D, 2018−2050)
was calculated as follows [61]:

CBNZ D.D, 2018−2050 = CBNZ,2018−2050 × 0.049 (2)

Despite the budget only being assigned for the newly built steel detached dwelling
sector, the pre-existing and demolished stock in 2018–2050 still had to be considered.
The values for the climate change potential for pre-existing houses were obtained from
Chandrakumar et al.’s study [81]. It was assumed that the climate change potential values
across all life cycles for an average pre-existing timber-framed house would be the same
for a pre-existing steel-framed house with a GFA of 166 m2. The stock for newly built
houses was sourced from datasets on building consent for detached dwellings in 2015
from Stats NZ [102]. A factor of 0.77 was multiplied to account for the proportion of
detached housing, 77% [59]. Data for the stock of pre-existing detached dwellings in 2015
were also sourced from Stats NZ [102]. As these numbers do not break down the stock
by material, both values were multiplied by the proportion of nontimber framed houses
in 2015 (6.9%), sourced from a BRANZ survey of over 1200 responses [71]. It was also
assumed that the proportion of nontimber framed houses could represent the stock of
steel-framed houses. For the proportion of stock to be demolished, the value was sourced
from Chandrakumar et al.’s research [81], assuming a demolition proportion of 0.125%
using stock data from 2012.

The data sourced from Stats NZ were used to calculate the following:

SNZ P.E Steel, 2015 = SNZ P.E, 2015 × 0.77 × 0.069, (3)

SNZ N.B Steel, 2015 = SNZ N.B, 2015 × 0.069, (4)

SNZ D Steel, 2015 = SNZ P.E Steel, 2015 × 0.00125, (5)

where SNZ P.E Steel, 2015 is the stock of pre-existing steel detached dwellings in NZ in 2015,
SNZ P.E, 2015 is the stock of all pre-existing detached dwellings in NZ in 2015, SNZ N.B Steel, 2015
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is the stock of newly built steel detached dwellings in NZ in 2015, SNZ N.B, 2015 is the stock
of all newly built detached dwellings in NZ in 2015, and SNZ D Steel, 2015 is the stock of all
demolished detached dwellings in NZ in 2015 [61].

4.5.2. Carbon Footprint Calculated for the Newly Built Steel Detached Dwelling for the
Period of 2018 to 2050

The total GWP impacts of a newly built steel detached house typology were calculated
using LCA for the selected house model. Because the operational energy use stage was
omitted from the LCA due to a lack of available user information, the results from Chan-
drakumar et al. [81] were adopted. Chandrakumar et al. [81] studied a similar detached
timber residential dwelling with a similar occupancy and service life of 90 years but with a
slightly larger GFA (198 m2). The life cycle impacts were scaled up to reflect the average
newly built residential detached dwelling having a GFA of 198 m2 [81]. It was acceptable
as the life cycle impacts were calculated on a m−2year−1 basis.

4.5.3. Carbon Budget Calculated for the Newly Built Steel Detached Dwelling for the
Period of 2018 to 2050

Finally, to obtain the assigned budget for this building typology, the footprint of each
life cycle stage was divided by the projected carbon footprint of detached houses existing
in the period of 2018 to 2050. It was then multiplied by the projected 2018–2050 floor area of
steel detached dwellings to give the carbon budget for each life cycle stage as follows [61]:

CBLi, 2018−2050 =

CFLi, N.B Steel D.D
CFN.B Steel D.D

× CBNZ D.D, 2018−2050

PFANZ D.D, 2018−2050
, (6)

The sum across all life cycle stages for the carbon budget for this sector over 2018–2050
is given by

CBNZ N.B Steel D.D, 2018−2050 =
D

∑
i=A1−A3

CBLi, N.B Steel D.D, (7)

where CBLi, 2018−2050 is the carbon budget for the life cycle stage module Li (e.g., L = A,
i = 1, 2, 3) for the period of 2018–2050, CFLi, N.B Steel D.D is the carbon footprint for the life
cycle stage module Li for the period of 2018–2050 for a newly built steel detached dwelling,
CFN.B Steel D.D is the carbon footprint for all life cycle stages for newly built steel detached
dwellings, PFANZ D.D, 2018−2050 is the projected floor area for all detached dwellings in
NZ in 2018–2050, and CBNZ D.D, 2018−2050 is the carbon budget for NZ detached dwelling
sector [61].

5. Results
5.1. Climate Change Potential
5.1.1. Climate Change Potential by Life Cycle Stages

Figure 4 and Table 1 show the impacts of the climate change indicator for the newly
built steel detached dwelling. Most of the climate change potential is from the product
stages (modules A1–A3), with an impact of 43,975 kgCO2eq. The second highest absolute
climate change potential is from the operational water use stage (module B7), with an
impact of 19,469 kgCO2eq.



Buildings 2022, 12, 290 13 of 21

1 
 

 

Figure 4. Schematic diagram of absolute climate change potential for each life cycle stage.

Table 1. Absolute climate change potential (kgCO2eq) for each life cycle stage included.

Life Cycle Stage Climate Change Potential
(kgCO2eq) % of Total

A1–A3: Product Manufacturing 43,975.2 67.4%
A4–A5: Construction 1886.6 2.9%

B2, B4: Maintenance and Replacement 7160.4 11%
B6: Total Operational Energy Use 1 170,644 1

B7: Operational Water Use 19,468.8 2 29.9% 2

C1–C4: End of Life 1895.4 2.9%
D: Potential Environmental Benefits outside the Lifecycle −9177.4 14.1%

Total (Including negative impacts from stage D) 65,209.1 100%
1 The value of 170,644 was not calculated using LCAQuick and is therefore not shown in Figure 4. This value was
taken from Chanrdakumar et al.’s study [81] as the user information for the house model was unavailable. 2 This
value was calculated using BRANZ’s benchmark rate of 67.7 kL/person/year [103], as the user information for
the house model was unavailable.

It suggests that the most significant climate change impacts occur during the pro-
duction of the steel and the operation of the house over a 90-year service life. Due to
module B6 being emitted from the LCA scope, the total operational impacts (B6 and B7
stages combined) are underrepresented in Figure 4 and Table 1. The operational stage
(modules B2, B4, B6, B7) could have more impact than the embodied stages (modules
A1–A5 and C1–C4). The benefits beyond the system boundary stage (module D) can be
seen to significantly reduce the total climate change potential by 9177 kgCO2eq.

5.1.2. Breaking Down the Climate Change Potential by Materials

Table 2 shows the climate change potential for each material. The material with the
highest impact is the 30 MPa concrete (with 100 kg/m3 steel reinforcement) with an impact
across the life cycle stages (including the negative impacts in module D) of 21,600 kCO2eq.
Table 2 is further divided by the volume of each material, and the results are shown in
Table 3.
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Table 2. Climate change potential by the absolute quantity of each material present.

Material Climate Change Potential
(kgCO2eq) % of Total Material Impacts

30 MPa reinforced concrete 21,600.0 47.3%
Corrugated roofing 9600.0 21.0%

Galvanized steel purlin sections 7600.0 16.6%
Galvanized steel fasteners and fixings 5900.0 12.9%

Flashing roof steel sheets 1000.0 2.2%

Total 45,700.0 100%

Table 3. Climate change potential of each material present per m3 of material.

Material Volume in Building
(m3)

Climate Change
Potential/Volume of Material

(kgCO2eq/m3)

% of Total Material
Impacts per m3

30 MPa Reinforced Concrete 28.35 761.9 0.6%
Corrugated roofing 0.79 12,151.9 9.4%

Galvanized steel purlin sections 0.34 22,352.9 17.3%
Galvanized steel fasteners and fixings 0.26 22,692.3 17.5%

Flashing roof steel sheets 0.01 71,428.6 55.2%

Once broken down per cubic meter, the results for each material become different. The
most significant climate change potential per m3 of the material is from the flashing roof
sheet, with 55.2% of the total impact per m3. It is likely that the climate change impacts
of steel may be higher due to the influence of their service life. The roof steel sheet has a
45-year service life, and it is assumed it will need to be replaced twice in the 90-year service
life of the building.

5.1.3. Climate Change Potential by Building Elements

The climate change potential has also been broken down into impacts by building
elements, as shown in Table 4. The building element with the most considerable impact
of 21,600 kgCO2eq is the substructure, comprising the 30 MPa concrete with 100 kg/m3

steel reinforcement, accounting for almost half of the total climate change potential. The
structure, composed of steel framing, has the second-highest impact at 12,500 kgCO2eq.
Followed by the roof cladding, which comprises the steel sheet roof cladding, it has an
impact of 10,700 kgCO2eq. The most negligible climate change potential is from the roof
structure, with an impact of 957 kgCO2eq.

Table 4. Climate change potential in terms of different building elements.

Building Elements Climate Change Potential
(kgCO2eq) % of Total

Substructure 21,600 47.2%
Structure 12,500 27.3%

Roofs External Coverings 10,700 23.4%
Roof Structure 957 2.1%

5.2. Carbon Budget Results
5.2.1. Carbon Budget (2 ◦C) for 2018–2050

Regarding the 2 ◦C temperature scenario, the calculated carbon budget for all steel
detached dwellings in the 2018–2050 period in NZ was found to be 1768 ktCO2eq.

5.2.2. Carbon Budget (1.5 ◦C) for 2018–2050

Regarding the 1.5 ◦C temperature scenario, the calculated carbon budget for all steel
detached dwellings in the 2018–2050 period in NZ was found to be 1252 ktCO2eq. Table 5
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shows the carbon budget exceedance for both 2 ◦C and 1.5 ◦C temperature scenarios. The
total carbon footprint for pre-existing and newly built steel detached dwellings from 2018
to 2050 was 9149 ktCO2eq. It results in a budget exceedance of 5.2 and 7.3 times for the
2 ◦C and 1.5 ◦C temperature scenarios, respectively.

Table 5. Carbon budget exceedance calculated for 2 ◦C and 1.5 ◦C climate change scenarios.

Climate Change
Scenario

Projected Carbon
Footprint (2018–2050)

(ktCO2eq)

Share of NZ for All Steel
Detached Dwellings (2018–2050)

(ktCO2eq)
Exceedance

2 ◦C 9149 1768 5.2
1.5 ◦C 9149 1252 7.3

6. Discussion
6.1. Ability to Meet the 2050 Paris Agreement Targets

The total climate change potential for this case study house was found to be
65,209 kgCO2eq over a service life of 90 years. The carbon footprint for all steel detached
dwellings in that period was found to be 9149 ktCO2eq. However, the associated budget
for all steel detached dwellings in NZ in 2018–2050 was 1768 ktCO2eq and 1252 ktCO2eq,
which means a 5.2 and 7.3 exceedance of allowable footprints, respectively. Hence, this
building typology fails to meet the carbon budget and the 2050 Paris Agreement targets.

It is worth noting that this gross exceedance is not limited to the steel material. Ac-
cording to Chandrakumar et al. [81], the timber-framed detached dwellings significantly
exceeded that typology’s carbon budget by 5.1 and 7.2 times for the 2 ◦C and 1.5 ◦C scenar-
ios. Furthermore, the results show little variation when compared with diverse residential
building typologies, such as medium-density complexes and apartments. McLaren et al. [5]
found that the assigned 2018–2050 carbon budget for medium-density houses was exceeded
by 4.8 and 6.8 times for the 2 ◦C and 1.5 ◦C temperature scenarios. The result was even
worse for the apartment typology, with the 2018–2050 carbon budget being exceeded by 7.7
and 10.9 times for the 2 ◦C and 1.5 ◦C temperature scenarios, respectively [5].

MBIE’s WoLECER framework currently proposes making reporting whole-of-life
embodied carbon mandatory a part of the building consent process [1]. Furthermore,
MBIE’s WoLEE framework also proposes setting mandatory whole-of-life embodied carbon
caps and refining these as each National ERP budget passes [1]. These caps should be set
at achievable levels that consider the best practices in the sector but need to be ambitious
enough to meet the 2050 Paris Agreement targets. The carbon budget results of this
research, along with the results of other researchers’ studies [5,80,81], can help determine
an initial cap.

Moreover, this research and similar studies [5,81], which demonstrate a huge scale
of exceedance for current building practices, set an urgent agenda for the government
and recommend potential ways to improve infrastructure to the suppliers, designers,
builders, and homeowners. The policymakers need to consider the necessary changes for
the residential building and construction sector to meet their proposed mandatory actions
and 2050 Paris Agreement targets.

6.2. Potential Solutions

The solutions required for change, while avoiding last-resort attempts, such as borrow-
ing from future emissions budgets or resorting to offshore mitigation by buying overseas
emissions, are areas requiring future research.

Reducing the floor area of new constructions is a potential solution. The average
size of newly built detached dwellings in NZ is 198 m2, up almost 20% from the 166 m2

average size of pre-existing housing stock in 2021 [80,81]. By reducing the size of detached
dwellings being built, the amount of materials and the procedures utilized over their
lifetime are reduced, resulting in lowering carbon emissions.
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In addition, more efficient materials, such as steel, might reduce waste and minimize
replacement. According to the LCA results, steel shows its potential for reusing and
recycling through the result of 14% (−9177 kgCO2eq) of the building’s total whole-of-life
climate change potential.

Another solution could be to use lower-carbon-intensity materials. The housing
typology assessed in this study was a steel house with a concrete substructure foundation.
As shown in Tables 2 and 3, it is important not to compare building materials based on their
upfront carbon impacts. Although the foundation of 30 MPa reinforced concrete contributes
the highest absolute climate change potential, accounting for 47.3% of the total, when the
impact based on the volume of material is calculated, the roof steel sheets seem to contribute
nearly 65% of the impact per cubic meter while the concrete only contributes 0.6%.

Moreover, carbon footprint and LCA results are not the only considerations when
selecting housing materials. Affordability, health, and safety must be considered when
designing and building residential sectors.

6.3. Shortcomings of LCA

The LCA methodology and preparation of EPDs is a very narrow and relatively recent
technical field. Some shortcomings of LCA are described as follows.

The scope of an LCA is highly variable, with the practitioners needing to define
the system boundaries, including the service life of the building, what types of building
elements are used, environmental impacts, and which life cycle stages are measured. The
practitioners’ subjectiveness may be included, which can significantly affect the final results.
For example, most of the LCA work in the public domain has been completed by the
product manufacturers. They only provide cradle-to-gate LCA (A1–A3) because that is the
only assessment in which the product manufacturers have oversight. The cradle-to-gate
LCA analysis always puts steel in a weaker position than other structural building materials
as the real benefits of steel, such as the negligible construction waste, low maintenance,
resilient overbuilding life, ease of deconstruction, reuse at the end of life, and infinite ability
to be recycled, do not lie in the stages A1–A3.

In addition, the accuracy of the LCA results is entirely dependent on the data input.
Most of the assumptions and limitations of this research come from this. It is also worth
noting that LCA was initially developed for businesses to understand their product stew-
ardship; it was not designed as a comparative tool to assess sustainability where issues
may occur when selecting the function unit. Commonly, the functional unit of steel in
LCA is a kilogram or tonne of whatever steel product the producer manufactures, while
the functional unit of wood is one cubic meter of solid timber under the bark. All the
raw materials involved, such as iron ore, sand, coal, and limestone, and the associated
environmental impacts of the extraction, transport, and manufacturing of that unit of steel,
are included. In contrast, in the plantation context of wood, most of the environmental
impacts that occur in plantation forestry are ignored and are not taken into account when
selecting the function unit.

Focusing on carbon alone may have perverse outcomes. Climate change, particularly
in NZ, has mainly been considered in terms of on GHG emissions and principally carbon
emissions. Focus should also be given to the significant methane footprint. Methane is a
short-lived gas but has a much more significant impact than carbon dioxide.

7. Conclusions and Recommendations

An LCA for a newly built steel-framed detached dwelling, which was a rarely assessed
building typology in the LCA and carbon budget space in NZ, was performed in this paper.
The results show that the carbon footprint for all steel detached dwellings in NZ would be
136,554 ktCO2eq over the period of 2018 to 2050. However, the calculated budget needed
to stay in line with the 2 ◦C and 1.5 ◦C 2050 Paris Agreement targets was 26,385 ktCO2eq
and 18,684 ktCO2eq, respectively. This results in a carbon budget exceedance by 5.2 and
7.3 times for the 2 and 1.5 ◦C scenarios, which implies that the residential housing being
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constructed, as in this case study, in NZ is unlikely to meet the 2050 Paris Agreement
targets. In addition, the disparity between NZ’s detached housing emissions and allowable
levels is unlikely to be remedied by small-scale material amendments. Therefore, the
policymakers need to consider the necessary changes for the residential building and
construction sector to meet their proposed mandatory actions and 2050 Paris Agreement
targets. More government regulations are required to reduce emissions and facilitate
an accelerated regulatory schedule of carbon reporting and capping. This research also
identifies potential areas that need to be focused on to guide builders and designers
in achieving the improvements needed to reduce the environmental impact from the
construction sector, not only in NZ but also worldwide.

Although the findings of this study suggest that steel-framed detached houses exceed
the carbon budget and 2050 Paris Agreement targets in the 2018–2050 period, critical
assumptions were made throughout the study, potentially restricting the findings. Further
studies are necessary, given that MBIE’s building and residential sector regulations may
soon include obligatory whole-of-life embodied carbon emission and operational emission
limits and consider the NZ government’s overall emission budgets to be set in 2022.
More research will assist policymakers in understanding the realistic caps and measures
implemented and the support needed for the residential building and construction sector to
fulfil the overall 2050 Paris Agreement targets. It is recommended that more LCA studies on
steel-framed houses using LCAQuick be conducted and account for pre-existing dwellings.
The averaged climate change potential results within each life cycle stage can be obtained
through more studies, and a more accurate carbon budget can be created to represent the
newly built steel detached dwelling typology. Existing houses, while initially exempt from
the MBIE’s mandatory caps, will eventually need to comply with the regulations and caps.
It is also recommended that future studies focus on other indicators, including health,
affordability, and other environmental impacts, except for carbon, to create a more holistic
understanding of the sustainability of NZ’s steel detached dwelling sector.
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