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1 Introduction

Buildings are reported to account for 36% of global final energy use and 39% of energy-and
process-related CO, emissions (IEA and UN Environment Programme, 2019). Consequently, the
building sector has an important role in reducing global greenhouse (GHG) emissions to a level
compatible with global climate goals.

An absolute sustainability approach combined with life cycle assessment (LCA) provides a means to
determine the required improvement in GHG emissions associated with the New Zealand building
sector to achieve identified climate goals. An absolute sustainability approach is based on assessing
a product, activity, or system in the context of an identified safe or acceptable operating limit or
capacity.

An absolute sustainability approach has previously been used to assess the impacts of the New
Zealand detached housing sector in the context of 1.5°C and 2°C climate change targets and
concluded that the climate impacts of new-built detached houses exceeded a 2°C climate target by a
factor of five (Chandrakumar et al., 2020c). This assessment was subsequently updated and
extended to include an assessment of all residential building types against a 1.5°C climate target. It
was concluded that new-built dwellings exceed their 1.5 °C climate targets by a factor of 6.7, 6.8 and
10.9 for detached, medium-density housing, and apartments respectively. It was also noted that
about two-thirds of the climate impact of residential dwellings for the period 2018-2050 is
associated with pre-existing dwellings rather than new-builds (McLaren et al., 2020).

The current study extends these previous absolute sustainability assessments of New Zealand
residential houses in the context of climate targets to examine the sensitivity of the outputs to
various input parameters. This sensitivity assessment is undertaken to identify priorities for further
study or data improvements to support the transformation of the New Zealand built environment to
one that is sustainable in the context of global climate change. The current study also extends the
previous work to include an assessment of office buildings in addition to residential buildings.

Bjgrn et al. (2020) undertook a review of LCA methods used in absolute sustainability assessments
and identified a number of recommendations on the selection and implementation of LCA-based
absolute environmental sustainability methods as well as communication of the results. These
recommendations have been considered in undertaking this study.



2 Methods

2.1 Overview

The life cycle of a building can be divided into a number of stages and modules as defined in
standard EN15978 (BSI, 2011) and summarised in Figure 1.

Figure 1: Building Life Cycle Stages as Adapted from Standard EN15978
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Key: Modules included in this study

The scope of the building life cycle considered in this study was limited to the following modules
which study are shaded grey in Figure 1:

e Modules A1-A3 - Raw material supply, construction & manufacture
e Modules A4 — A5 — Transport and installation of construction materials




e Modules B2 & B4 - Maintenance and replacement of materials during the building service
life

e Module B6 - Operational energy use

e Module B7 - Operational water use

e Modules C1-4 — End of life stage

e Module D — Potential benefits and loads beyond the system boundary

For the purposes of this study, the impacts associated with the Product stage (Modules A1-A3),
Construction Process stage (Modules A4 & A5), and the End of Life stage (Modules C1-C4) are
collectively referred to as ‘embodied’ impacts. Use stage impacts are limited to Modules B2,B4, B6
and B7.

Previously calculated carbon budgets (CBs) and carbon footprints (CFs) for residential and office
buildings at a sector and individual building level were updated to provide base cases, and then
sensitivity analysis was undertaken of various parameters. Section 2.2 describes the methodology
used to determine the ‘base case’ CB and CF for residential and office buildings and Section 2.3
describes the scenarios which were compared with the base case to determine the sensitivity of the
base case results to various alternative inputs.

2.2 Development of Base Case
2.2.1 Base Case Residential and Office Building Sector Carbon Budgets 2018-2050

The ‘base case’ residential housing and office building sector CBs for the period 2018-2050 were
calculated according to the following method:

e Aglobal 2018-2050 CB of 786 GtCO,.q, representing a 1.5°C low-0S! climate target, was
adopted based on studies by Rogelj et al. (2015) and Chandrakumar et al. (2020a).

e The New Zealand share of the global CB was determined on an ‘equal per capita’ sharing
basis by multiplying the global CB by the estimated 2018-2050 cumulative New Zealand
population as a proportion of the estimated 2018-2050 cumulative global population
(Chandrakumar et al., 2019; Yu et al., 2011).

e A proportion of the New Zealand CB was allocated to the residential and office building
sectors on a grandfathering basis. A proportion of the 2018-2050 CB was allocated to each
sector based on their estimated GHG emissions in 2012 as a proportion of the total New
Zealand consumption based GHG emissions in 2012 (Chandrakumar et al., 2020b). This
results in 10.0% of the total New Zealand CB being allocated to the residential building
sector and 0.46% to the office building sector.

e The residential sector CB was then allocated to each type of residential building (detached
house (DH), medium density housing (MDH) and apartment (AP)) on an ‘equal per capita’
basis. That is, the budget was allocated to each house type in the same proportion as the
estimated number of people living in each house type during the 2018-2050 period,
calculated using a BRANZ projected residential stock model. This resulted in 78.8% of the
residential CB being allocated to DHs, 14.9% to MDHs and 6.3% to APs.

e The office building sector was analysed as a single sector and no further differentiation of
the CB was undertaken.

1 pathways limiting median warming to below 1.5°C in 2100 and with a 50-67% probability of temporarily
overshooting that level earlier, generally implying less than 0.1°C higher peak warming than Below-1.5°C
pathways (Rogelj et al., 2018)



2.2.2 Base Case Carbon Budget for Individual New Buildings
The total residential sector CB for 2018-2050 was allocated to embodied impacts (20%) and use
stage impacts (80%) based on the predicted 2018-2050 split between embodied and use stage
impacts. The split for office buildings was 35% embodied and 65% use stage. Embodied impacts
were defined as Modules A1-3, A4-5 and C1-4 and use stage as Modules B2, B4, B6 and B7. Modules
B2 and B4 can be considered as part of whole-of-life embodied emissions rather than use stage
emissions; however, for the purposes of this study, they are treated as use stage because they occur
during the use stage of the building’s life cycle. The 2018-2050 residential sector CB was converted
to CBs for individual new build residential houses using both area-based and occupancy-based
sharing. The 2018-2050 office building sector CB was converted to a CB for an individual new build
office building using area-based sharing only.

Area-based Sharing Carbon Budgets for New Built Residential Dwellings and Office Buildings

The embodied share of the residential and office building sector CBs were converted to a ‘per m?
value by dividing the total embodied CB by the predicted gross floor area in m? of all new build
residential or office buildings during the 2018-2050 period based on the BRANZ projected stock
model. The use stage share of the residential and office building sector CBs were converted to a ‘per
m2.yr’ value by dividing the use stage CB by the predicted m2.yr for all existing and new build
residential or office buildings during the 2018-2050 period.

The average size of new build residential buildings was based on data from Stats NZ (2020b)
(DH=198 m?, MDH=114 m?, AP=94 m?). The average size of new build office buildings (1,136 m?) was
based on the BRANZ projected stock model.

The per m? embodied CB was applied to the ‘average’ size of a new build residential house or office
building in each category. The per m2.yr use stage CB was applied for the 33 years from 2018-2050
assuming the building starts its use stage on 1 January 2018 (i.e. building constructed in 2017). New
Zealand has set a domestic target of net zero emissions of all GHGs other than biogenic methane by
2050 through the Climate Change Response (Zero Carbon) Amendment Act 2019, therefore a zero
CB for use stage emissions beyond 2050 was adopted in the base case.

Occupancy-based Carbon Budgets for New Built Residential Dwellings

To determine the CB for a single new build residential house in each category on an occupancy basis,
the embodied and use stage CBs were converted to ‘per occupant’ and ‘per occupant.yr’ values.
Average occupancy per house type was determined to be 2.62 occupants for a DH and 1.89
occupants for MDH and APs. These values are based on average occupancy values from 2013 census
data (Stats NZ, 2020b) which were then scaled to reflect the anticipated 2018-2050 New Zealand
population and projected housing stock.

The embodied and use stage CBs were divided by the total number of occupants in new build houses
to determine a ‘per occupant’ embodied CB and by the total number of occupant.yrs to determine a
‘per occupant.yr’ use stage CB respectively. These occupancy-based CBs were then applied to new
build residential houses in each category based on the same occupancy levels with the use stage CB
applied for 33 years assuming the house was constructed in 2017. A zero use stage CB post-2050
was adopted on the basis that measures to avoid or mitigate carbon emissions will need to have
been developed by 2050 to meet the commitments within the Paris Agreement and the Climate
Change Response (Zero Carbon) Amendment Act 2019.

An occupancy-based CB was not determined for office buildings.



2.2.3 Carbon Footprint of Residential Houses and Office Buildings
Carbon Footprint of Existing and New Build Residential Houses and Office Buildings

The ‘base case’ CFs of residential houses and office buildings were based on the modelled life cycle
impacts of a number of example New Zealand Building Code compliant buildings for which life cycle
impact data was available: three DHs, an MDH building, an AP building, and office buildings of
different sizes. Data on the life cycle CFs of each building type were provided by BRANZ using
LCAQuick v3.4.3 (BRANZ, 2019). The CF of new houses was calculated to be the same as existing
houses on a per m? basis.

In the base case, Module D (potential benefits and loads beyond system boundary) was excluded
and the CF for all life cycle stages was defined as GWP1q0 excluding biogenic carbon.

Modelled life cycle CFs were provided for each building at locations in each of New Zealand’s three
climate zones according to NZ Building Code Acceptable Solution H1/AS1 Energy Efficiency, these
being Auckland (Zone 1), Wellington (Zone 2) and Christchurch (Zone 3). The CFs of each building in
the three climate zones were averaged (by a simple average) to determine the ‘average’ New
Zealand CF for each building type. DHs were represented by three different case study houses. An
‘average’ CF over the three houses and three climate zones was calculated on a per m? basis and
applied to the average size of an ‘existing’ and ‘new build’ DH. Similarly, the CFs provided for an
MDH and an AP were ‘averaged’ over the three climate zones and applied on a per m? basis to the
average size of an ‘existing’ and ‘new build’ MDH and AP.

Office buildings were grouped according to floor area size ranges as defined by Amitrano et al.
(2014) and noted in



Table 1. CF of size 1 and 2 office buildings were based on the ‘average per m? impacts of a
residential DH applied to an average size office building in size ranges 1 and 2 as calculated by
McLaren et al. (2020). The CF of size range 3-5 office buildings were based on the modelled life cycle
CF of actual buildings in each size range averaged over the three climate zones. The CFs were then
averaged on a per m?basis over all sizes of buildings and applied to the average size of existing (pre-
2018) and new built (2018-2050) office buildings based on the BRANZ stock projection model.

The key details of the residential and office properties forming the basis of the assessment are
provided in



Table 1.

The original impact assessment data from LCAQuick v3.4.3 incorporates electricity CFs calculated
using the 2016 ‘Mixed Renewable’ future electricity scenario produced by MBIE (2016). In this study,
the base case electricity component of Modules B6 (operational energy use) and B7 (operational
water use) was recalculated using the updated MBIE (2019) ‘Reference’ electricity scenario based on
an LCA study of future New Zealand electricity supply (Bullen, 2020). Operational energy use
(Module B6) in the residential buildings is entirely from electricity and, for office buildings, is
predominately from electricity but also includes some gas used for heating.



Table 1: Details of Residential and Office Reference Buildings Used in Study

Building Type House Gross Floor Area | Average Gross Floor Average Gross
ID of Original Study | Area of ‘Pre-Existing’ | Floor Area of ‘New
Buildings (m?) Building (m?) Built’ Building (m?)
Residential Buildings
DH1 166
Detached Houses DH2 194 166 198
DH3 194
Medium Density MDH 887 115 114
Housing
Apartment AP 3,721 99 94
Office Buildings
Size Range 1: )
5 to <650m? 51 326
Size Range 2: 3
650 - <1,500 m? 52 962
Size Range 3: S3a 2,021
1,500 - <3,500 m? S3b 1,814 1,152 1,136
Size Range 4: S4a 7,789
3,500 - <9,000 m? S4b 5,911
Size Range 5: S5a 10,864
9,000 m? + S5b 13,247

Calculation of 2018-2050 Residential and Office Building Sector Carbon Footprints

The ‘average’ impacts for existing and new residential and office buildings were combined with data
on the number of existing buildings, predicted number of properties to be built and number of
demolitions per year from the BRANZ projected stock model to determine the CF from 2018-2050
for each building sector.

The BRANZ stock model was used to determine the number of existing buildings, new builds and
demolitions in each year from 2018-2050 in each of the building categories (i.e. DHs, MDH, APs and
office buildings). The CF of Modules A1-3 and A4-5 for a single building was multiplied by the
number of new buildings predicted to be built in each year. The CF of Module C1-4 for a single
building was multiplied by the number of demolitions each year. The use stage CF (Modules B2, B4,
B6 & B7) for a single building per year was multiplied by the floor area of new and existing buildings
each year. It was assumed that each new build was operational for half of the year in which it was
built and that demolished buildings remained operational for the year in which they were
demolished.

2.3 Scenarios

A range of sensitivity analyses were undertaken to determine the impact of alternative assumptions
on the CB and CF of residential and office buildings. In each analysis, one or more of the base case
assumptions were altered while the remaining inputs remained unchanged. A total of 31 scenarios
for residential buildings and 26 scenarios for office buildings were undertaken.

2 Based on the average ‘per m? impacts of detached houses applied to a 326m? building
3 Based on the average ‘per m? impacts of detached houses applied to a 962m? building

9



Table 2 provides a summary of the sensitivity scenarios undertaken.

Residential scenarios 1-13 and office building scenarios 1-12 relate to calculation of the global, New
Zealand and building sector CBs. Sensitivity scenarios in relation to the calculation of CBs included
scenarios relating to the climate target and global CB, the methods used to share the global CB,
methods used to share the New Zealand CB to the residential and office building sectors,
assumptions regarding the CB available to a new building post-2050, and the proportion of the
residential and office building sector CB allocated to embodied emissions when calculating the CB
for individual new buildings.

Residential scenarios 14-31 and office building scenarios 13-26 primarily relate to calculation of CFs
although these scenarios can also result in changes to CBs due to the grandfathering of the CB based
on historical CFs. Sensitivity scenarios in relation to calculation of CFs included scenarios
incorporating different assumptions regarding the energy demand (energy efficiency) of existing and
new buildings, the source of energy in office buildings, the location of buildings, inclusion of the
carbon sequestration benefits within modules A1-A3 and Modules B2 and B4 (due to use of timber
and engineered wood building materials assumed to have been derived from sustainable forestry),
the design of new residential buildings, inclusion of the CF of mechanical, electrical and plumbing
(MEP) and tenant improvement (Tl) elements in new office buildings based on estimates in
Rodriguez et al. (2020), the inclusion of Module D benefits for demolished buildings, weighting of
impacts based on the number of houses located in different climate zones, an alternative
assumption regarding the average size of existing residential buildings (i.e. 121m? GFA) based on
(Isaacs et al., 2010), and revised BRANZ residential stock projections due to the impacts of Covid-19.

Table 2: Summary of Residential and Office Building Scenarios

Residential Office Scenario Description — Change to Base Case
Scenario Building
Scenario
1 1 Below 1.5°C IPCC climate target
2 2 1.5°C high overshoot IPCC climate target
3 3 Equal per capita sharing of global CB based on 2019 population
4 - Residential share of the NZ CB based on final consumption expenditure

in 2015

Building sector share of NZ CB based on 2011* grandfathering

Building sector share of NZ CB based on 2015 grandfathering

Post-2050 CBs based on 100% of the 2018-2050 use stage CB

Post-2050 CBs based on 50% of the 2018-2050 use stage CB

5 4
6 5
7 6 Building sector share of NZ CB based on 2017° grandfathering
8 7
9 8
9

10 Post-2050 CBs based on 25% of the 2018-2050 use stage CB
11 - 30% of total residential sector CB allocated to embodied carbon
12 - 40% of total residential sector CB allocated to embodied carbon
13 - 50% of total residential sector CB allocated to embodied carbon
- 10 25% of total office building sector CB allocated to embodied carbon
- 11 45% of total office building sector CB allocated to embodied carbon
- 12 55% of total office building sector CB allocated to embodied carbon
14 13 100% Renewable electricity scenario (ICCC, 2019) (Modules B6 & B7)®

4 Using consumption based GHG emission data from Chandrakumar et al. (2020a)
5 Using consumption based GHG emission data from Stats NZ (2020a)
6 25% of residential sector CB to embodied carbon; 34% of office building sector CB to embodied carbon

10



Residential Office Scenario Description — Change to Base Case
Scenario Building
Scenario
- 14 Office buildings heated by electricity only; 70% efficiency of gas heating
systems when converting gas heating demand to electricity.
- 15 Office buildings heated by electricity only; 90% efficiency of gas heating
systems when converting gas heating to electricity
15 - 20% increase in heating demand in existing residential buildings
16 - 50% increase in heating demand in existing residential buildings
17 - 100% increase in heating demand in existing residential buildings
- 16 20% reduction in office building energy demand due to heating,
cooling, fans and pumps
- 17 40% reduction in office building energy demand due to heating,
cooling, fans and pumps
- 18 1. All office buildings heated by electricity only. 90% efficiency of
gas heating systems when converting gas heating to electricity
2. 40% reduction in office building energy demand due to
heating, cooling, fans and pumps
18 - 239% increase in ‘heating, cooling & fans’ energy demand of existing
DHs based on modelling of DH compliant with 1978 Building Code
19 - 20% reduction in heating demand of new residential buildings
20 - 50% reduction in heating demand of new residential buildings
21 - 95% reduction in heating demand of new residential buildings
22 19 Assumes all buildings are located in climate zone 1
23 20 Assumes all buildings are located in climate zone 2
24 21 Assumes all buildings are located in climate zone 3
25 - Weighting of impacts based on estimated number of houses in each
climate zones
26 22 Inclusion of biogenic carbon sequestration benefits in Modules A1-3;
27 23 Inclusion of Module D benefits for demolished buildings;
28 - New build DHs represented by a high timber/high performance house
(excluding benefits of carbon sequestration - Modules A1-3, B2 & B4)
29 - New build DHs represented by a high timber/high performance house
(including benefits of biogenic carbon sequestration - Modules A1-3, B2
& B4)
- 24 Inclusion of mechanical, electrical and plumbing (MEP) & tenant
improvements (Tl) based on low values; replacement every 15 years
- 25 Inclusion of MEP & Tl based on medium values; replacement every 15
years
- 26 Inclusion of MEP & Tl based on high values; replacement every 15 years
30 - Impacts of existing DHs based on an average GFA of 121m?
31 - Sector impacts based on revised stock projection model reflecting

anticipated changes in building patterns due to the impact of Covid-19

11




3 Results

3.1 Residential Base Case and Scenarios

A summary of the residential base case and sensitivity scenario carbon budget (CB), carbon footprint
(CF) and factor of exceedance (FoE) results are provided in Table 3. The base case CB is provided on a
global, New Zealand, residential sector and residential sub-sector (i.e. detached house (DH), medium
density housing (MDH), apartments (AP)) level as well as for individual new build houses on both an
area and occupancy basis. The base case CF is provided for the combined residential sector and for
individual sub-sectors as well as for individual new build houses. Scenario results are expressed as
percentage difference from the base case results. The CF exceeds the relevant CB for all sectors and
new build house types in the base case and for all scenarios. The FoE provides a measure of the size
of exceedance (e.g. a 4.5 FoE represents a CF that exceeds the relevant CB by 450%). The numerical
results for each residential scenario are contained in Appendix A.

Residential Base Case

The base case CB for the residential sector from 2018 to 2050 is 47,090 ktCO,eq compared to a
residential sector CF over this period of 169,651 ktCOyeq resulting in a FoE of 3.6. The FoEs for the
different house types ranges from 3.4 for the MDH sector to 5.3 for the AP sector.

For an individual new build house, over a 90 year estimated service life, the CB on an area basis is
34.6 tCOyeq for a DH (GFA=198m?), 19.9 tCOseq for MDH (GFA=114m?) and 16.4 tCO,e, for an AP
(GFA=94m?). On an occupancy basis the CB is 30.1 tCO,e, for a DH (2.6 occupants) and 21.7 tCO,eq for
both MDH and an AP (1.9 occupants). The FoEs for individual new build houses vary between 6.2
(MDH, occupancy basis) and 10.9 (AP, area basis).

Residential Sensitivity Scenarios

The residential scenarios which result in a greater than 25% change in the CB compared to the base
case are as follows:

e Scenario 2 — IPCC 1.5°C high overshoot climate target”: The CB increases by 35% on both a
sector and individual new build house basis for all house types and results in a 26%
reduction in the FoE on a sector and individual new build house basis for all house types.

e Scenarios 5 & 6 —2011 & 2015 grandfathering: The CB reduces by 35% on a sector and
individual new build basis when using 2011 as the grandfathering year to apportion a share
of the New Zealand CB to the residential sector. The CB reduced by 38% when using 2015 as
the grandfathering year. The FoE for all house types consequently increases by 55% when
using 2011 as the grandfathering year and by 61% when using 2015 as the grandfathering
year compared to a 2012 grandfathering year. These results are due to differences between
the grandfathering years in both the total New Zealand consumption based GHG emissions
and the GHG emissions due to residential buildings. This results in different proportions of
the total New Zealand 2018-2050 CB being allocated to residential buildings when different
grandfathering years are used.

7 Pathways limiting median warming to below 1.5°Cin 2100 and with a greater than 67% probability of
temporarily overshooting that level earlier, generally implying 0.1-0.4°C higher peak warming than Below-
1.5°C pathways (Rogelj et al., 2018).
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e Scenarios 8, 9 & 10 — post-2050 CB for individual new build house: The base case CB for an
individual new build house was based on a zero CB after 2050 on the basis that New Zealand
has committed to be net carbon zero by this date. Scenarios 8-10 considered an alternative
approach that provides use stage CB during the post-2050 years based on different
proportions of the annual 2018-2050 use stage CB. Providing an annual post-2050 CB equal
to the annual 2018-2050 use stage CB (Scenario 8) results in an increase in the lifetime CB of
a new build house of 99-104%. A post-2050 CB at 50% of the 2018-2050 use stage CB
(Scenario 9) increases the lifetime CB of a new build house by 50-52% and a post-2050 CB at
25% of the 2018-2050 use stage CB (Scenario 10) increases the lifetime CB of a new build
house by 25-26%. Consequently, FoEs for a new build house reduce by 50-51% for Scenario
8, 33-34% for Scenario 9, and 20-21% for Scenario 10.

e Scenarios 12 & 13 —increased allocation of residential sector CB to embodied carbon when
calculating the CB for individual new build houses: Increasing the proportion of the total
sector CB allocated to embodied carbon to 40% (Scenario 12) results in a 25-28% increase in
the CB for a new build house and increasing the proportion allocated to embodied carbon to
50% (Scenario 13) results in a 38-42% increase in the CB for a new build house. FoEs for a
new build house reduce by 20-22% for Scenario 12 and 27-30% for Scenario 13.

No scenarios resulted in a greater than 25% change in the CF results compared to the base case.

Scenario 14 represents 100% renewable electricity generation by 2035 and results in a decrease in
the CF at both a sector level and for an individual new build of 17-22%. The proportion of the
residential sector CB allocated to embodied carbon is also increased to 25% in this scenario to reflect
the reduced proportion of use stage emissions and therefore there are also small increases in the CB
of a new build house (<10%). The combined effect is that FoEs for an individual new build house
reduce by 24-27%, with smaller reductions in FoE at a sector level of 17-22%.
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Table 3: Summary of Residential Base Case and Scenario Results

Carbon Budget Scenarios

Carbon Footprint Scenarios

Pos’ se > ole
Parameter Base Case Climate ?:::I FCE Stage CB (new % Embodied g g Increased 1978 | Reduced heating gEzA % e covip
Target Nz [sharing| Grandfathering Year build) Emissions 2 & |Heating (existing) | BC (new) Location of Buildings 2 2|5 o/ House Features | 19
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
World CB 786 GtCO,q |-18%
New Zealand 470.1 MtCOyeq |-18%
Carbon  |Residential Sector | 47,090 ktCO, | -18% -15% 14% | 18% -20%
Budget |DH Sector 37,111 ktCOy | -18% -15% 14% | 18% -20%
= MDH Sector 7,033 ktCO,.q [-18% -15% 14% | 18% -20%| 10%
g AP Sector CB 2946 ktCO,eq [-18% -15% 14% | 18% -20%
o
% Residential Sector {169,651 ktCOyeq -21% 12% -17%|-14%
% Carbon |DH Sector 130,407 ktCOyeq -21% 10% | 15% -11% 13% -22%|-18%
2| Footprint |[MDH Sector 23,743 ktCOyeq -22% 10% 16%
% AP Sector 15,501 KtCOyeq 17%
%]
Residential Sector 3.6 22% 18% -21% -15% 12% -14% | I
Factor of |DH Sector 3.5 22% 18% -21% -3% -11% 13% -19%|
Exceedance |[MDH Sector 3.4 22% 18% -22% -15%
AP Sector 5.3 22% 18% -17% -11%(-15%
. DH-area 34.6tCOp, |-18% 14% | 18% -11%
§ MDH-area 19.9tC05q [-18% 14% | 18% -11%
; Carbon |AP-area 16.41C05, [-18% 14% | 18% -11%
S| Budget |DH-occupancy 30.1tC0yq [-18% 14% | 18% -12%
% MDH-occupancy | 21.7tCO,., |-18% 14% | 18% -12%
% AP-occupancy 21.7tC0Ozq |-18% 14% | 18% -12%
o
E carbon |IPH 233.11C0,q -21% -11% 11% 13% [-14%
° " [MDH 135.4 tCOyeq -22%
5| Footprint 5p 179.0tC0seq “19%
a
2 DH-area 6.7 22% -11% -12%|-15% -11% 11% 13% |-11%| 13%
2 MDH-area 6.8 22% -11% -12%|-15% 13%
‘S| Factorof |AP-area 10.9 22% -11% -12% | -15% 13%
E Exceedance [ DH-occupancy 7.7 22% -12% -12%(-15% -11% 11% 13% [-11%| 13%
}_U: MDH-occupancy 6.2 22% -12% -12%(-15% 13%
AP-occupancy 8.2 22% -12% -12%|-15% 13%
Key:

no change from base case
<10% decrease in carbon budget or increase in carbon footprint
10-25% decrease in carbon budget or increase in carbon footprint
_>25% decrease in carbon budget or increase in carbon footprint
<10% increase in carbon budget or decrease in carbon footprint
10-25% increase in carbon budget or decrease in carbon footprint

_>30% increase in carbon budget or decrease in carbon footprint
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3.2 Office Building Base Case and Scenarios

A summary of the office building base case and sensitivity scenario CB, CF and FoE results are
provided in Table 4. The base case CB is provided on a global, New Zealand and office building sector
basis as well as for an averaged sized (GFA=1,136 m?) new office building. The base case CF is
provided for the office building sector and for an individual new office building over a 60 year
estimated service life. Scenario results are expressed as percentage difference from the base case
results. The CF exceeds the relevant CB at a sector and individual new building level for the base
case and all scenarios. The numerical results for each office building scenario are contained in
Appendix B.

Office Building Base Case

The base case CB for the office building sector from 2018 to 2050 is 2,140 ktCO,eq. The base case
office building sector CF over the same period is 8,566 ktCO,eq. representing a FoE of 4.0.

For an individual new build office over a 60-year service life the CB is 236 tCO,¢q. and the base case
CFis 1,259 tCOy¢q,, representing a FoE of 5.3.

Office Building Sensitivity Scenarios

The office building scenarios which result in a greater than 25% change in the CB compared to the
base case are as follows:

e Scenario 2 — IPCC 1.5°C high overshoot climate target: The CB increases by 35% for both the
office building sector and an individual new office building. This results in a 26% reduction in
the FoE for both the office building sector and individual new office building.

e Scenarios4 & 5 —2011 & 2015 grandfathering: The CB reduces by 31-32% on a sector and
individual new build basis when using 2011 or 2015 as the grandfathering years to apportion
a share of the New Zealand CB to the office building sector. The FoEs consequently increases
by 44-47%.

e Scenarios 7 — post-2050 CB for individual new office building: Providing an annual post-2050
CB equal to the annual 2018-2050 use stage CB (Scenario 7) results in an increase in the total
CB for a new office building of 45% and a 31% reduction in the FoE.

e Scenarios 25 & 26 - inclusion of mechanical, electrical, plumbing (MEP) and tenant
improvements (Tl) (medium & high levels): The inclusion of MEP and Tl at a medium level
(Scenario 25) results in an increase in the office building CB of 35% at a sector level and 33%
for an individual new building. The inclusion of MEP and Tl at a high level results in an
increase in the office building CB of 49% at a sector level and 46% for an individual new
building. The impacts of including MEP and Tl on the CF and FoE are described below.
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The office building scenarios which result in a greater than 25% change in the CF compared to the
base case are as follows:

Scenarios 24, 25 & 26 — inclusion of mechanical, electrical, plumbing (MEP) and tenant
improvements (Tl) (low, medium & high levels): The inclusion of MEP and Tl at low, medium
and high levels results in an increase in the CF of the office building sector of 29-71%. The
FoEs for the office building sector increase by 7-14%. The CFs of an individual office building
increase by 31-76%. The FoEs for an individual office building increase by 10-20%.
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Table 4: Summary of Office Building Base Case and Scenario Results

Carbon Budget Scenarios

Carbon Footprint Scenarios

Key:

Climate ) Post 2050 Use Stage % Embodied icity| Gas heatin Comfort i Location of Module .
Parameter Base Case Target Cilzﬂb:lll Grandfathering Year CB (new build) ¢ Emissions ESI:::;:;V to electriciti Efficiency s;esn:rln;s Buildings Bit:::Inic D incl MEP & Tl included
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
= World | 786 GtCO,, | -18%
L) Carbon Budget NZ [470 Mtco,., | -18% 4%
E °§ Sector |2,140 ktCO,..| -18% 4% -4% -1% [-0.01%( -4% | -9% | -9% | -7% | 2% | 9% | -4% | -1%
5 & Carbon Footprint Sector 8,566 ktCO,eq -18% | -4% | -4% | -5% | -9% | -11% | -10% | -2% | 11% | -3% -1%
< Factor of Exceedance | Sector 4.0 22% -4% 4% -18% | -3% | -4% |-0.2%|-0.4%| -3% | -2% | 0% 2% 1% | -0.1%
New Build Carbon Budget Building| 236 tCO,eq | -18% 4% -4% 23% | 11% | -7% | 2% 6% 4% |-02%| 1% | -4% | -7% | -7% | 6% | -2% | 8% | -5% -6%
Lifetime Based| Carbon Footprint | Building | 1,259 tCO,.4 -20% | -5% | -5% | -5% | -9% | -12% | -10% | -1% | 12% | -3% | -5%
(2018-2077) | Factor of Exceedance | Building 5.3 22% -4% 4% -19% [ -10% | 8% | -2% | -5% | -23% | -5% | -5% | -1% | -2% | -6% | -5% | 0.3% | 4% 2% 2%

no change from base case
<10% decrease in carbon budget or increase in carbon footprint
10-25% decrease in carbon budget or increase in carbon footprint
_>25% decrease in carbon budget or increase in carbon footprint
<10% increase in carbon budget or decrease in carbon footprint
10-25% increase in carbon budget or decrease in carbon footprint

_>30% increase in carbon budget or decrease in carbon footprint
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4 Discussion

4.1 Exceedance of Carbon Budget

The carbon footprint (CF) at both a sector level and for an individual new building exceeds the
carbon budget (CB) in the base case and all scenarios for all residential buildings types and office
buildings. The lowest residential factors of exceedance (FoE) occur when the IPCC 1.5°C high
overshoot climate target is adopted (Scenario 2) resulting in a 2.6 FoE for the DH sector and a 2.5
FoE for the MDH sector. The lowest office building FoE occurs when the IPCC 1.5°C high overshoot
climate target is used for the global climate target (Scenario 2) resulting in a 3.0 FoE.

The highest FoE for residential buildings occurs when 2015 is used as the grandfathering year for
sharing the New Zealand CB to the residential sectors (residential Scenario 6) resulting in FoEs of up
to 17.5 (individual new build AP, area based sharing). The highest FoE for office buildings occurs
when 2011 is used as the grandfathering year for sharing the New Zealand CB to the office building
sector (office building Scenario 4) resulting in a 5.9 FoE at the sector level and a 7.8 FoE for a new
build office).

4.2 Factors Affecting Carbon Budget
Considering both residential and office buildings, the most important factors influencing the carbon
budget are:

e (B post-2050 for an individual new building

e Inclusion of MEP (mechanical, electrical, and plumbing) and Tl (tenant improvements)
elements in office buildings

e Grandfathering year

e Global climate target

e Proportion of sector wide CB allocated to embodied impacts as this influences the CB
available to individual new buildings

Carbon Budget Post-2050

The base case CB for individual new build houses and office buildings incorporates a zero CB after
2050 on the basis that all buildings will be net zero carbon by 2050 in line with the target set in the
Climate Change Response (Zero Carbon) Amendment Act 2019 that New Zealand will reduce net
emissions of all greenhouse gases (except biogenic methane) to zero by 2050.

Achieving a net zero CF in buildings post-2050 will require significant reductions in the CF of
materials used for construction, renovation, repair, and maintenance as well as reductions in the CF
of supplied energy. The CF of New Zealand electricity is relatively low compared to many countries
due to a high proportion of renewable generation. The CF of electricity is expected to continue to
decline due to the economic competitiveness of renewable generation technology and the New
Zealand government’s commitment to achieving 100% renewable generation by 2030 (Ardern,
2020). However, even with 100% renewable generation, there will continue to be some GHG
emissions associated with electricity generation due primarily to fugitive emissions associated with
geothermal generation and the embodied emissions associated with generation infrastructure
(Bullen, 2020). However, embodied emissions associated with generation infrastructure would also
be expected to trend toward zero as the manufacturing and logistics industries also decarbonise.

The target of net zero carbon by 2050 will be achieved by both reducing emissions and increasing
carbon sequestration, and not all sectors will necessarily need to achieve zero carbon emissions to
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achieve net zero carbon over the whole economy. The implications of alternative post-2050 CBs for
a new building were explored through scenarios which provided a post-2050 CB for both residential
and office buildings based on 100%, 50% and 25% of the pre-2050 use stage CB. This results in a
25-104% increase in the CB available for residential buildings and an 11-45% increase for office
buildings. Despite the provision of this additional post-2050 CB, the CF of new buildings continues to
exceed the available CB by a factor of 3.1-8.7 for residential buildings and by a factor of 3.7-4.8 for
office buildings.

Inclusion of Mechanical, Electrical, Plumbing and Tenant Improvements — Office Buildings

The implications of including mechanical, electrical and plumbing (MEP) and tenant improvement
(T1) elements on both the office building CB and CF were explored by allocating low, medium and
high estimates for the GHG emissions of these elements based on the findings of Rodriguez et al.
(2020). The inclusion of MEP and Tl in the CF of the office building sector in the base case
grandfathering year of 2012 results in a 19-49% increase in the CB available to the office building
sector and individual new buildings. The impact of including MEP and Tl elements on the CF is
discussed in Section 4.3.

Grandfathering Base Year

The use of grandfathering to allocate the New Zealand CB to the residential and office building
sectors provides a CB in the same proportion as these sectors contributed to total New Zealand
consumption based GHG emissions in the grandfathering year. Consumption based GHG emissions,
as opposed to production based GHG emissions, are considered the appropriate basis for
grandfathering of emissions in this study as the CF is calculated using a consumption-based approach
i.e. based on the service of providing warmth, security, shelter and convenience for people (either at
home or work). However, the availability of consumption-based GHG emission data for New Zealand
is limited. The base case utilises 2012 consumption based emission data sourced from the EORA full
version multi-region input-output (MRIO) database (Chandrakumar et al., 2020b). Scenarios which
use 2011 as the base year for grandfathering (residential Scenario 5, office building Scenario 4)
utilise the Eora-26 sector database (Chandrakumar et al., 2020a) which is considered to be less
accurate than the full EORA database. Scenarios using 2015 as the base year (Residential Scenario 6
and office building Scenario 5) utilise the EORA full version® (Lenzen et al., 2012; Lenzen et al., 2013).
In contrast, residential Scenario 7 and office building Scenario 6 utilise recently released provisional
consumption based emissions for 2017 (Stats NZ, 2020a) which are based on a national input-output
approach. The use of a national input-output approach has advantages as it is less data intensive and
can be more easily linked to data used for other national accounting purposes. However, it also
involves a number of assumptions including estimating the CF of imports based on the CF of
equivalent goods produced in New Zealand (Stats NZ, 2020a). This introduces a potentially
significant source of inaccuracy compared to a MRIO approach.

The scenario results show that the choice of grandfathering year and the data source can have a
significant impact on the available CB. The use of MRIO based 2011 and 2015 emissions result in CBs
31-38% lower than the base case for all building types and the use of 2017 emissions using a national
input-output approach results in CBs 15% lower than the base case for residential buildings and 4%
lower for office buildings.

The time period between the grandfathering year using the earlier MRIO databases (2011/2012) and
the start of the assessment period (2018) will also potentially change the results compared to a 2015

82015 value was derived from a recent data update for year 2015.
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or 2017 grandfathering year due to changes in the CF of buildings over this time (e.g. due to
increased renewable electricity generation). An improvement in the CF of buildings during the
intervening years will result in a higher CB compared to a grandfathering year immediately prior to
the assessment period.

The development of a regularly updated, reliable and consistent methodology for measuring
consumption based GHG emissions in New Zealand would provide greater accuracy to future
assessments of building sector CBs.

Global Climate Target

Adopting a 1.5°C-high-0S climate target results in a global carbon budget 35% greater than the
1.5°C-low-0S climate target used in the base case. This increase in the global carbon budget results
in equivalent increases in the New Zealand CB and consequently the CBs for the residential and
office building sectors. Conversely, adopting a below 1.5°C climate target® reduces the available CB
by 18%.

Clearly, the choice of global climate target and the resulting global CB has a significant influence on
the CB available to the building sector and the resulting climate change performance of buildings in
an absolute sustainability context.

Proportion of Sector Carbon Budget Allocated to Embodied Impacts when Calculating Carbon
Budget for Individual New Building

The use stage CF of buildings is expected to decrease in the future as buildings become more energy
efficient and the proportion of renewable energy increases. Consequently, the proportion of the CF
due to use stage emissions is expected to decrease and the proportion due to embodied impacts will
increase at both a sector level and for an individual building. The implications of this transition were
explored through scenarios which allocated increased proportions of the residential and office
building sector CBs to embodied emissions which consequently increased the relatively proportion
of the total sector budget allocated to an individual new building due to embodied emissions being
primarily allocated to new stock. In the residential base case, 20% of the total sector CB was
allocated to embodied carbon emissions. Increasing this proportion to 50% increases the CB
available to an individual house by 38-42%. Smaller increases of 13-28% occur when the proportion
of the CB allocated to embodied emissions is increased to 30% or 40%. These results indicate that
the split between the allocation of embodied and use stage emissions at a sector level is an
important consideration that should reflect the actual split in emissions as closely as possible.
Changes in the CB available to new office buildings were smaller (-7-6%) when the proportion of the
sector CB allocated to embodied impacts was changed from the base case of 35% to 25%, 45% or
55%.

2019 Base Year for Equal per Capita Sharing

Equal per capita sharing of the global carbon budget is considered the most appropriate sharing
approach in relation to buildings, particularly housing, as all people have an equal need for a safe,
warm and secure place to live. The base case allocates a share of the global CB to New Zealand
based on the predicted cumulative 2018-2050 New Zealand population as a proportion of the
cumulative 2018-2050 global population. This approach could potentially favour countries with high
rates of growth compared to those countries with low or declining growth rates. An alternative

9 Pathways limiting peak warming to below 1.5°C during the entire 21st century with 50-66% likelihood (Rogelj
et al., 2018).
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approach was explored by basing the equal per capita sharing on the New Zealand population in
2019 as a proportion of the 2019 global population. The resulting New Zealand and building CBs are
only 4% higher than the base case reflecting an expected growth in the New Zealand population at a
similar rate to the global average over the 2018-2050 time period and therefore this alternative
approach results in only a small increase to the CB.

Box 1: Comparison with Alternative Methodology to Calculate Operational Energy Use
(Module B6)

The estimation of sector emissions associated with operational energy use (Module B6) are based on
modelling the energy use of example houses multiplied by the past (for grandfathering purposes) or
estimated future stock levels. An alternative approach to estimating sector-wide historical
operational energy emissions using Ministry of Business Innovation and Employment (MBIE) data on
residential energy use was explored in relation to the grandfathering years of 2012 (base case) and
2015 (residential Scenario 6). The residential use of electricity, gas, coal, LPG, diesel and solid
biofuels (MBIE, 2020a) was multiplied by relevant emission factors for electricity (Bullen, 2020),
energy sector greenhouse gas emission factors for fossil fuels (MBIE, 2020c) and Ecoinvent 3.5
emissions for a wood pellet furnace. The electricity and wood pellet furnace emission factors
represent life-cycle emissions whereas the fossil fuel emission factors only represent the emissions
from combustion and therefore are likely to underestimate the life-cycle emissions. The resulting
carbon footprint for operational energy use in 2012 using this alternative residential energy use
methodology was 4,174 ktCO,eq compared to 4,517 ktCOxq Using the main methodology used in this
study. In 2015, the carbon footprint for residential energy using the alternative methodology was
3,343 ktCO2¢q compared to 3,385 ktCO2q Using the study methodology. The values using these two
different methods only varied by only 1-8% which provides a high level of confidence in the results
using the main methodology adopted in this study.

4.3 Factors Affecting Carbon Footprint

The two most important factors affecting the CF of buildings are the inclusion of GHG emissions
associated with MEP and Tl elements in office buildings and the CF of supplied electricity. These two
aspects are discussed below followed by a discussion of factors associated with buildings design,
efficiency, and use.

Inclusion of MEP and Tl in Office Buildings

Rodriguez et al. (2020) identified that, with recurring installations, the CF of MEP and Tl elements
can be equal to the CF of core and shell systems in a commercial building. In this study, the inclusion
of the CF associated with MEP and Tl elements leads to increases in the CF of an individual office
buildings of 31% at a low level and 76% at a high level using CF estimates for MEP and Tl from
Rodriguez et al. (2020). The low, medium, and high levels represent the range of embodied carbon
estimates from a study of five commercial office buildings in the Pacific North-West region of the
USA. MEP and Tl elements tend to have a relatively short service-life compared to the structural
elements of a commercial buildings and therefore it was assumed that these elements are replaced
every 15 years (i.e. initial installation plus three replacements over the total service life of the
building). This additive effect of repeated replacements results in significant increases in the lifetime
CF of an office building when MEP and Tl are included, particularly at the high level. At the sector
level, the inclusion of MEP and Tl also led to large increases in the CF of 29-71%.
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For the purposes of this study, it was assumed that the emissions due to MEP & Tl elements
identified by Rodriguez et al. (2020) for office buildings in the USA are also applicable to New
Zealand office buildings. It is noted that BRANZ is currently undertaking a project to calculate the
carbon footprint of building services of four New Zealand office buildings which will provide some
New Zealand specific data for comparison with these values.

Carbon Footprint of Supplied Electricity

A scenario based on 100% renewable electricity by 2035 (residential Scenario 14) results in the
greatest change in the CF of residential buildings with a 17-22% reduction in the CF at both a sector
level and for individual new buildings for all residential building types. The proportion of the total
sector CB allocated to embodied impacts is also increased to 25% in this scenario (c.f. base case 20%)
reflecting the reduced use stage impacts associated with a lower electricity CF which increased the
CB for new residential buildings by 6-7%. The combined effect of these two changes is a reduction in
the FoE of 24-27% for new buildings. A similar pattern occurred with office buildings with a 18%
reduction in the CF and FoE at the sector level and an 20-23% reduction in the CF and FoE for an
individual new office building.

It was assumed in this study that all operational energy for residential buildings was sourced from
grid electricity. Electricity is estimated to supply 69% of energy needs to New Zealand households
(Isaacs et al., 2010) but a number of other energy sources are used in both residential and office
buildings including direct use of natural gas, coal and wood, solar water heating and distributed
renewable energy sources such as solar PV, wind and micro-hydro. The future mix of energy sources
will affect the use stage CF of buildings in addition to the CF of grid electricity. For example, solar PV
technology accounted for only 0.3% of electricity generation in 2019 (MBIE, 2020b), but is
experiencing significant growth and this is expected to grow further as the cost effectiveness of solar
PV improves (Transpower, 2019). The impact of changes in the energy mix supplying buildings and
increased use of distributed renewable generation has not been explored in this study but,
depending on the extent of uptake, could also be a factor in reducing the use stage CF of New
Zealand buildings.

Impact on Carbon Footprint of Other Scenarios

A number of scenarios explore alternative assumptions relating to the design and use of buildings
including energy efficiency and alternative house designs and sizes. The differences between climate
zones and weighting of impacts based on number of buildings in different climate zones, scenarios
including the benefits of sequestration of biogenic carbon, and alternative building stock models are
also examined. None of these scenarios result in a greater than 25% change in the CF of residential
or office buildings at either a sector or individual building level. The greatest change in CF associated
with these scenarios occurs when the GFA of existing DHs is based on an average of 121m? (Isaacs et
al., 2010) as opposed to the base case of 166m?2. This scenario results in a decrease in the CF of the
DH sector of 18% and of the total residential sector of 14%. However, as this change also applied to
DHs existing in 2012, the CB also reduces due to the grandfathering of the CB to the 2012 CF.
Therefore, the FoEs for DHs in this scenario increase by 3% at a sector level and increase by 13% for
individual new DHs, despite a decrease in the CF.

Although heating and cooling is an important source of energy demand in a building, scenarios
involving changes in energy demand due to heating have relatively small impacts on the overall CF.
Although energy demand can be influenced by building design (e.g. additional insulation, high
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performance house design), other energy demands such as water heating and plug loads are less
affected by design and more affected by occupant behaviour.
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5 Conclusions

Box 2: Top Priorities for Further Research Identified by this Study

The main purpose of this study was to identify priorities for further study or data improvements
to support the transformation of the New Zealand built environment to one that is sustainable in
the context of global climate change. The identified top priorities for further research are:

e Consistent and accurate set of consumption-based emission accounts for New Zealand.
e The contribution of the embodied carbon of building materials to the overall carbon
footprint of buildings. In particular, the contribution of mechanical, electrical, plumbing

(MEP) and tenant improvements(Tl) elements to the carbon footprint of office buildings
in the New Zealand context.

e Refinement and update of estimates related to the existing and future building stock,
including building size, design, energy supply and consumption, and occupancy.

e The impact of energy efficiency measures on the carbon footprint of buildings.

The choice of grandfathering year, combined with differences in the method used to calculate New
Zealand consumption-based emissions, has a significant influence on the CB available for the
different building sectors. This highlights the potential value of a consistent and accurate set of
consumption-based emission accounts for New Zealand. It is recommended that future studies
utilise the most recent year for which New Zealand’s consumption-based GHG emissions are
available utilising a MRIO-based approach. It is noted that this is expected to significantly reduce the
CB available to New Zealand and to buildings compared with the results in this study.

The post-2050 CB provided to New Zealand buildings is also a key determinant of the lifetime CB
available for new buildings currently being designed and constructed. The base case assumption of a
zero use stage CB for buildings post-2050 is considered appropriate given the New Zealand target of
net-zero GHG emissions by 2050. However, even with 100% renewable electricity generation,
further reduction in the CF of electricity would be required to achieve a CF consistent with this target
— largely due to currently anticipated geothermal fugitive emissions and the embodied carbon of
generation infrastructure.

Scenarios involving alternative designs, smaller house size, and energy efficiency of new buildings
resulted in relatively modest improvements in the overall CF of buildings. To be compatible with a
1.5°C climate target, improvements will be required in multiple areas within the building sector
including building design, energy efficiency and the embodied impacts of materials and construction
methods. Behavioural and demand aspects also have an important role in areas such as non-heating
energy demand (e.g. hot water, plug loads), the occupancy of buildings, and expectations regarding
the size of buildings. The CF of the energy sector, particularly the electricity sector, is also an
important factor impacting the CF of buildings. The embodied CF of buildings is expected to become
increasingly important as the CF of supplied energy decreases.
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The findings of this study have highlighted a number of areas where further study would provide
additional clarity on the factors affecting both CBs and CFs of buildings. The importance of accurate
consumption-based GHG emission data for New Zealand is noted above. At a sector level, continued
refinement and updates of estimates related to the existing and future housing and office building
stock, including building size, design, energy supply and consumption, and occupancy are important
factors in accurately estimating building sector impacts. At an individual building level, the impact of
energy efficiency measures, the impact of alternative building materials, and improvements in the
embodied carbon of building materials (e.g. MEP and Tl elements in office buildings) are important
areas for further study to identify where the most significant and cost effective improvements in the
CF of buildings can be achieved.
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Appendix A: Residential Scenarios — Numerical Results

_>30% increase in carbon budget or decrease in carbon footprint
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Scenarios
P Unit 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
World CB Gt COyq | 643 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786
New Zealand Mt COzeq 385 487 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470 470
Carbon |Residential Sector | kt COa, |38,522 48,821 | 48,322 40,024 | 47,090 | 47,090 | 47,090 | 47,090 | 47,090 | 47,090 | 47,090 | 48,369 | 50,288 | 53,487 | 55,716 | 47,090 | 47,090 | 47,090 | 47,090 | 47,090 | 47,090 | 46,395 | 45,448 | 46,956 | 47,090 | 45,448 | 37,498 | 47,317
Budget (CB) | DH Sector kt COzq | 30,359 38,476 | 38,083 31,543 | 37,111 | 37,111 | 37,111 | 37,111 | 37,111 | 37,111 | 37,111 | 38,120 | 39,632 | 42,153 | 43,909 | 37,111 | 37,111 | 37,111 | 37,111 | 37,111 | 37,111 | 36,940 | 35,817 | 37,006 | 37,111 | 35,817 | 29,552 | 36,775
_ MDH Sector kt COzeq | 5,753 7,291 | 7,217 5977 | 7,033 | 7,033 | 7,033 | 7,033 | 7,033 | 7,033 | 7,033 | 7,224 | 7,510 | 7,988 | 8321 | 7,033 | 7,033 | 7,033 | 7,033 | 7,033 | 7,033 | 6,749 | 6,787 | 7,013 | 7,033 | 6,787 | 5600 | 7,770
g AP Sector CB kt COjeq 2,410 3,054 | 3,023 2,504 | 2,946 | 2,946 | 2,946 | 2,946 | 2,946 | 2,946 | 2,946 | 3,026 | 3,146 | 3,346 | 3,485 | 2,946 | 2,946 | 2,946 | 2,946 | 2,946 | 2,946 | 2,706 | 2,843 | 2,937 | 2,946 | 2,843 | 2,346 | 2,772
g
§ Carbon Residential Sector | kt CO,.q |169,651|169,651|169,651|169,651|169,651|169,651|169,651|169,651|169,651|169,651|169,651|169,651(169,651|134,003|172,575(176,962(184,273(169,651|168,853( 167,656 165,862( 153,397 166,226(189,329| 167,101 [ 159,735 169,049 172,341[140,399| 146,619 168,525
2| rootprint |2 Sector Kt COaq |130,407|130,407|130,407| 130,407| 130,407| 130,407| 130,407| 130,407 130,407 | 130,407| 130,407| 130,407| 130,407 | 102,626| 133,031| 136,967 | 143,528| 150,174| 129,695 | 128,628 127,026 116,460 127,565 147,195| 128,877| 121,298| 130,017| 133,097 | 101,962| 107,375 126,843
‘é (CF) MDH Sector kt COzeq | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 23,743 | 18,483 | 24,007 | 24,403 | 25,062 | 23,743 | 23,675 | 23,573 | 23,419 | 21,852 | 23,364 | 26,013 | 23,021 | 23,122 | 23,684 | 23,743 | 23,122 | 23,743 | 27,458
§ AP Sector kt COzeq | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 15,501 | 12,894 | 15,537 | 15,592 | 15,683 | 15,501 | 15,483 | 15,456 | 15,416 | 15,085 | 15,297 | 16,120 | 15,203 | 15,315 | 15,349 | 15,501 | 15,315 | 15,501 | 14,224
factor of |Residentialsector | - 44 35 | 35 42 | 36 | 36 | 36 | 36 | 36 | 36 | 28 | 36 | 35 | 34 | 30 | 36 | 36 | 35 | 33 | 35 | 40 | 36 | 35 | 36 | 37 | 31 | 39 | 36
o DH Sector - 4.3 3.4 3.4 4.1 3.5 3.5 3.5 3.5 3.5 3.5 2.8 3.5 855 3.4 3.4 3.5 3.5 3.4 3.1 3.4 4.0 Bi5) 3.4 Bi5) 3.6 2.8 | 3.6 3.4
(FoE) | MDH Sector - 41 33 | 33 40 | 34 | 34 | 34 | 34 | 34 | 34 | 26 | 33 | 32 [ 31 | 29 | 34 | 34 | 33 | 31 | 33 | 37 | 34 | 34 | 34 | 34 | 34 35
AP Sector - 6.4 51 | 51 62 | 53 | 53 | 53 | 53 | 53 | 53 | 44 | 51 [ 50 | 47 | 44 | 53 | 52 [ 52 | 51 | 52 | 55 | 56 | 54 | 52 | 53 | 54 5.1
DH-m? basis tCOsq | 283 35.8 | 35.5 389 | 432 36.7 | 355 | 369 | 392 | 409 | 346 | 346 | 346 | 346 | 346 | 346 | 340 | 333 [ 345 | 346 | 333 [ 307 | 350
MDH-m” basis £ COgeq 16.3 20.6 20.4 22.4 24.9 21.1 20.4 21.2 22.6 23.5 19.9 19.9 19.9 19.9 19.9 19.9 19.6 19.2 19.8 19.9 19.2 17.6 20.2
g Carbon  |AP-m’ basis tCOgeq 13.5 17.0 16.9 18.5 20.6 17.5 16.9 17.6 18.7 19.5 16.4 16.4 16.4 16.4 16.4 16.4 16.2 15.9 16.4 16.4 15.9 14.6 16.7
& |Budget (CB) | DH-occupancy tCOsq | 246 31.2 | 309 322 | 309 | 321 | 342 | 356 | 301 | 301 | 301 | 301 | 301 | 301 | 29.6 | 29.0 | 300 | 301 | 29.0 | 266 | 30.2
S MDH-occupancy | tCOuq | 17.8 25 | 223 233 | 223 [ 232 | 247 | 257 | 217 | 217 [ 217 | 217 | 217 | 217 | 214 | 210 | 217 | 217 [ 210 | 192 | 218
:GE’; AP-occupancy tCOg¢q 17.8 22.5 22.3 233 22.3 23.2 24.7 25.7 21.7 21.7 21.7 21.7 21.7 21.7 21.4 21.0 21.7 21.7 21.0 19.2 21.8
&
g| carbon |DH tCO.q | 233 | 233 | 233 | 233 | 233 | 233 | 233 | 233 | 233 [ 233 | 233 | 233 | 233 | 185 | 233 | 233 | 233 | 233 | 228 | 220 | 208 | 211 | 229 | 260 | 228 | 216 | 224 | 263 | 199 [ 233 | 233
E Footprint |MDH £ COgeq 135 135 135 135 135 135 135 135 135 135 135 135 135 105 135 135 135 135 134 131 127 126 133 147 131 131 132 135 131 135 135
E (CF) AP tCOgeq 179 179 179 179 179 179 179 179 179 179 179 179 179 144 179 179 179 179 178 177 176 174 177 186 175 178 171 179 178 179 179
3
; DH-m? basis - 82 6.5 54 | 60 | 5.4 50 | 66 | 63 | 59 | 57 | 66 | 64 | 60 | 61 | 66 | 7.5 | 67 | 65 | 65 | 7.6 | 60 | 76 | 6.7
] MDH-m? basis - 83 6.6 54 | 61 | 54 66 | 64 | 60 | 58 | 67 | 66 | 64 | 63 | 67 | 74 | 67 | 68 | 67 | 68 | 68 | 77 | 67
3| Factorof 2 -
= N AP-m” basis - 13.3 10.5 8.7 9.7 8.7 m 10.6 10.2 9.6 9.2 10.8 10.8 10.7 10.6 10.7 11.3 10.8 11.2 10.4 10.9 11.2 12.3 10.7
E (FoE) DH-occupancy - 9.5 75 6.2 6.8 6.0 7.3 7.3 6.8 6.5 7.6 7.8 6.9 7.0 7.6 8.6 7.7 7.4 75 8.8 6.9 8.8 7.7
MDH-occupancy - 7.6 6.0 50 | 55 | 49 61 | 58 [ 55 | 53 | 62 | 60 | 59 | 58 | 61 | 68 | 61 | 63 | 61 | 62 | 63 | 71 | 62
AP-occupancy - 10.1 7.9 6.6 7.2 6.4 6.2 8.0 7.7 7.3 7.0 8.2 8.2 8.1 8.0 8.1 8.6 8.2 8.5 78 8.2 8.5 9.3 8.2
Key:
no change from base case
<10% decrease in carbon budget or increase in carbon footprint
10-25% decrease in carbon budget or increase in carbon footprint
_>25% decrease in carbon budget or increase in carbon footprint
<10% increase in carbon budget or decrease in carbon footprint
10-25% increase in carbon budget or decrease in carbon footprint




Appendix B: Office Building Scenarios — Numerical Results

Carbon Budget Scenarios Carbon Footprint Scenarios
Parameter Unit CTI;T:: Ci';bzlz Grandfathering Year PD?BZ?::;:Z:;?EG %Ef:;:;?::d E:::‘r;::;v ia;:;i::i‘tgy Ei:i::ril:::ty siz"f'li;s L:f‘?:;?:g:f ncl N:::Ile MEP & Tl included
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
World |Gt COzq| 643 786 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 | 786 786 786 786 786 | 786 786 | 786 | 786 | 786 786 786 786 786 786
470 | 470 | 470 | 470 | 470 | 470 | 470 470 470 470 470 | 470 470 | 470 | 470 | 470 470 470 470 470 470
2,342 2,054 | 2,125 | 2,567

487 | 470 | 470
2,219

2,064 | 2,140 | 2,140 | 2,140 | 2,140 | 2,140 | 2,140 2,140 |2,120| 2,140 | 2,044 | 1,948 | 1,948 | 1,981 | 2,097
8,191 8,261 | 8,167 | 7,769 | 7,586 | 7,740 | 8,429 | 9,528 | 8,276 | 8,501

8,566 | 8,566 | 8,566 | 8,566 | 8,566 | 8,566 | 8,566 | 8,566 | 8,566 | 6,997
41 | 40 | 40 | 40 | 40 | 40 | 40 33 238 39 4.0 | 4.0 38 39 | 40 | 41 4.0 4.0 4.3 4.5 4.6

Carbon Budget (CB) |NZ Mt COjq| 385
Sector |kt COyeq 1,751

Carbon Footprint (CF) |Sector |kt C0O,.q] 8,566 | 8,566 | 8,566
3.9

(2018-50)

Sector Based

Factor of Exceedance |Sector - 4.9

223 | 232 | 254 | 224 222

New Build | Carbon Budget (CB) |Building | t CO,., | 193 245 228 290 | 263 | 219 | 240 | 250 [ 246 | 236 | 238 | 228 | 219 | 220
Lifetime Based| Carbon Footprint (CF) |Building | t CO,., | 1,259 | 1,259 | 1,259 | 1,259 | 1,259 | 1,259 | 1,259 | 1,259 | 1,259 1,259 | 1,259 | 1,259 | 1,013 | 1,191 | 1,201 | 1,200 | 1,141 | 1,106 | 1,130 | 1,241 | 1,406 | 1,219 | 1,201
(2018-2077) | Factor of Exceedance |Building | - 6.5 5.1 55 43 | 48 | 57 | 52 | 50| 41 | 50| 50 |53 |52|50] 51 |53|55)| 55| 54| 59| 62|64

Key:
no change from base case
<10% decrease in carbon budget or increase in carbon footprint

10-25% decrease in carbon budget or increase in carbon footprint

_>25% decrease in carbon budget or increase in carbon footprint
<10% increase in carbon budget or decrease in carbon footprint

10-25% increase in carbon budget or decrease in carbon footprint

_>30% increase in carbon budget or decrease in carbon footprint
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