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Abstract: Present decisions about urbanization of peri-urban (PU) areas may contribute to the
capacity of cities to mitigate future climate change. Comprehensive mitigative responses to PU
development should require integration of urban form and food production to realise potential
trade-offs. Despite this, few studies examine greenhouse gas (GHG) implications of future urban
development combined with impacts on PU food production. In this paper, four future scenarios,
at 2050 and 2100 time horizons, were developed to evaluate the potential GHG emissions implications
of feeding and housing a growing urban population in Sydney, Australia. The scenarios were
thematically downscaled from the four relative concentration pathways. Central to the scenarios
were differences in population, technology, energy, housing form, transportation, temperature, food
production and land use change (LUC). A life cycle assessment approach was used within the
scenarios to evaluate differences in GHG impacts. Differences in GHG emissions between scenarios
at the 2100 time horizon, per area of PU land transformed, approximated 0.7 Mt CO2-e per year.
Per additional resident this equated to 0.7 to 6.1 t CO2-e per year. Indirect LUC has the potential to be
significant. Interventions such as carbon capture and storage technology, renewables and urban form
markedly reduced emissions. However, incorporating cross-sectoral energy saving measures within
urban planning at the regional scale requires a paradigmatic shift.

Keywords: climate change mitigation; peri-urban development; urban development scenarios;
greenhouse gas emissions; life cycle assessment

1. Introduction

Recognition is growing of the contribution urban areas make to greenhouse gas (GHG) emissions
and their potential role in mitigative efforts [1]. Existing urban areas have been estimated to contribute
approximately 40 percent of global anthropogenic GHG emissions on a production basis, and in
excess of 70 percent on a consumptive basis [2]. The capacity of cities to participate in strategies
to minimise emissions is therefore large. Present day understanding of how different development
pathways may impact future land availability and emissions generation should be improved. However,
limited scientific understanding exists of the reductions in emissions magnitude that may be obtained
through altering urban form [1]. Scenarios of future urban development, illustrative of alternative
GHG concentration trajectories, have a vital role to inform policy. The four scenarios presented herein
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provide insight into how differences in housing and feeding growing urban populations may affect
GHG emissions generation relating to area of peri-urban (PU) land use change (LUC).

Particular to mature, developed cities, mitigation options include urban regeneration strategies
that encourage compact form, mixed land use, reductions in travel and rehabilitation of older
buildings [1]. Mixed land use may include, for example, PU agricultural support. However, growing
cities typically consume PU agricultural land for monofunctional housing use, causing displacement
of commercial food production to more remote locations. Present decisions about urban development
in PU areas have the potential to make an important difference to the vulnerability of large cities to
future climate change. Comprehensive mitigative responses to future urban development should
require integration of urban form and food production to realise potential trade-offs. Despite this, few
studies examine the GHG implications of future urban development combined with the impact on PU
food production displacement.

Missing from future PU development scenarios has been consideration of the land-use activities
displaced by urban expansion. For example, displacement of commercial PU fresh food production
and how this displacement affects overall GHG impact in addition to that of the installed urban
form. Applications of climate scenarios at city and continental scale have occurred, such as those to
ascertain future urban demand for land [3–8]. Long-term in temporal scope, these scenarios differed
from most urban planning strategies that are not typically linked to global environmental change [7].
However, compounding environmental effects due to the activities displaced by urban demand for
land were not assessed. A second gap in application of climate scenarios to PU development includes
the lack of exploration into the magnitude of differences in GHG emissions trends between scenarios
at future time points. Transport and household energy use have been used to contrast the magnitude
of emissions between alternate urbanisation approaches for an agricultural county in the USA [8],
however a general scarcity of such information exists.

PU LUC was selected as the lens through which GHG emissions were viewed for three principal
reasons: competition for land use; current volume of PU horticultural production in the study area;
and relative emissions of land currently used for horticulture versus urban use. PU areas are highly
contested transitional zones between existing urban districts and rural areas. Decisions on LUC
are fraught with opposition. Regarding the second reason, commercial PU agriculture, specifically
horticulture, has importance in its large contribution to local and regional markets combined with
significantly higher output than other forms of urban agriculture. For example, farms located near
New York, USA, produced over 80 percent of the fruits, vegetables and milk produced in New York
state in 2012 [9]. In Sydney, by dollar value, 53 percent of lettuce and 27 percent of the horticultural
produce of New South Wales originate from PU production [10]. Compare this to recent estimates of
intra-urban vegetable production, which contributes less than one percent by production value [10,11].
Thirdly, recent research indicates that GHG emissions from urban land use are 58 times greater on
average than emissions from crop production [12]. Decisions that potentially increase the GHG
emissions burden of cities, due to LUC in PU areas, need to be evidence-based.

In this paper, four future scenarios were developed to evaluate the potential GHG emissions
implications of feeding and housing a growing urban population. The scenarios were based on the
GHG concentration trajectories of the four relative concentration pathways (RCPs) [13]. The RCPs
were adopted by the Intergovernmental Panel on Climate Change (IPCC) and define four potential
climate futures [14]. The context for the scenarios was for a developed and growing city such as
Sydney, Australia. A life cycle assessment (LCA) approach was used within the scenarios to evaluate
differences in GHG impacts. The application of LCA within an exploratory scenario approach builds
on prior work integrating both housing and food production changes in the current day [15].

The scenarios are considered exploratory as an infinite number of possible futures exist that may
describe emissions and their driving forces [16]. Exploratory scenarios assist understanding of future
uncertainty by describing and analysing possible (as opposed to probable) alternative futures given
a set of climate, socio-economic and technology assumptions. Scenario thinking is one of a suite of
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pluralistic strategic responses used in public policy to construct solutions to uncertain climate change
issues. Effective management of future uncertainty, in order to inform good policy, requires multilevel
evaluation of alternative strategies and scenarios supported across institutional boundaries and at local
and regional scales [17]. Scenario thinking is not intended to provide “the answer” to a problem [18].
Rather, exploration assists society and policy makers to choose a preferred course of action. Exploring
the potential GHG emissions incurred through the necessity to both feed and house a growing urban
population, under different future climate scenarios may provide momentum for more detailed and
comprehensive strategic planning studies.

Prior work has established that displacing commercial PU fresh vegetable production (in this
example, lettuce) with housing in greenfield areas typically generates a poorer environmental outcome
compared to retention of PU food production through use of infill housing [15,19]. Building climate
resilient pathways would therefore imply developing local PU fresh food producing capacity, but such
investment would not reflect the development norm in a city such as Sydney. With urban population
increasing, planning for future housing and fresh food production at lower relative emissions is vital
to avoid infrastructure lock-in risks (such as housing form) that may compromise future efforts at
mitigation. However, future GHG ramifications, and other environmental trade-offs, due to displacing
commercial PU fresh food production in favour of more remote production to feed a local city market
remain underexplored. This study builds on the novel approach used in [15], expanding examination
to future GHG impacts resulting from different urban growth scenarios.

To examine the potential GHG emissions relating to the four urban development scenarios,
specific objectives within this study included, firstly, interpreting the main characteristics of the four
Relative Concentration Pathways, RCPs 2.6, 4.5, 6 and 8.5 [20–23]. Secondly, generating qualitative
narratives representative of how housing and agricultural development may occur in a developed
city. Thirdly, explanatory variables representing key differences between scenarios were identified and
quantified. Finally, changes in explanatory variables were applied to life cycle inventory (LCI) for each
of the four scenarios at time horizons 2050 and 2100 in order that GHG impact could be compared.
Each scenario was required to house the respective future population with consequent determination
of area of PU horticultural land displaced by housing. Food production from more remote locations
was required to supply the city market at equivalent quantities to that displaced.

2. Materials and Methods

The aim of this study was to investigate the trends in GHG emissions between four future urban
development scenarios. In all scenarios, the growth in urban population at the relevant time horizon
required housing and the quantity of fresh food displaced, due to absorption of PU food producing
land by housing, required replacement. Hence each scenario has differing amounts of new housing
stock in two disparate locations, on either existing urban or existing horticultural land, to accommodate
a growing population. Therefore differing degrees of PU horticultural LUC to housing occurs between
scenarios. GHG emissions results for each scenario were reported by area of PU land consumed to
house the change in population.

Each scenario included both a housing and a fresh food production system. For the housing system,
the ratio of two disparate housing types was adjusted in each scenario: new houses in PU, greenfield
locations where horticulture is the current land use; and infill apartments in existing suburban centres.
Existing PU land use was regarded as horticultural, with consumption by greenfield housing at an
amount particular to each scenario and time horizon. Horticultural production displaced by housing
was required to be replaced from more remote production locations. The horticultural system was
modelled as field grown lettuce. Reasons for choice of lettuce included: lettuce is the dominant vegetable
produced in the Sydney region; is dominantly field grown; is produced year-round; approximately
88 percent of the quantity consumed in Sydney is produced in the region [10,24]; and regionally
specific data was available from both the Sydney PU and interstate regions. Lettuce was assumed to
be delivered to the Sydney central fruit and vegetable market in Homebush, NSW. Upstream LUC
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impacts occurring due to further potential upstream crop displacements was considered. The housing
and food systems have been described in detail in [15].

2.1. Scope

The method uses Sydney, Australia, to illustrate the principle of accounting for both horticultural
change and housing development to obtain comprehensive mitigation strategies for urban growth.
Sydney is a large city representative of how a developed city may grow. However with consideration
of regional contexts, the method is transferable to PU regions of other cities in developed nations
where demand for land in PU areas is driving LUC from horticulture to housing. The narratives were
developed to be consistent with the RCPs and could be applied to other regions. Explanatory variables
may be used for other regions: these were selected to ensure coverage of sectors responsible for
dominant contributions to anthropogenic emissions. However, regionally specific differences exist
that require accommodating, particularly in the life cycle inventory, if the approach were to be used
elsewhere. Changing the life cycle inventory (such as dominant crop being displaced by housing;
housing types; development patterns; climate zones; and energy mix) is necessary for a study of this
type to have regional relevance. Regional relevance is required for effective strategic responses to
future uncertainties surrounding climate change.

2.2. Methodological Approach

The methodological approach integrated environmental LCA within exploratory scenarios
(Figure 1). For each of the four scenarios being analysed, a qualitative narrative describing future
characteristics, specifically for housing and food production, was generated. Explanatory variables
in support of the narrative were identified. Quantification of explanatory variables permitted
incorporation into LCI for each time horizon, 2050 and 2100. GHG impacts were then characterised
using LCA software. Each scenario was then compared on relative GHG impact. Potential hotspots
within each impact category were identified.
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Figure 1. Schematic of research approach.

2.3. PU Development Narratives

The fundamental premise behind the narratives was the paradigm, pertinent to a developed and
growing city such as Sydney, Australia, that increases in urban population drive additional housing
development in both PU and existing suburban locations. The type of housing infrastructure installed
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generates differing amounts of PU LUC and consequential displacement of PU commercial fresh
food production.

As a basis for scenario narratives, the four Relative Concentration Pathways (RCPs), as selected
by the IPCC for the Fifth Assessment Report [13] were thematically downscaled. The four RCPs
cover a range of radiative forcing target levels found in literature for 2100, including RCP2.6 (very
low forcing level), RCP4.5 and RCP6 (moderate) and RCP8.5 (high). Each RCP describes how
emissions and concentrations change over time, providing data for climate models. Whereas the
previous generation of IPCC climate scenarios generated climate projections based on defined
socio-economic pathways [16], the RCPs lock in the emissions trajectory rather than the socio-economic
circumstances [25]. However, each RCP does include basic underlying assumptions on GDP, policy,
population and some socio-economic development [13,20–23]. In order to remain qualitatively
consistent with the RCPs, the stated RCP assumptions were adapted in this study through the narrative
characteristics to the local PU regional level. Such an approach is feasible as the socio-economic
scenarios underlying RCPs are not unique [13,14]. Consistency of the scenarios with historical local
scale data was assured by using a common baseline from which scenarios then diverged. Ensuring
consistency of scenarios between original source and local scale information is suggested as an essential
criterion for any downscaling [26].

As the aim of this paper was to explore the combined GHG impacts of both feeding and housing
future urban populations in 2050 and 2100, characteristics relevant to urban growth and agricultural
change were represented in the narratives. From the housing perspective, central to the analysis was
how population change, housing form, transportation mode, technology, temperature trajectory, fuel
and energy mix influenced scenarios. Central to the analysis from the agricultural perspective were:
the quantity of lettuce displaced by new housing in PU locations; the yield adjusted quantity and land
area of lettuce grown at a more remote location; transportation to the Sydney city market; changes in
climatic conditions; farm inputs; and total factor productivity changes.

2.4. Explanatory Variables

Explanatory variables supporting the narratives (Table 1) and included in this study have been
described (Table 2) and quantified (Table 3). Variables selected exhibited a direct relationship to
the narrative, such as population trajectory, primary energy mix, technology change and urban
form, emissions concentrations and temperature changes. Additionally, explanatory variables were
selected to ensure coverage of sectors responsible for dominant contributions to anthropogenic
emissions. Recent analysis from the IPCC [31] suggests the following sectors dominate anthropogenic
emissions, accounting for approximately 70 percent: electricity and heat production, buildings,
transport, agriculture and LUC. Consequently, variables such as primary energy mix, household
heating/cooling energy, household and food transportation (mode, technology and fuel mixes),
construction, lettuce production, on-farm refrigeration, direct and indirect LUC were included.
Furthermore, the explanatory variables were able to explain greater than 80 percent of variation
in GHG impact within the current day baseline [15].
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Table 1. Narratives for the four future urban development scenarios: high emissions; moderately-high emissions; moderately-low emissions; and low emissions.

Scenario Name
Characteristic

Narrative Description for Characteristic

High Emissions (business as usual)

GHG Emissions High emissions, leading to approximately 1230ppm CO2-e at 2100 [27]. Rising emissions are linked to the fossil-intensive energy sector as well as increasing
population and associated food production requirements [13,21]. The high emissions scenario is reflective of a business as usual approach to climate change [21].

Population High growth [13,21,28,29].
Energy Primary energy consumption rises threefold compared to year 2000. Coal and other fossil sources dominate the primary energy mix. Post 2050, conventional oil

experiences a dramatic decline. Coal (and gas) sources of petroleum would potentially be required [21]. Introduction of nuclear energy and renewable energies
is characterised by slow adoption.

Technology Technological innovation is slow with limited international technology trading [21,29]. Little adoption of electric vehicles due to low market penetration of
renewable energy sources.

Economy Slow income growth and slow convergence of international economic equity drive low efficiency gains and high energy demands [21].
Environmental Global forest area continues to decrease. Areas of cropland and grassland continue to increase [13,21].
Urban growth Diffuse suburbanisation and higher land-use change: road infrastructure and automobile dependence permit continued growth in suburban and peri-urban

(PU) areas. Few planning restrictions.
Agricultural change Lower agricultural productivity [28]. Increased food requirements for the growing population are met through transformation of land from other agricultural

land or from native ecosystems. Minimal restrictions on land use change (LUC).

Moderately-high emissions

GHG Emissions Moderate emissions, leading to approximately 728ppm CO2-e at 2100 [27].
Population Moderate growth [13,20,28,29].
Energy Primary energy consumption rises to approximately double that of year 2000 [13]. Oil consumption remains relatively constant compared to 2000 levels.

Coal increases but a shift favouring natural gas use with some use of carbon capture and storage (CCS) technology occurs, with approximately 70 percent
market penetration of CCS technology to thermal power plants by 2100 [20]. Gas sources of petroleum would potentially be required. Renewables and nuclear
constitute approximately 30 percent of the primary energy use by 2100 [13,20].

Technology Technological innovation is diverse, but moderate in adoption pace [23]. Increasing use of CCS at power plants means a greater adoption of hybrid, then fully
electric vehicles compared to the high emissions scenario.

Economy Economic development is moderate [20,29]. Less global convergence than within the moderately-low emissions narrative.
Environment Areas of cropland continue to increase, but grassland decreases. Forested area experiences a marginal increase [13,20].
Urban growth Diffuse growth in outer urban areas occurs, but with somewhat more concentration around existing town centres compared to the high scenario. Although road

transportation is still of high influence, a shift to public transport occurs with a slightly higher level of infilling around existing hubs.
Agriculture Historical trends of agricultural productivity decline [22]. A more moderate rate of innovation and technological change occurs compared to the moderately

low emissions narrative, excluding CO2 fertilisation effects.
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Table 1. Cont.

Scenario Name
Characteristic

Narrative Description for Characteristic

Moderately low emissions

GHG Emissions Moderately low emissions, leading to approximately 581ppm CO2 at 2100 [27].
Population Low growth [13,22,28,29].
Energy Primary energy consumption is approximately two to three times that of year 2000 [13,22]. Oil consumption remains relatively constant compared to 2000

levels. Coal and natural gas use increase with wide use of CCS technology. Renewables, biofuels and nuclear constitute approximately one half of the primary
energy use by 2100, with nuclear dominant [22].

Technology Moderate to rapid innovation and deployment occur [29,30]. Technological innovation assists improvements in energy efficiencies and adoption of renewable
energy sources. Electric vehicles dominate by the end of the century, replacing hybrids as the preferred norm across total stock.

Economy GDP growth continues at a moderate pace [22], with somewhat more global convergence than the moderately-high narrative.
Environmental Global forest areas increase. Crop and grasslands reduce as policies aim to improve natural vegetation as part of climate mitigation and dietary

changes occur [13,22].
Urban growth Compact growth is favoured. Infill development as a proportion of total housing stock is increased, with development in urban and exurban centres around

transport and speciality hubs encouraged. Planning policies aim to improve public infrastructure.
Agriculture Relatively high agricultural productivity is attained [28]. With a high level of technological innovation, a higher total factor productivity (TFP) is achieved

compared to either the high or moderately high scenarios.

Low emissions

GHG Emissions Very low emissions, leading to approximately 427ppm CO2-e in 2100 [27].
Population Moderate growth [13,23,29].
Energy Primary energy consumption rises to approximately double that of year 2000. Oil consumption declines relative to use in 2000 by late century, but coal and

natural gas increase. Approximately half the primary energy mix is renewables and nuclear with biofuels dominating the renewables mix [13]. Reductions in
GHG emissions in this RCP are driven primarily by mainstream implementation of CCS technologies for fossil and bioenergy sources, improvements in energy
efficiency and adoption of renewable and nuclear energy [23].

Technology Climate policy leads to rapid improvements in energy technologies and efficiencies, with fast global deployment. Hydrogen fuel cell vehicles become
competitive due to increasing oil prices [23].

Economy Moderate to high income growth [13,23] and partial convergence (the highest level of all narratives) of international economic equity occurs.
Environment Global forest area declines. Areas of cropland continue to increase up to 2050 then stabilise, grassland remains relatively constant [13,23].
Urban growth Radical transformation in urban development policies, including higher levels of compact development, underpin urban climate mitigation actions.

New housing and industry developments are required to provide infrastructure services such as building efficiency improvements. Improvements to public
transportation infrastructure are made.

Agriculture Global cropland increases modestly to 2050 followed by stabilisation. Rapid technological advancement in the energy sector is not reflected in the agricultural
sector with a more moderate pace of technological improvement [23].



Land 2016, 5, 46 8 of 23

Table 2. Explanatory variables supporting narratives for the four future urban development scenarios.

Explanatory Variable Description

Population The population of the Sydney basin followed the high, medium or low population growth trajectories (Series A, B or C respectively) extrapolated to 2100 [32].
Temperature Temperature data (mean monthly maximum, Tmax) was produced for each of the scenarios by the CSIRO Climate Projections Outreach Service using

a maximum consensus approach for the regions under study. The maximum consensus approach uses the full suite of climate models to project temperature,
identifying the climate future supported by the largest number of models, typically resulting in a climate future of intermediate impact, as opposed to a best
or worst case situation, for each RCP. Following identification of the maximum consensus climate future for each RCP, climate models were statistically
ranked in order to select the most representative models from which temperature was calculated [33]. Temperature increase results were applied to 1986–2005
baseline average monthly mean maximum temperature for each location [34].

CO2 CO2-equivalent concentration data per narrative was downloaded from the CMIP5 RCP database, as derived from [27]. CO2 equivalence data aggregated
from all anthropogenic forcings were used. Baseline annual global mean CO2-equivalent concentration data was taken from Mauna Loa Observatory [35].

Primary energy mix Developed from supporting RCP literature [20–23] and IPCC Special Report on Emissions Scenarios OECD 90 data [36].Where CCS was used, a negative
credit for CO2-e emissions was given based on the proportion of electricity generated from fossil sources (coal/gas) and biomass (assumed from ethanol
production), subject to CCS at the respective timepoint, assuming 90 percent efficiency of CCS.

Housing system

Proportion Infill to
Greenfield housing

The proportion of infill to greenfield housing development was based on objectives in the Sydney Metropolitan Plan [37]. Ratio changes from 70:30
infill:greenfield, in favour of infill as narratives tend to lower emissions.

Size of greenfield land parcel Average land parcel size for a house in a greenfield development reduced to 400 m2 in 2050 and 350 m2 in 2100. Reductions reflect current trends [38].
Persons per household Average household size in a greenfield location (3 persons) and infill location (2 persons) were based on Australian Bureau of Statistics data for representative

areas [15].
House construction Amortised over 50 years.
Direct land-use change Amortised over 20 years. Direct LUC refers to services installation, soil organic carbon changes due to impervious surface installation (e.g., concrete house

slabs) and earth and civil works such as roads [15].
Household operational energy Baseline household operational energy (heating/cooling requirements) for both housing in greenfield and infill locations was determined in [15] using data

from the Australian Energy Regulator [39]. A baseline of 7764 kWh and 5307 kWh respectively was used.
Increase in heating/cooling energy use with climate change related temperature rise for a 5 star house was estimated from [40]. A value for autonomous
energy efficiency improvement (AEEI) of between 0.25 and 0.75 percent was applied dependent upon the rate of technological change within each narrative.

Household transportation,
transportation technology
and fuel efficiency

Household transportation data representative of both outer suburban greenfield housing development and inner suburban infill medium storey apartments
was adapted from [15] to establish a baseline of transport mode differentiated between private car, public bus and train use. Household transportation was on
the basis of person kilometres (km) travelled by car, train or bus. Total household person kms remained static for each housing type at the two time horizons.
Allocation of travel kms differed between narratives depending upon modal shift, vehicle and fuel type. Modal shifts from private car use to public
transportation were dependent upon the level and type of urbanisation and technology change occurring. For car travel, person kms were allocated according
to the vehicle type defined in Table 3. For vehicles taking liquid fuels, the ratio of liquid fuel was a factor of efficiency gain and fuel types per time point.
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Table 2. Cont.

Explanatory Variable Description

Food system

Production location Displacement of lettuce production from PU Sydney due to urbanisation assumes food is replaced by production from regional locations (e.g., Victoria) in an
inelastic market. Sensitivity of lettuce to monthly mean maximum temperatures above 28◦C may cause further displacement of production to more southerly
climate-capable regions (e.g., Tasmania).

Lettuce yield change Yield change was calculated as a function of CO2 concentration and temperature rise [41] for each time point, combined with a factor for technological change.
Yield changes were assumed to be an increase in head weight per lettuce, meaning that the number of crop cycles per year was assumed static. Technology
change was captured in a modified TFP measure. TFP in Australian horticulture is approximately 1 percent. TFP measures implicitly include historical
increases in CO2. Decoupling technical change from CO2 effects suggests a lower rate of change due to production technology than the stated 1 percent
average would be appropriate [42]. TFP applied in this study ranged between 0.5 and 0.8 percent depending on narrative.

Lettuce transplants The number of transplants per ha was considered static. Any change in inputs for transplant production was a function of yield change.
Plants per hectare An average planting density of 50,000 plants per ha was assumed. Planting rates per ha remained static over the time period considered.
N:P:K fertiliser Function of yield change.
Farm machinery use Function of yield change.
Farm capital production
(e.g., machinery,
irrigation, sheds)

Static, amortised over relevant lifetimes depending upon equipment, for example 15 years tractor, 5 years hoe.

Pesticide/herbicide/insecticide Function of yield change.
Water use Function of yield change.
Electricity on-farm
(e.g., pumps)

Function of yield change, using energy mix and AEEI relevant to narrative.

On-farm emissions
(e.g., N2O from fertiliser,
VOC from pesticides)

Function of yield change.

Crop cycles per annum Static at 4.5 crop cycles per annum
Post-harvest washing Function of yield change.
Packaging crates –
polypropylene

Assumes all farms use polypropylene crates as opposed to single use cardboard cartons. Prior research has indicated that plastic crates may be preferable
where cardboard products are not recycled at end-of-life [43]. No change to quantity of crates required at 12 head per crate.

Coolroom No change to capital infrastructure inventory. Refrigeration energy is accounted for as a change in electricity mix and AEEI. Refrigeration power demand was
measured in [44] as a function of outdoor temperature, finding an increase of approximately 1.7 percent per degree celcius. Increase in energy due to rising
temperatures was tested for the Sydney PU farm, finding only a minor impact on GHG emissions (less than 0.25 percent). Consequently, accounting for
changes in coolroom energy as a function of change in Tmax was not performed for the scenarios.

Transportation to market No modal shift from road to other forms of transport was modelled for the food supply chain. Distance to the central Sydney fruit and vegetable market was
based on road distance by truck and, where necessary, sea freight between Tasmania and mainland Australia.

Indirect land-use change Indirect LUC because of further upstream crop displacements was evaluated under sensitivity testing, using the model of [45].
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Table 3. Quantification of explanatory variables.

Variable

Scenario

High Emissions Moderately-High Emissions Moderately-Low Emissions Low Emissions

2050 2100 2050 2100 2050 2100 2050 2100

Population, million (currently 4.7) 7.9 13.2 7.7 11.2 7.4 9.1 7.7 11.2
Housing ratio, infill (IF) :greenfield (GF) 70:30 70:30 80:20 85:15 85:15 95:5 85:15 95:5

Primary energy mix,
coal:gas:nuclear:biomass:renewable

65:20:0:
5: 10

CCS 5%

55:15:5:
7: 18

CCS 30%

45:35:5:
5: 10

CCS 10%

30:40:8:
7: 15

CCS 70%

45:22:10:
13:10

CCS 15%

30:20:20:
15:15

CCS 80%

25:45:10:
10:10

CCS 67%

15:35:15:
15:20

CCS 90%

Transportation

Household modal shift
car:train:bus

83:12:5 GF
73:15:12 IF

80:15:5 GF
70:18:12 IF

77:218:5 GF
64:21:15 IF

70:25:5 GF
53:30:17 IF

70:25:5 GF
55:28:17 IF

60:35:5 GF
40:40:20 IF

65:30:5 GF
45:35:20 IF

50:45:5 GF
20:60:20 IF

Fossil fuel efficiency gain across stock, % 20 30 25 40 35 50 45 60

Alternative liquid fuels for car transport, %
(for ICE 1 s and hybrids) 2

BF 5
NG 15

CTL/GTL
50

BF 7
NG 15

CTL/GTL
75

BF 5
NG 15
GTL 50

BF 12
NG 20
GTL 60

BF 10
NG 20

BF 15
NG 30

BF 15
NG 40
CTL 10

BF 30
NG 20
CTL 30

Vehicle type, ICE replaced with 3, %
HE 60

E 2
H2 FCV 0

HE 85
E 10

H2 FCV 0

HE 60
E 10

H2 FCV 0

HE 65
E 30

H2 FCV 0

HE 60
E 20

H2 FCV 0

HE 15
E 80

H2 FCV 0

HE 40
E 40

H2 FCV 10

HE 10
E 50

H2 FCV 40

Household operational energy and electricity use

Autonomous energy efficiency improvement (AEEI) 0.25 0.25 0.40 0.40 0.60 0.60 0.75 0.75

Food system

CO2-e concentration, ppm 628 1230 505 728 526 581 455 427
Modified total factor productivity (TFP), % pa 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8
Average annual temperature, Tmax, changes, ◦C 1.8 3.7 1.3 2.5 1.4 2.0 1.0 0.9

Note: 1 ICE—Internal combustion engines; 2 BF—biofuel; NG—natural gas; CTL—coal to liquid diesel; GTL—gas to liquid diesel; 3 HE—hybrid electric vehicle using fossil ICE and
battery; E—electric; FCV—hydrogen fuel cell vehicle.
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2.5. Life Cycle Assessment and Inventory

LCI describing a housing system and a horticultural system (Figure 2), to be adapted as a baseline
for this study, was established in [15]. Two forms of housing were modelled: outer suburban
development in greenfield areas; and infill 4 to 6 storey apartment housing on existing vacant urban
land. Lettuce production was modelled as outdoor field production. Commonalities between field
farms were identified to establish the lettuce field production baseline for the purposes of this study.
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has shown that dLUC aspects when transitioning land use to housing, including changes to soil 
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Figure 2. Life cycle inventory (LCI) for the housing and food systems contained within scenarios.

Housing LCI included inputs of household water use, passenger kilometres by car, train or
bus, electricity use, construction materials (such as cement, concrete, ceramics, doors, copper, glass,
wood, paint, plasterboard, plastics, steel and insulation). Lettuce LCI inputs addressed: transplants
over growth phase until planting (including fertilisers, water, sand, peat moss, plastic trays, steel
and polyethylene for the transplant houses); on farm use of N, P, K fertiliser, water, farm bikes,
tractors, agricultural machinery (e.g., hoes), metal and polyethylene for irrigation, pesticides, and
electricity; post-harvest processing such as washing, crates, refrigeration infrastructure and electricity;
and transport to market by road (Figure 2) [15]. To maintain regional relevance, primary data for the
temporal baseline were informed by farmers and urban developers.

Furthermore, direct (dLUC) and indirect land-use change (iLUC) were included. Earlier work
has shown that dLUC aspects when transitioning land use to housing, including changes to soil
organic carbon (SOC) when impervious surfaces (roads, concrete) are installed, services infrastructure
(telecommunications, sewer and water) and civil and bulk earthworks, to be of potential significance
for GHG emissions. For the same reason, iLUC occurring as a result of the dLUC, including upstream
anthropogenic land-use change due to further crop displacements, was included [19]. This iLUC
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occurs to compensate for lost crop production from the PU area. The iLUC component is therefore
based on arable land displacement. It is worthwhile to note that if a reduction in infill densification
were to occur, more greenfield housing could be required, inducing further PU LUC and subsequently
increasing the iLUC contribution. Detailed analysis to assess densification changes to infill housing to
determine associated land expansion and emissions impacts would be a subject of future work.

LCI for the housing and food systems were modified as influenced by the explanatory variables.
As an example, the 2050 electricity mix for the high emissions scenario comprised 65, 20, 5 and
10 percent electricity from coal, gas, biomass and renewables, per proportions listed in Table 3.
Furthermore, a cut-off criteria of 1 percent of total GHG impact was used to determine which inventory
required modification at each future time horizon. For example, due to the relatively high contribution
of upstream electricity in potable water production, the electricity mix within water production
inventory was corrected to that of the appropriate time horizon. Similarly, concrete and steel used in
construction were modified for the energy mix pertinent at the time.

Data handling at each time horizon included a determination of new hectares of greenfield housing
required as a function of growth in population, housing type proportion, persons per household and
greenfield land parcel size. The theoretical yield of lettuce that could have otherwise been grown on
this area was established, adjusting for climatic variables of temperature and CO2 changes pertinent
at the time horizon. This theoretical yield required replacement from a more remote location, in this
case approximately 900 km south in Victoria, Australia. Victoria was the modelled remote location for
three reasons: current competition with PU production; transportation distances similar to those found
for imported fresh produce in other regions of the world (for example Mediterranean produce being
sent to other parts of Europe); and rising temperatures that are likely to increase lettuce production in
cooler southerly latitudes.

In this paper, the value of LCA is in quantifying relative environmental performance between
scenarios (that have the same system boundary), not necessarily in establishing absolute GHG emission
values. Establishing relative trends between scenarios, provides valuable guidance on ramifications of
interventions that differ between scenarios and dominant hotspots. Using regionally specific primary
data (such as that obtained through farmers and developers) serves to improve data accuracy. However
the inherent nature of LCA requires use of secondary data in the background. For example, the
farmer provides quantity and type of fertiliser used, but the emissions associated with the production
of fertiliser were obtained from a database, in this case the widely used EcoInvent database [46].
Using LCA for comparative assessment is therefore preferred. Some inconsistency in the temporal
aspect of baseline data necessarily occurs due to the multiple data streams and sources used for LCI.
For example, population data were projected from 2014, the transportation survey used to indicate
household travel by mode was conducted in 2010–2011, household operational energy was provided
from 2015, Tmax change projections involve a 1986–2005 baseline and baseline annual CO2 emissions
from 2014 were used. The impact is not expected to alter trends observed as each of the four scenarios
were developed from the same baseline and have the same system boundary.

2.6. Environmental Impact Characterisation

SimaPro 8.0.5.13 software using the Ecoinvent 3 unit process database [46] was used for
characterisation of GHG impact. The primary functional unit was the amount of PU land transformed
under each scenario. Results were reported firstly by total area of PU land transformed under each
scenario and secondly, normalised by population change for the relevant time horizon and city region.
Total GHG emissions (kg CO2-e) per time horizon and scenario were calculated using the ReCiPe
hierarchical method [47]. For iLUC calculations, the iLUC model (version 4.0) described in [45] was
used. In the absence of international consensus for modelling iLUC, this model was selected for
reasons of compatibility with SimaPro LCI and its empirical basis, where both intensification and
expansion effects are included: iLUC impacts in the arable land market include both intensification of
existing arable land and transformation from forest.
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2.7. Sensitivity

Scenarios implicitly evaluate sensitivity to those variables identified in Table 3. Sensitivity to two
further variables was assessed: further food displacement effects due to impact of Tmax on lettuce
growing thresholds; and sensitivity to years of impact for iLUC. No other food system variables were
tested for sensitivity due to the low overall impact of the food system.

2.7.1. Tmax

Lettuce has a critical temperature threshold of 28 ◦C (mean monthly maximum) above which
growth may be compromised (Lovatt et al., Wheeler et al., Wurr et al. in [48]). Sensitivity of growing
location to Tmax changes was considered at the 2100 time horizon.

2.7.2. Indirect Land-Use Change

Further potential upstream agricultural land-use modifications were considered through the
variable of iLUC. Such upstream land-use changes, such as deforestation, may occur in order to
compensate for lost crop production.

Sensitivity was not assessed for the moderately-low or moderately-high scenarios. The moderately-low
and moderately-high scenarios experience increases in forested areas (Table 1), hence it was assumed
that iLUC effects were transient with no overall deforestation.

However, for the low and high emissions scenarios, deforestation continues for some period of
time: in the low emissions scenario, to 2050; while in the high emissions scenario there is no cessation
of deforestation. The implication for the high and low emissions scenarios, given the permanence of
urbanisation combined with increasing populations requiring feeding, is that the years of impact of iLUC
increase beyond the default of 1 year. In order to bound a potentially infinite number of iLUC years of
impact, sensitivity to several time periods was evaluated, including up to 50 years of iLUC impact.

3. Results

GHG emissions results for each scenario are reported by area of PU land consumed to house
the change in population (Figure 3). GHG emissions, per area of PU land consumed and normalised
per the population change of Greater Sydney at the respective time horizon, are provided in Figure 4.
Presenting results on a per capita basis for the population change at the respective time horizon
provides a comparison of anthropogenic emissions caused by each additional person who comes to
reside in Greater Sydney. The corresponding amount of PU land absorbed by housing and the quantity
of associated fresh food displacement is detailed in Table 4.
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Figure 3. GHG emissions impact (kg CO2-e) per area of peri-urban (PU) land transformed for housing
under the four future scenarios at time horizons 2050 and 2100. Contributions are displayed from the
components: new housing in existing urban location; new housing in greenfield location; replacement
lettuce; and iLUC.
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Table 4. PU land consumption by new housing in greenfield areas and associated food displacement
under the four future scenarios.

2050 2100

Scenario New Housing
(ha)

Quantity Lettuce Displaced
(t)

New Housing
(ha)

Quantity Lettuce Displaced
(t)

Low 224 4661 56.3 1924
Moderately-low 167 3579 11.3 408
Moderately-high 298 6341 169 6545

High 551 12,431 626 30,690

The importance of selecting a functional unit appropriate for the study purpose becomes
apparent when results are compared expressed per kg of displaced lettuce (Figure 5). LCA results for
horticultural products are often presented on a per kg basis. Viewing the results per kg of displaced
lettuce as in Figure 5, at first glance, presents a favourable result for the higher emissions scenarios.
This occurs due to a higher amount of PU LUC causing a higher quantity of lettuce displacement.
However, the quantity of lettuce requiring replacement to maintain market supply at equitable food
volumes is significantly higher in these higher emissions scenarios. The purpose of including results
per kg of lettuce here is to illustrate the importance of designing LCA studies for purpose, keeping the
bigger picture in mind. Reporting per total area of LUC as in Figures 3 and 4 provides a more correct
and comprehensive perspective on environmental impacts due to PU LUC.Land 2016, 5, 46 16 of 25 
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3.1. GHG Emissions

The housing system contributed 90 to 95 percent of GHG emissions across all 2050 scenarios,
primarily due to household operational energy use followed by transportation impacts. Replacing
displaced food from a more remote location to the Sydney market contributed 5 to 10 percent of total
scenario GHG emissions. The dLUC aspects of the PU LUC (services infrastructure, SOC changes due
to covering previously open land with impervious surfaces and civil and bulk earthworks) incurred
approximately 2 to 4.5 percent of total GHG impact.

The dominant hotspot for GHG emissions across all scenarios and time horizons was the use
of coal and natural gas in electricity mixes, principally for household operation. At the 2050 time
horizon, the assumptions surrounding higher use of CCS (two-thirds market penetration) combined
with a primary energy mix of one-third renewables and nuclear in the low emissions scenario
produced electricity impacts at 46 percent of total scenario GHG emissions. In contrast, electricity
represented 64 to 73 percent of total GHG emissions in the moderately-low, moderately-high and high
emissions scenarios.

Household transportation was a second GHG emissions hotspot. In 2050, household car travel
represented between 8 and 22 percent of GHG emissions, being for the moderately-low and high
emissions scenarios respectively. The low emissions scenario has a greater gain in fossil fuel efficiency,
higher biofuel use, a lower use of internal combustion engines and a larger modal shift from car to
public transport than the moderately-low scenario. However, the contribution of household car travel
to overall GHG impact (14 percent) is larger compared with the moderately-low scenario, driven by
the larger population change requiring housing and the consequent larger change in PU land use from
food production to housing. Train and bus transportation consistently return less than 4 percent of
GHG impact across scenarios.

The cement component used in construction of apartments in the housing system is a third hotspot
for GHG emissions in the low and moderately low scenarios. For example, at the 2100 time horizon,
emissions from cement production incur 21 and 17 percent of total emissions respectively. Producing
cement requires large quantities of energy and produces large amounts of CO2 emissions, partly
due to the energy required and also due to the calcination process of converting limestone (calcium
carbonate) into calcium oxide and CO2. In this study, no CCS was applied to the CO2 generated in the
limestone conversion. It would be a reasonable expectation that the two lower emissions scenarios
would experience fewer impacts from the CO2 aspect of cement production if CCS were included for
cement production.

Surprisingly, the moderately-low emissions scenario exhibited the lowest GHG emissions impact
as a function of PU land transformed at year 2100. A lower emissions impact is explained by this
scenario possessing the lowest population growth: the moderately-low scenario is the only low
population growth scenario. Lower population growth has driven less demand for new housing in
greenfield areas, thereby causing less PU LUC. However, when normalised for population per capita
emissions follow the expected trend. Per capita emissions are higher than the low scenario, despite the
moderately-low scenario sharing the same ratio of housing type. Higher per capita emissions result
from less market penetration of carbon capture and storage technology and a reduced modal shift to
electric and hydrogen fuel cell vehicles for household transportation.

At the 2100 time horizon, changes in the primary energy mix favouring CCS, nuclear and
renewables, combined with improved energy efficiencies, reduced the contribution of electricity
to scenario GHG emissions. Electricity impacts declined to 21, 49 and 59 percent respectively for the
low, moderately-low and moderately-high scenarios. Reduced electricity impacts occurred despite
increases in household operational energy used for space cooling coinciding with rising temperatures.
For example, in the moderately-high scenario a 2.5 ◦C average annual Tmax rise approximately doubled
household operational energy compared with that of the baseline. However, with an electricity mix
including one-third nuclear, biomass and renewables and 70 percent market penetration of CCS, the
electricity contribution to GHG impact declined from 70 percent at the 2050 time horizon to 59 percent
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in 2100. In the low emissions scenario, electricity use for household operation experienced a net decline
by 2100 due to assumed energy efficiency improvements outweighing the corresponding increase in
cooling energy required for an average annual Tmax rise of 0.9 ◦C. In contrast, for the high ‘business as
usual’ scenario, electricity contribution to GHG impact increased from 55 percent in 2050 to 79 percent
in 2100. This increasing result was due to the additional household operational energy required for
an average Tmax rise of 3.7 ◦C, after accounting for an AEEI rate of 0.25 percent, combined with low
market penetration of CCS and a primary energy mix dominated by fossil sources.

3.2. Sensitivity Testing

3.2.1. Tmax Effects

Scenarios were not sensitive to Tmax effects on lettuce seasonality. Tmax effects could potentially
reduce the growing season in regional Victoria, under the high emissions scenario in 2100, by
approximately two months. However, analysis determined that this ‘worst case’ scenario was not
sensitive to bringing lettuce from Tasmania for a two month period to complement regional production.

3.2.2. Indirect LUC

GHG emissions were sensitive to assumptions pertaining to iLUC. At the 2050 time horizon,
the default one year of iLUC contributed a low 1 percent or less to overall scenario GHG impact.
However, 10 years of iLUC impact increased total GHG emissions to approximately 9 percent for the
low emissions scenario and 4 percent for the high emissions scenario. Further years of impact were
evaluated for the high emissions scenario, as no cessation of deforestation occurs. At the 2100 time
horizon, twenty years of iLUC impact increased GHG emissions by 9 percent, while 50 years of impact
resulted in a 23 percent increase in total GHG emissions. The changes in percent contributions to total
scenario emissions are illustrated in Figure 6.Land 2016, 5, 46 18 of 25 
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4. Discussion

Recent per capita emissions in Australia approximate 16.5 t CO2-e per annum, the 12th highest
globally [49]. The GHG emissions per capita of new residents at the 2050 and 2100 time horizons
(Figure 4), due to the PU LUC induced to feed and house the growing urban population, represented
between 4 and 43 percent increases to this average per capita level. A more comprehensive examination
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of GHG changes across other sectors would be required to assess how such increases compromise
efforts to meet Australian reduction targets. What has been shown, however, is that the increase in GHG
emissions due to the urbanisation of PU land appears significant enough to warrant further attention.

The difference in GHG emissions between the high and low emissions scenarios was
approximately 0.7 Mt CO2-e per year at the 2100 time horizon. If such differences were incurred
throughout other Australian capital cities, this result could potentially be an order of magnitude larger.
To put this into context, Australia’s road transport emissions in 2012 were 77 Mt CO2-e and domestic
aviation 7 Mt CO2-e. Domestic aviation, domestic shipping and rail together account for less than 1 Mt
CO2-e of abatement in 2020 and 3 Mt CO2-e of abatement in 2030, mainly due to fuel switching in
domestic aviation [50].

Pursuing a national low emissions approach to housing development, with robust, proactive
climate policies, as opposed to a business as usual approach, may provide a potentially valuable
mitigation opportunity. Minimising greenfield development in favour of infill housing in existing
urban locations with retention of PU horticultural land additionally minimises unknown upstream
iLUC effects, the impact of which could be large. Furthermore, future constraints around water and
arable land availability in more remote locations may further confound the ability to replace displaced
PU horticultural production, the examination of which would need to be the subject of future research.

National Australian reduction targets required 126 Mt CO2-e of absolute abatement for the
year 2019–2020 in order to achieve a 5 percent reduction on 2000 levels [51]. Recently established
2030 targets, requiring 26 to 28 percent reductions on 2005 emissions, require 19 to 22 percent reductions
on 2000 levels. However, relative to 2000, 2012 GHG emissions in Australia rose by approximately
14 Mt CO2-e to 600 Mt CO2-e, or 2.5 percent. Emissions are predicted to increase a further 85 Mt CO2-e
in 2020, or 17 percent higher than 2000 levels [50]. Given the overall aim of reducing absolute CO2

emissions, maintaining a business as usual approach to PU LUC and urban development, as in the
high emissions scenario, potentially compromises these targets. The lock-in GHG risk associated with
installing permanent housing infrastructure in PU locations would require additional decarbonisation
in other sectors to offset growth in emissions due to continued PU LUC.

Furthermore, the locked-in nature of greenfield housing in outer suburban regions compromises
future capacity to capitalise on technology changes in the food production sector. By consuming
land for housing, less land remains to allow for future installation of alternative technology food
production systems, such as high technology greenhousing. The capability of these high technology
food systems to increase output at lower GHG impact and improve resilience of urban communities is,
to date, understated.

Improving knowledge of the type of interventions that may affect the greatest emissions reductions in
order to feed and house urban populations is important for policy makers. The low and moderately-high
scenarios have identical population trajectories, meaning that differences between these scenarios
serve to illustrate how assumptions surrounding energy mix, housing form and transportation may
change GHG emissions. For example, at the 2050 time horizon, electricity contributed 46 percent
of GHG impact in the low, versus 70 percent in the moderately-high scenario. Influencing this
difference was the estimated market penetration of 67 percent CCS in the low and 10 percent in the
moderately-high emissions scenario. However, CCS technology currently remains in the development
stages, with unproven commercial viability at large scale. Exacerbating viability issues in the current
Australian context is uncertain investment support for clean energy. How carbon reductions will be
achieved without significant market penetration of CCS and a renewables friendly economy is not
clear. A further difference driving lower emissions was the increased proportion of infill housing
in the low scenario. Yet actual implementation of higher density dwellings around existing urban
centres is fraught with challenge. Startling differences between public opinion and government policy
exist, with residents preferring a significantly lower level of higher density housing combined with
low acceptance levels for increasing density in one’s own suburb [52]. Implementing interventions



Land 2016, 5, 46 18 of 23

such as CCS with higher density housing may require a paradigmatic shift. A shift that incorporates
cross-sectoral energy saving measures into urban planning at the regional scale [53].

Electricity was the foremost driver of emissions. For the low, moderately-low and moderately-high
emissions scenarios, the contribution of electricity, and overall GHG impact, declined from 2050 to 2100.
Critically, this decline was not observed in the high emissions scenario. In contrast, in this business
as usual approach, GHG emissions increased in 2100, with electricity due to household operation
increasing by a considerable 47 percent. This large increase serves to highlight the importance of
assumptions not only around the use of CCS, but as importantly, the impact of climate change
on household operational requirements in mixed climate zones. In a mixed climate zone such as
Sydney, the increased need for cooling energy, particularly in greenfield style development, should
drive the need for further backcasting studies with spatial relevance. Backcasting studies may assist
investigation into housing standards and geographic constraints relevant to mitigation under particular
climatic outcomes.

Indirect LUC effects are not considered in national estimates of projected land use and LUC, which
has potential ramifications for transparency. In 2012, emissions from the land use, LUC and forestry
(LULUCF) sector in Australia accounted for 21 Mt CO2-e, 4 per cent of Australia’s total emissions [50].
This study finds that contribution from 50 years of iLUC impact in the high scenario, considering
that no cessation of deforestation occurs, approximates 0.15 Mt CO2-e per annum, or 0.7 percent of
Australian 2012 LULUCF emissions. If similar business as usual urban consumption patterns are found
across the nation, the iLUC affect would be proportionally larger and not insignificant. Even when
only the default one year of iLUC impact is considered, differences in total GHG emissions between
the low and high scenarios approximate 3 percent of Australian LULUCF emissions. If such figures
were to be considered at a national scale, the emissions impact of PU LUC due to urban consumption is
compelling. However, PU LUC is not typically considered in LULUCF accounting as it is not classed as
afforestation, reforestation, or deforestation. Other ramifications of iLUC effects on public policy could
include impacts on estimates of urban ecological footprints. Urban ecological footprints are designed
to estimate the amount of natural capital extracted to support an urban area and are frequently used
as a policy communication tool [54]. Not considering iLUC impacts associated with displacement
of horticultural production from PU areas would result in the biophysical inputs appropriated by
urban residents being underestimated. Further transparency of LUC accounting for estimation and
mitigation reasons should consider PU LUC due to urban development.

Interestingly, it is the intensification aspect of iLUC, as opposed to the land expansion component,
that is responsible for increased influence as the more years of iLUC impact are chosen. Similarly,
modelling performed for RCP8.5 in [21] determined that one quarter of the rise in GHG emissions
was due to intensification of agricultural production and associated increase in fertiliser use and N2O
emissions (while the remaining three quarters was from the energy sector).

5. Limitations

Storylines exclude abrupt perturbations of climate such as droughts or floods. No argument is
made as to the realism of these scenarios. The politics and nature of economic reform that may be
required to address future demands on government finances and government capacity to respond were
not considered. Policy interventions that would support a scenario may not exist: policy examination
is out of scope. Evidence exists to suggest that technology may not be adapted at the rapidity
required, with labour productivity growth dominating per capita incomes, as opposed to multifactor
productivity [55]. Urban heat island effects were not considered. Similarly, neither were any increased
urban cooling effects due to urban afforestation.

5.1. Lettuce

The scenarios assume PU land displaced was all food producing land, modelled as lettuce.
Obviously other agricultural systems occur on displaced land, the consideration of which would
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require an expansion in the number of assessments. Changes in temperature, precipitation and CO2

levels may alter both the crop cycle duration and the seasonality of the crop. Interactions of other
climate variables (such as ozone), changes in crop water requirements, crop maturation, spoilage,
pest and disease issues and market elasticity were not considered. Furthermore, water scarcity was
not examined. How water availability and withdrawals will change in each geographical location
would require detailed hydrological modelling. Ready availability of inputs, such as fertilisers,
was not challenged. Potential underestimation for Tmax at the 2100 time point may occur as
available temperature data was averaged for the period 2080–2100, reflective of 2090. High technology
production forms that may supplement displaced vegetable production were not included. For the
Australian context, with very little adaptation of high technology growing systems, the way in which
alternative growing technologies might be adopted remained ill-defined and hence not included in
quantitative modelling. How different levels of adoption would influence results would be a valuable
comparison in future research.

5.2. Transport

The same gains in fuel efficiency were applied to cars, trucks and buses, which may overestimate
gains for trucks used during lettuce delivery and for bus transportation. Electricity from renewable
sources was the power source for electric cars and buses. Buses and trucks with internal combustion
engines were assumed to use either diesel or biofuel. Cars with internal combustion engines
additionally used petrol and natural gas in the fuel mix. Buses included only internal combustion and
electric vehicles. Keeping household kilometres static under future scenarios is a simplistic assumption,
as total household kilometres may change with future urban development. However the degree to
which this may occur in the future is unknown and a simple approach was justified.

5.3. Energy

CCS infrastructure was not included as no relevant LCI was located at the time of this study.
Renewable energy was split 50:50 into wind and solar. Adjustment to household operational energy
with temperature rise was based on average monthly Tmax changes, as opposed to mean monthly
temperature changes, which may generate slight but not significant differences in the overall scenario
trends. Future household operational energy applied to a 5 star house. The star rating of houses in
Australia refers to the level of thermal energy performance of a building within a climate zone, ranging
from a low of zero to outstanding thermal performance at a rating of 10 stars. Currently, average star
rating of existing housing stock is approximately 2 stars (Energy research for the building code of
Australia in [40]). A 5 star house has been identified as being optimal from a thermal efficiency gain vs
cost benefit [56]. New detached houses are typically built to a 6 star rating, with apartments 3.5 stars,
meaning that over time, housing stock average will increase relative to current stock and without the
influence of climate change. Assuming a 5 star rating would overestimate current stock averages but
as more stock is built the average would be expected to approach higher ratings given a static climate.

6. Conclusions

This study evaluated GHG emission trends under four future urban development scenarios,
at 2050 and 2100 time horizons. The exploratory scenarios were designed as tools to engage with
uncertainty surrounding possible future GHG emission impacts associated with peri-urbanisation.
Results show that differences in approaches to housing future urban populations have significance for
mitigation. Embracing fresh food production is a necessary component when evaluating resilience of
urban areas and associated environmental impacts of PU development. However, strategic focus on
urban form, primary energy mix and carbon capture and storage technologies would be appropriate to
ensure larger mitigation opportunities are realised for urban development in PU regions. To capitalise
on mitigation opportunities, current politico-legal structures and associated cross-functional linkages
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require deeper analysis and change. Further development of these scenarios would require feedback
from policy makers.
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