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ABSTRACT: Streets are the single largest public domain resource of our cities, comprising 
between approximately 25% to 35% of the total area. Recent debate has focused on transforming 
streets to address climate change. A new terminology of ‘green’ or ‘sustainable’ streets has 
evolved in city planning and design. Despite the rhetoric, there is a lack of effective tools to 
quantify greenhouse gas emissions for the layout structure and components of an existing street, 
making it difficult to ascertain just how effective these ‘green’ strategies are.  

 
This paper is a component of a wider study that assesses greenhouse gas emissions associated 
with the structure, layout and components of street environments. It provides an overview of the 
contribution of urban street trees to this broader research topic. A literature review focuses on two 
key areas: (1) the role of urban street trees in carbon storage and sequestration; and (2) the impact 
of urban street trees on reducing energy consumption for adjacent buildings through shading.  A 
methodology is presented for calculating greenhouse gas emissions reductions associated with 
urban street trees. Using new technology based on data derived from the local context, it allows 
design professionals and government authorities to calculate and test configurations for urban 
street trees to optimize reductions in GHG emissions. The methodology will be tested at a later 
date in a field study in an existing suburb in north-western Sydney.  

 
Whilst this study focuses on Sydney, the methodology described can be applied to other cities. It 
will assist users to cut through the rhetoric of “green” streets and harness new opportunities in 
addressing climate change on urban streets. 
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1. INTRODUCTION  
 
The evidence of climate change, specifically rising temperatures due to burning of fossil fuels is widely agreed among the 
world’s leading scientists and governments, as convened within the Intergovernmental Panel on Climate Change (IPCC). 
Current data from the IPCC studies indicate that greenhouse gas (GHG) emissions based on existing energy policies are 
projected to be 40–110 % higher than in 2000 (IPCC 2007). Atmospheric carbon accounts for approximately three 
quarters of these GHG emissions (Stern, 2008). There is consensus in opinion that a benchmark for reduction of 
greenhouse gases should be set at 80 percent below 1990 levels by 2050.  
 
Urban areas are significant drivers of climate change, responsible for emitting between 75 to 80 per cent of total carbon 
emissions generated through human activities (Stern 2008). However, well-planned and governed cities may be 
instrumental to reducing GHG emissions. (Grimm et al, 2008). Transformation of existing cities is crucial; as Frey (1999) 
notes we cannot simply abandon the city. It will continue to be the place where people live and work. This requires 
adaptation and transformation of the infrastructure of our cities to mitigate the worst effects of climate change.  
 
Streets are the single largest public domain resource of our cities. In the United States, it is estimated that half of urban 
areas are dedicated to roads, parking lots and other motor vehicle infrastructure (Southworth, 1998).  Within the local 
government area of the city of Sydney, approximately 8.69 km2 or 32.5% is dedicated to streets (Source: COS GIS unit, 
2010) 
 
1.1. The rise of ‘green’ streets 
Rethinking existing street design to mitigate climate change has become more prevalent in city planning and design, as 
illustrated by the popularisation of new terminology such as ‘green’ or ‘sustainable’ streets. Whilst the underlying 
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ambition is well intentioned, often the strategies are ambiguous in establishing clear benefits in relation to reduced GHG 
emissions. With no clear targets, these strategies can easily discarded when it comes to implementation.  
 
There are a number of factors that are hindering effective implementation of these ‘green streets’ strategies. Firstly there 
is a lack of data on effective emissions reductions measures for streets. Tools to assess the GHG emissions associated 
with buildings are well established internationally and in Australia. However, there are currently no tools in Australia that 
can quantify the GHG emissions associated with existing streets. This absence of data means that “intangible” 
sustainability objectives in streetscape guidelines can be easily discarded or selectively applied. 
 
The second factor hindering implementation of effective ‘green streets’, is the compartmentalized or ‘silo’ approach to 
streetscape components. Current strategies advocate a range of elements such as modal diversity or storm water 
management systems that are largely addressed within isolated and specialized strategies or “silos’. This segments the 
street into a series of components, where isolated elements are often implemented without consideration of the wider 
spectrum of opportunities and interrelationships. 
 
The third factor is competing ownership demands within the contested space of the street. Although, streetscape 
objectives may promote sustainability outcomes these are largely supplanted by governance that prioritises ‘key’ 
services such as traffic movement or energy supply. Intangible and unquantifiable sustainability objectives are easily 
overridden by the pragmatics of engineering and service provision. These conflicting demands further entrench 
piecemeal approaches and significantly impact on the delivery of comprehensive solutions to reduce GHG emissions.  
 
The role of urban street trees in carbon sequestration and modifying microclimate is poorly understood by local 
governments and associated planning and design organizations in Australia. The contribution that urban street trees 
provide has been viewed as largely aesthetic, rendering them vulnerable to modification or removal by any number of 
parties. This paper seeks to address this often misinterpreted component of street environments. The following text 
provides an overview of the current scientific literature on the performance of street trees in relation to GHG emissions 
and establishes a unique method for ascertaining their capacity for reducing GHG emissions. 
 
2. REVIEW OF CURRENT RESEARCH AND METHODS  
 
As noted this paper discusses two components of a broader study related to the measurement of GHG emissions 
associated with streetscape components. The following is a literature review that provides an overview of current 
research in the measurement of GHG emissions associated with 1) Street trees and their capacity for carbon storage 
and sequestration and 2) street trees reduction in energy consumption for adjacent buildings through shading.  
 
2.1. Street trees – carbon sequestration and storage  
 
2.1.1. Overview  
International agreements and protocols including the 1997 Kyoto protocol have accelerated research into carbon 
sequestration rates for trees primarily in forest environments. To estimate carbon sequestration and total carbon storage 
for individual trees species requires calculation of the core tree volume, estimation of the dry biomass content and 
conversion of the biomass into a quantity of carbon. The most efficient and thorough estimation of carbon storage in 
trees requires destructive sampling of the trees, excavation of the root systems and drying and weighing of the biomass 
(Sprecht et al 2003).This method is not widely used due to the need to fell trees. Alternative methods of estimating tree 
biomass have been developed from allometric equations, which use measurable factors such as height and diameter at 
breast height (DBH) to measure tree biomass. Extensive research has been undertaken into the development of these 
allometric equations for specific species internationally and in Australia (Sprecht et al 2003, Keith et al 2000, Grierson et 
al, 1992, Waterworth et al 2006, Roxborough et al 2006, Miehle et al 2009).  
 
2.1.2. Estimating urban street tree biomass and carbon: international studies and methods  
Tools for estimating carbon sequestration and storage for urban trees are well established in the US (Nowak et al 1994, 
McPherson et al 199, Nowak et al 2002). Two groups within the USDA Forest Service dominate the literature on carbon 
storage and sequestration, with the majority of studies utilising models and biomass equations from these two sources. 
(McHale et al 2009). The first group from the Centre for Urban Forest Research have developed a model called 
STRATUM (renamed I –Tree Streets) The software allows for calculation of individual carbon sequestration and storage 
rates for individual street trees. Key authors from this group are McPherson and Simpson. The second group from the 
Urban Forest, Human Health and Environmental Quality unit developed the UFORE model (renamed I –Tree Eco) with 
key authors Nowak and Crane which provides generalised carbon storage rates for urban forests. These tools have been 
subsequently consolidated into a single software package called I-Tree. Biomass predictions for urban street trees in 
these models have been largely based on literature derived from trees growing in forests. (McHale et al 2009).  
 
Allometric

i
 relationships developed using trees in forest settings may misrepresent urban tree form.(Nowak, 1994,Peper 

et al, 2001) Urban trees often have less competition for light and space than in a forest scenario, different water and 
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nutrient availability and the variations in air temperature, soil moisture and relative humidity. In the past, these variations 
between urban and non-urban trees have been addressed by applying a general factor of 0.8 (Nowak 1994). This 
method however may be significantly distorting the tree form and associated carbon storage rates. A study undertaken 
by McHale et al (2009) compared urban biomass calculations used in the I-Tree Streets and I-Tree eco models against 
field measurements for urban street trees in Fort Collins, Colorado. The goal of the study was to understand the 
variability and range of potential error associated with using allometric relationships developed outside urban 
environments. Eleven dominant tree species were inventoried and randomly sampled to ensure a wide range of tree 
sizes were tested. This site-derived data using two different techniques was compared with equations based from the 
models. The findings noted that out of thirty-one equations tested for individual tree biomass by species, only three 
equations predicted within the 95% confidence limit. The range of biomass values predicted from the literature was large 
and could lead to highly erroneous estimates of biomass depending on the equation used (McHale et al 2009).  
 
2.1.3. Estimating biomass and carbon: Australian studies and methods  
To date there is no clear tool to estimate carbon storage and sequestration rates for urban tree species in Australia. The 
focus has been on development of ecosystem wide biomass calculations to establish base line data on biomass in 
vegetation and projected biomass growth and storage in order to fulfil reporting requirements as listed under the Kyoto 
protocol. Key authors (Keith et al 2000, Snowden et al 2000, Brack 2000, Brack et al 2000, Waterworth et al 2007) have 
focussed on developing carbon accounting tools for forests. These tools include the Carbon Sequestration Predictor for 
Land Use Change in Inland Areas of New South Wales (CSP) developed and released in 2008 by the NSW Department 
of Primary Industries, (Fortunaso et al, 2008) the Full Carbon Accounting Model for Forests (FullCAM) in the National 
Carbon Accounting system (NCAS) and the National Carbon Accounting Toolbox (NCAT) both developed by the 
Australian Government. Estimates for biomass in the FullCAM and in the CSP model are ‘stand based’ and have been 
determined to estimate carbon content for an entire ecosystem or region rather than the carbon content of individual 
species. These stand- based allometric equations are based on broad vegetation units (such as eucalypt woodlands) 
and are not suitable for application to individual tree specimens (personal correspondence, 2009). Therefore, like I-Tree 
the FullCAM model is not applicable for use in estimating carbon storage rates for individual urban street trees. 
 
Biomass equations for urban trees in Australia are limited. As with US examples, Australian equations have primarily 
been derived from forestry production sources where comprehensive inventories and harvesting records are well 
established (Keith et al 2000). A collation of available data on allometric equations from published literature was 
undertaken by Keith et al (2000) for the Australian Greenhouse Office. The report collates growth equations from highly 
variable commercial or managed forest systems. The authors note that allometric equations for native vegetation types 
such as eucalypts were particularly under-represented.  
 
To date only one study in Australia has been sourced that provides data on tree carbon storage for urban street trees. A 
carbon sequestration audit of vegetation biomass in the ACT was undertaken by Killey et al (2008). This study used two 
tools for urban and non urban trees, The FullCAM modelling software was used to determine carbon sequestration rates 
for non urban trees, and an alternative system called the Decision Information System for the Management of Urban 
Trees (DISMUT) was used to calculate biomass and carbon storage for urban trees. The DISMUT system database was 
developed in the mid 1990's using census data collected on urban trees in Canberra and was further modified in 2006 
(Brack 2006). This data was used to determine growth projections and carbon sequestration estimates for urban trees in 
Canberra. This study found significant differences in the rates of sequestration between urban and non-urban trees. 
Urban trees are projected to be significantly higher rates of sequestration (approx 48% between 2008 and 2015) than 
non-urban vegetation, which was projected to have sequestration rates of 28% during the same time period. There is no 
clear explanation in the study as to the disparity in urban and non-urban carbon storage rates. One explanation for this 
may be that the use of two separate modelling systems. This assumption is supported by the report undertaken by 
Snowden et al (2000) which states that available data sets used in the FullCam model are likely to be biased and mostly 
underestimated for large trees.  
 
Australian studies also note the influence of climatic and soil characteristics on biomass volumes (Snowden et al 2000, 
Keith et al 2000, Waterworth et al 2007, Hassell 1998). Site factors such as average rainfall, temperature and soil fertility 
are significant determinates of biomass maturity and growth. (Waterworth et al 2007). This suggests that street tree 
performance in urban environments is closely related to local climatic and environmental conditions, including the 
proportion of impervious pavements. This further suggests that generalised equations derived from data collected from 
different climatic zones may not be applicable for use in this study of Sydney street trees. 
 
Ascertaining accurate urban tree volume is the most challenging component of the proposed study. Traditional methods 
for measuring tree volumes require on site surveys of height and DBH to calculate volume. These (methods) have been 
found to be highly variable (Peper et al, 2001, McHale et al 2009), with equations often providing data on the main trunk 
but excluding the volume of branches. This can result in inaccurate calculations and subsequent misleading assumptions 
about biomass. Peper et al, (2001) found that classifying trees on the basis of one or two dimensions is misleading and 
states the need for a better approach to describing and charting three-dimensional tree growth. The use of light detection 
and ranging or LIDAR, which uses laser pulses to generate large amounts of data about any given element, may resolve 
this issue. Fixed or ground based Lidar sensors can be used to develop three dimensional point data for trees. This data 
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can then be converted into cylinder fitting algorithms to estimate total volume of biomass for an individual tree (Lefsky et 
al 2008, McHale et al 2009).  
 
This procedure has been used in international studies. Lefsky et al (2008) used a terrestrial LiDAR sensor to ascertain 
tree volume for two species of trees in Fort Collins. Two hundred and fifty measurements of stem diameter were made 
on 14 trees of two species using both LiDAR and field measurements and the estimates were highly correlated (r2> 
98%) and unbiased. This method is being used to assess biomass in the forestry environments.  
 

 

 
Above: Example of liDAR scan to calculate tree volume (Source: Lefsky and McHale 2008)  
 
2.1.4. Summary of key findings  
From the literature review, there are three key findings that need to be addressed in order to provide accurate estimates 
for carbon storage and sequestration for urban trees. These are;  

1. Current equations for tree carbon storage rely on growth equations derived from forestry trees.  
2. Trees forms and associated carbon storage of forest trees varies from urban street trees.  
3. Traditional measurement methods may misrepresent carbon storage rates.  

 
The model proposed in this paper seeks to address these limitations by developing growth equations for typical urban 
street trees in Sydney. This model by utilising LiDAR scanning can develop more accurate representation of storage 
rates over time. A detailed explanation of the model is provided in section 3.0.  
 
2.2. Street trees – contributions to reduction in heating and cooling emissions for adjacent buildings  
 
Increasing scientific focus has been directed to the role of street trees in the reduction in energy consumption in 
commercial and residential buildings.  The subsequent reductions in heating and cooling requirements for these buildings 
can avoid additional GHG emissions, a core objective in addressing climate change. Mitigation through improving energy 
efficiency in residential and commercial buildings represents the largest and most cost-effective measure, with the global 
potential to reduce approximately 29% of the projected baseline or approximately 3.2 gigatonnes by 2020 in the 
residential and commercial sectors, (Levine et aI, 2007). This is the highest among all sectors studied.  
 
Urban street trees, depending on their location relative to surrounding to buildings can reduce unwanted solar radiation 
and reduce cooling-energy use. (Akbari et al, 2001) The use of deciduous trees can allow for solar gain in buildings 
during the winter whilst providing shade during the summer, reducing glare and blocking the diffuse light reflected from 
the sky and surrounding surfaces.  
 
2.2.1. Street trees: estimating heating and cooling reductions - International studies  
A number of studies, primarily in the US have studied the impact of trees on energy usage (Simpson et al 1998, Jo et al 
2001, Akbari et al 2000, Akbari 2002, McPherson 2003). Trees reduce energy consumption directly through shading, and 
indirectly through creating windbreaks and evapo-transpiration. Their efficiency is influenced by variables such as tree 
location, species and form. Akbari et al (2009) found that shading through trees and shrubs strategically planted next to a 
building can reduce summer air conditioning costs by 15 – 35%. Simpson et al (1996) assessed the magnitude of the 
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impacts of tree shading on 254 properties in Sacrameto and found annual cooling energy use reduced by 153kWH 
(7.1%) and peak cooling use, by 0.08KW (2.3%) per tree.  This study used a shadow pattern simulator which calculates 
the percentage of each wall and roof surface shaded per hour based on building and tree dimensions, orientation and 
distance of trees from buildings, local time zone, latitude, longtitude and time of year. Subsequently this model has been 
used in additional studies to calculate effects of trees on heating and cooling emissions (McHale et al 2007, McPherson 
et al 1999, McPherson et al 2002, McPherson et al 2003).  
 
Huang et al (1990) compared relative savings attributable to indirect and direct effects of trees and found that as the 
number of trees increased the relative contribution of indirect effects also increased. The study assessed the effects of 
vegetation on typical housing in three cities in the US and found that a 25% increase in tree cover (equating to three 
trees per lot) would reduce cooling energy use by 57% in Sacramento, 17% Phoenix and 23% in Lake Charles, 
California. The direct effects of shading account for between 10 – 35% of total cooling energy savings, with primary 
savings provided by the lowered temperatures associated with evapo-transpiration. A study undertaken by McHale et al 
(2007) of four Colorado case studies noted that the most effective contribution that urban tree planting made was through 
energy related reductions.  
 
Different studies undertaken to predict emissions reductions through tree shading rely on a range of data sources. Some 
rely on statistical models derived from on site temperature measurements to predict the associated cooling effects 
(Shashua-Bar et al, 1999). Other studies rely on average canopy sizes and light transmission rates for typical evergreen 
and deciduous trees (Huang et al, 1987). Other studies and models (Jo et al, 2001, I-tree model) draw primarily from tree 
growth equations gathered from forestry sources. As noted previously growth equations using forestry sources often 
distort the scale and form of urban street trees. 
 
The other crucial factor in determining GHG emissions reductions by shade from urban trees is leaf area (Simpson 1998, 
Peper et al, 2001). Leaf area of urban street trees increases with age. This has been illustrated in a study undertaken by 
Peper et al,(2001) which found that while tree height and DBH may slow after fifteen years, leaf growth rates increased 
for most urban tree species. Management techniques such as pruning have a significant impact on leaf cover of urban 
street trees. This further demonstrates the need for specifically derived urban street trees growth data incorporating 
these factors, in order to provide more accurate estimations of GHG emissions reductions. 
 
2.2.2. Street trees: estimating heating and cooling reductions: Australian studies and methods  
There is currently very limited data on the impact of street trees on residential heating, ventilating and  
air-conditioning (HVAC) use in Australia. The ACT study undertaken by Killey (et al 2008) includes energy savings based 
on urban trees however there is no discussion of the method used to ascertain this figure.  
 
Parkinson (2009) undertook a study of the impacts of vegetation shading on indoor thermal comfort in western Sydney. 
The study simulated the impact of deciduous and evergreen tree on heating and cooling scenarios. The most significant 
result of vegetation shading reported avoided HVAC energy use of 775 kg per annum. Parkinson notes a limitation of the 
study was the use of simplified vegetation characteristics such as canopy cover and corresponding solar transmittance.  
 
2.2.3. Summary of key findings  
The literature review indicates the following;  

1. Urban street trees play a key role in avoiding additional GHG emissions through shading.  
2. The species, height, canopy and leaf area impacts on the effectiveness in avoiding GHG emissions.  
3. Utilising improved data for urban street tree form may provide more accurate indication of avoided HVAC usage.  

 
This study seeks to address these factors by incorporating detailed species-specific urban street tree data derived LiDAR 
scans and growth equations for typical urban street trees in Sydney.  
 
3.0 PROPOSED METHOD  
 
From this literature review it is clear that a new method is required to assess and calculate GHG emission reductions 
associated with urban street trees. This is crucial to provide accurate data on tree form and for inclusion in climate 
modeling software. The following proposes a new method using light detection and ranging (LiDAR) scanner technology 
to determine the specific biomass of common street tree species. It should be noted that this method does not include 
estimates for root biomass and associated carbon storage. 
 
The proposed method of measurement to derive an accurate account of carbon storage and sequestration rates for 
urban street trees is as follow: 
 

1. Undertake a stratified random sample of urban street trees to obtain tree species DBH, tree height, crown 
dimensions, tree condition and location. 

2. Sample trees scanned using a LiDAR technology. 
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3. Estimate of tree volume using three dimensional data and algorithms developed through LiDAR scanning data. 
4. Compare LiDAR based DBH with onsite measurements  
5. Use correlated data develop linear regression to develop volume equations for tree height to DBH. 
6. Convert fresh weight to dry weight biomass using method obtained from Spect et al (2003). 
7. Convert dry weight biomass into kilograms of carbon by multiplying by 0.5 (Source: CUFR 2009). 
8. Convert stored carbon into stored CO2 by multiplying by 3.67 molecular weight of carbon dioxide  

 
This tree data is then utilised to model emissions reductions for heating and cooling for adjacent properties. The method 
builds on and extends the study undertaken by Parkinson (2009) using growth data for typical urban street trees in 
Sydney. The method models the trees impact based on three distances from buildings and on three HVAC modes (fully 
air-conditioned, mixed mode, naturally ventilated).EnergyPlus (a building energy simulation program) for modelling 
building heating and cooling flows is proposed to be used in conjunction with DesignBuilder to model spatial outcomes. 
The following method for assessing the impact of urban street trees and associated avoided HVAC usage is as follows; 
  

1. Gather data on key inputs including building layout, materials, thermal properties, and descriptions of buildings, 
weather and electricity consumption rates for study area. 

2. Develop three standard models for heating, ventilation or air conditioning or HVAC modes. 
3. Estimate height and canopy cover using data on tree shade for six species based on LiDAR derived volume and 

canopy data based on size at 5,10,20 years.  
4. Incorporate shade simulations from six species at key times for inclusion in EnergyPlus software.  
5. Import building data, thermal properties, weather information layout information and vegetation data into 

DesignBuilder to simulate hourly data outputs for key variables for one year.  
6. Utilize Energyplus software to calculate HVAC loads.  
7. Translate HVAC loads into GHG emissions. 

 
4.0 HYPOTHESIS  
 
Please note that the following is supposition only based on a detailed literature review and will be verified in a 
forthcoming field study. Although the contribution of street trees in the role of carbon sequestration and storage initially 
appears to be significant, preliminary research undertaken for this paper suggests this may not be the case. Vegetation 
biomass can only accommodate moderate amounts of stored carbon. This has been illustrated through a number of 
studies, which have assessed the comparative role of carbon sequestration capacity of vegetation and soil in a variety of 
regions. In the US, a study undertaken by the US Geological Survey in 2009 found existing forests in the US to contain 
17.02 PgC (petagrams or gigatonnes of carbon) with a hypothetical carbon sequestration capacity of 19.82 PgC based 
on a best case scenario of optimising forest sinks (Sundquist et al, 2009). The Royal Society (2001) notes that to achieve 
the lower scenarios of 1.7 degrees temperature rise based on 1990 GHG emission levels will require emissions 
reductions of about 1000 PgC (petagram or gigatonne of carbon) by 2100, of which about 400 PgC is needed by 2050. 
The report notes that even if the necessary social, economic and political factors were put in place, the mitigation effect 
of global land carbon sinks would amount to 100 PgC by 2050 with little potential thereafterii. The amounts of carbon 
dioxide that can be stored in vegetation and soils are modest compared to carbon that may be emitted from the burning 
of fossil fuels. 
 
The impermanence of the storage and potential for re-release into the atmosphere is another key disadvantage to this 
solution. The transfer of carbon from the atmosphere to a solid biomass is reliant on long term storage of carbon stock. 
This requires ongoing retention of carbon in biomass in the form of healthy trees or timber in order to keep carbon out of 
the atmosphere. This solution cannot allow the biomass from the tree stocks to decompose. The viability of this in 
managed street environments is largely unknown and entirely reliant on effective management of these carbon storage 
assets by local authorities.  
 
It is anticipated the method proposed, when tested in the case study will find the most significant contribution to reduction 
in GHG emissions will be from avoided HVAC usage for commercial and residential buildings through street trees 
shading. The IPCC notes that energy-related carbon dioxide emissions from buildings including electricity use equates to 
almost a quarter of the global total carbon dioxide emissions.  Within the Australian context the use of air conditioning 
has doubled in the last 14 years, from 32.5% in 1994 to 66.4% in 2008. (ABS, 2010). And as previous studies note, trees 
can reduce HVAC use by up to 35% through interception of solar gain having a significant bearing on energy usage.  
 
CONCLUSION  
 
Urban street trees offer new opportunities to reduce greenhouse emissions in our cities. In order to provide more 
accurate estimates of the potential benefits of urban street trees, a more rigorous method is required that incorporates 
the unique characteristics of urban street trees. The method proposed in this paper, uses new technology based on data 
derived from the local context to provide clear and tangible information on the contribution of urban street trees to GHG 
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emissions reductions. This assists users to cut through rhetoric of “green” streets and to harness new opportunities in 
addressing climate change on urban streets.  
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