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ABSTRACT: A central argument in favour of compact cities has been the inefficient use of transport 
energy by dispersed urban forms. However, when the means of transport is predominantly electric vehicles 
that are fuelled by renewable energy sources, this argument becomes less valid 
 
The share of renewable sources in New Zealand's electricity supply is currently over 70% with a policy to 
increase this to 90% by the year 2020. In main urban areas, 90% of New Zealand's vehicles travel less 
than 69Km per day. This is well within current ranges of electric vehicles and makes this form of transport 
attractive once costs of operating and running electric vehicles are competitive with conventional forms of 
transport. 

This paper will present the findings of research on the total energy supply and consumption in different 
urban densities with different dispersal. The total energy use will take account of household transport 
energy consumed and the potential energy supplied to housing by photovoltaics mounted on roofs. The 
results show that, for transportation in Auckland, suburban development is more energy efficient than 
intensifying the city. 
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INTRODUCTION 

Research on the relationship between transport energy and urban form has tended to focus on the relationship 
between urban density and transport fuel consumption. A landmark publication in this field by Newman and 
Kenworthy (1989) graphically illustrated this relationship that approximates to an inverse square correlation between 
the gross density of a city and gasoline consumption.  Suburbia and urban sprawl were seen to be the culprits of both 
high energy consumption for transport use and also consequent other adverse issues of pollution and health. The 
compact city was advocated as a means of reducing fossil fuel consumption, improving the environment and 
improving health. Intensification became synonymous with sustainability. 

With such a clear and measurable correlation between density and energy use, this notion became an integral part of 
planning policy in Europe, America, and Australia (Churchman 1999). The compact city argument went beyond just 
the efficient use of energy and also considered the protection of farmland and natural resources as well as economic 
benefits of attracting a critical mass necessary to support infrastructure services and also social benefits of providing 
a range of house types that meet the needs of particular groups in society. 

The relatively small cities of New Zealand, extensive farm land and low fuel costs compared to European countries 
has delayed the intensification debate in the country. The publication of ‘Growth Misconduct’ (Witten, Abrahamse, 
Stuart 2011) provided collective evidence for intensification of urban areas in the country with the hindsight of some 
apparently successful examples of intensification from Europe and America. The underlying theme throughout the 
book, expressed both explicitly and implicitly, is the relationship between transport energy and urban form.  However, 
an issue that is of concern in New Zealand is that public opinion appears not to favour intensification. 

At first glance, the translation of international experiences of intensification to the New Zealand context would seem 
appropriate with both a predicted rapid increase in population growth as well as a high dependence on imported oil. 
Almost half of the energy consumed by New Zealand is oil used by transport (Ministry of Economic Development 
2007). This is particularly the case in Auckland which has become a car dependent city and experiences the largest 
growth. 

However, New Zealand, and Auckland in particular, have characteristics that differ from other cities in other countries 
which make the intensification argument more complex. New Zealand has a large proportion of renewable energy in 
its supply mix with almost two-thirds of electricity generated by renewable resources (Ministry of Economic 
Development 2007). There is scope to increase this proportion and Auckland has significant potential (Auckland 2011) 
to benefit from electricity generated by photovoltaic mounted on residential roofs. This, combined with the increase in 
electricity generated from wind power makes New Zealand, and Auckland in particular, an obvious place for electric 
vehicles. 



The research described in this paper focuses on the implications of electric vehicles, powered by renewable energy, 
on the urban form of Auckland. Based on census data for transport use and population densities together with a 
detailed analysis of available energy from roof mounted PVs, the research relates energy for private transportation 
with different net density of housing patterns in the City. The research effectively replicates the Newman and 
Kenworthy (1989) analysis but replaces internal combustion engines running on imported fossil fuel with electric 
motors running on PV generated electricity. When the results are compared with the Newman and Kenworthy graph, 
there is a complete inverse relationship; intensification significantly greater than current suburban densities do not 
necessarily result in more energy efficient urban form for private transportation purposes.  

It is not the purpose of this research to argue in favour of private transport or against public transport. There are 
many other issues of importance that must be taken into account in that debate. This paper argues that the traditional 
densities and patterns of suburbia in Auckland offer significant solar potential that can be harnessed for low energy 
electric vehicle transport with significantly reduced adverse consequences of air quality, noise pollution or Carbon 
emissions. Since a significant amount of private transport vehicle journeys in the city do not head towards the centre 
along either existing or potential public transport routes, the electric vehicle powered by renewable energy has a 
significant role to play in both Auckland’s future and that of cities with similar characteristics. 

1. RESEARCH QUESTION 

The Newman and Kenworthy (1989) curve of urban density vs. transport energy was based on the use of vehicles 
with internal combustion engines (ICEVs) consuming fossil fuels. The purpose of the research was to analyse and 
compare this curve with electric vehicles (EVs) powered by electricity from photovoltaic (PVs) mounted on the roofs 
of houses. A report commissioned by Auckland Council (2011) had identified that, excluding industrial processes, the 
two most effective ways of reducing Carbon emissions in the City were the introduction of ‘building integrated 
renewables’ and ‘electric vehicles’. 

2. METHODOLOGY 
 
2.1. Site selection 

Three housing sites were selected for the study. They were selected on the basis of their distance from the City 
(Figure 1), their densities (Table 1) and detailed data available on these sites from other research which selected two 
of these areas on the basis of them being representative of Auckland suburbs (Gosh 2004). 

             

 

 
Figure 1: Three selected housing sites and their distance from Auckland CBD 



The densities are based on net densities. They include the housing, gardens and driveways, but do not include public 
open space, public roads or non-residential buildings. The low density of the outer suburbs (New Lynn) is about half 
the density (persons/hectare) of the middle suburbs (Sandringham) which, in turn, is about one third the density of 
development nearest the Central Business District (CBD). This represents a typical exponential increase in density 
from the outer suburbs towards the CBD. The figure-ground diagram in Table 1 also demonstrates the built densities 
of each of the studied sites. As it moves closer to the CBD, open space decreases and buildings become more 
confined within the block. 

 

             

2.2. Energy use for travel 

In order to compare the two modes of transport using different forms of energy, the travel patterns of the households 
was analysed. In this analysis, it has been assumed that the travel patterns would remain the same for both EVs and 
ICEVs. 

Detailed information on travel patterns is included in a report by Abley, et al, (2008); the ‘National Travel Profile’. This 
research was commissioned by NZ Transport Agency and is an evaluation of the extensive continuous survey 
information collected by the New Zealand Household Travel Survey from 2003-2006.  

This report analyses everyday personal travels in terms such as travel mode; travel purpose; travel by trip purpose 
and more. The report separated the data into different types of urban composition. The three studied sites are within 
‘major urban areas’ and vehicle drivers within these areas have a mean trip length of 8.1km and an average trip per 
Vehicle Driver  per day at 2.4 times, which gives an average travel distance per Vehicle Driver per day of 19.44km 
(8.1 x 2.4). Deviations from this average have not been considered as it is a comparative study between three sites 
that all fall within the category of ‘major urban areas’. 

The report also indicated the national mean distance travelled per person per day, categorised by trip purpose and 
transportation mode. Table 2 has used this data to establish the mean travel distances from each categorised by trip 
purpose. The distance to the ‘main job’ has assumed travel to the CBD. This will favour the case for intensifying 
urban form. It has also been assumed householders in all three sites will have equal travel distances to other 
services. 

For the purpose of the study, a representative vehicle typical ICEV was selected for fuel consumption statistics. 
Consequently, a 1,801-2,000cc light vehicle is the most appropriate due to it being the greatest percentage among all 
the vehicles registered in 2006. (Land Transport New Zealand 2007) Also of importance is that, in the same year, 91% 
of light vehicles or cars had petrol engines, while only 8.5% were diesel powered.  

Table 3 shows the consumption levels per person per year for each studied site. Column 1 data is based on the 
calculated data from Table 2 as well as the results of the ‘Main Means of Travel to Work’ survey in the 2006 Census 
(2006b), where ‘Mt Eden’ has 37% of its total residents, who ‘drove a private car, truck or van’ to work; ‘Sandringham’ 
has 49%; and ‘New Lynn’ has 49%. Column 2 is the petrol consumption for 91% of the total distance travelled from 
each block. Column 3 is the diesel consumption of 8.5% of the total distance travelled from each block. Column 4 is 
the energy consumption of a representative electric vehicle for 100% of the total distance travelled; assuming the 
same number of vehicle drivers in each block will travel the same amount in an electric car as they did in a fossil 
fuelled car.    

Table 1: Density and occupancy details of the selected sites. 



Table 2: Vehicle Driver travel distance/person/day, categorised by trip purpose and by location 

Purpose 

Vehicle driver mean 
travel distance (km) in 
Major Urban Areas  Mt Eden Sandringham New Lynn 

Home 6.4 6.4 6.4 6.4 

Work - main job 4.3 2.5 5.0 8.0 

Work - other job 0.1 0.1 0.1 0.1 

Work - employer's business 0.8 0.8 0.8 0.8 

Education 0.2 0.2 0.2 0.2 

Shopping 1.9 1.9 1.9 1.9 

Personal business/ services 1.1 1.1 1.1 1.1 

Medical/ dental 0.2 0.2 0.2 0.2 

Social visits 2.2 2.2 2.2 2.2 

Recreational 1.0 1.0 1.0 1.0 

Change mode 0.3 0.3 0.3 0.3 

Accompany someone else 1.1 1.1 1.1 1.1 

Total 
19.4 17.8 20.3 23.3 

                                                                             Source: (Abley 2008, Statistics New Zealand 2006a) 

 

*Average fuel consumption rate of the representative vehicle from all available models and makes in ‘fuelsaver.govt.nz’, viewed on 
27 May 2011.  

**Consumption data based on a study by Dukea, et al (2009), where the performance of a five-seat family battery electric vehicle 
capable of over 300km on one battery charge purposely built with LiFePO4 batteries was measured. 

 

*  Energy conversion rate was based on report by Barber (2009: 2) on NZ electricity and fuels analysis using information from the 
Ministry of Economic Development: Diesel – 37.9MJ/L; Petrol – 34.9MJ/L; Average Electricity – 3.6MJ/kWh.     

By adopting electric vehicles, the same travel distance generated a much lower energy value. Figure 2 shows in both 
per persons and per household terms, the energy consumption of EVs is four times less than of ICEVs. On the issues 
of energy efficiency alone, electric vehicles have a much higher advantage over fossil fuelled cars; however, the 
adaptation of this technology will increase the current electricity demand, creating pressure on the supply. This leads 
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Figure 2: Travel energy consumption per person for each residential block 

Table 3: Fossil fuel consumption per person per year for each site and the equivalent electricity 



to the second part of the study, where investigation on solar energy generation potentials in residential households 
were made and their relation with EV energy consumption is examined. 

2.3. Solar energy generation potential 

For residential households, there are several benefits in deploying roof PV modules. They could supplement some of 
the household electricity needs or create an income if excess can be supplied to the grid. They could also offer the 
households some degree of resilience should the main electricity supply grid fail. 

A symbiotic relationship could easily exist between operating EVs and utilising PVs. By integrating this synergy in a 
residential setting, it could improve the energy efficiency of transport for households. To what extent this can be done 
depends on the amount of electricity that can be generated. 

Returning to the sites in Mt Eden; Sandringham and New Lynn, solar efficient roof areas for each house on the sites 
were investigated. Based on solar data from the National Institute of Water & Atmosphere, a protractor was devised 
(Figure 3), which charts PV angle and orientation in relation to the proportion of maximum radiation that can be 
received. For the purpose of the study and scale of economy, only roof areas of 95% efficiency or higher are 
considered. The efficiencies are indicated in the ellipses.  

 

 

Source: (Byrd 2011) 

A 3-dimensional electronic model of all the roofs in all the sites was made and standard panel arrays were then 
arranged on the roof areas that exceeded 95% efficiency. The ratio between the PV areas and overall roof areas (RA) 
was calculated. Table 4 shows the common ratio found of the houses modelled based on roof orientation and their 
form. Overall, the less complicated the roof form, the higher its PV:RA ratio, with some small difference in orientation.   

For the purpose of the study, an assumption was made that 4m2 of the efficient roof area per household was 
reserved for solar water heating. This area was not included in the evaluation as part of the solar energy generation 
potential. Table 6 shows each residential block’s potential roof PV efficient area and their corresponding energy 
generation capabilities.  

The relevance of these energy production capacities lies in their association with the different density levels of the 
studied sites. Figure 4 illustrates a positive relation between electricity production potential and reduced density of 
housing. This takes on a marked contrast with the previous calculations on transport energy consumption of these 
sites. In terms of travel energy expenditure, the higher the density the lesser energy used. But in terms of solar 
electricity potential, the lower the density the higher the gain.  

 

 

Figure 3: Protractor for calculating the efficiency of PVs in Auckland for different orientations and tilt.



Table 4: Ratio of PV over Roof Area 

  Roof Form 
Roof 
orientation PV/RA Ratio 

  
Flat* na 0.63 

 

Duo: 1 continuous roof 
ridge 

NE 0.56 

  
  NW 0.47 

complex roof 1: 1 major 
ridge with slopped ends  
 

NE 0.44 

  
  NW 0.45 

complex roof 2: 2 major 
ridges 

NE 0.42 

  
  NW 0.42 

complex roof 3: 3 or more 
major ridges 

NE 0.33 

  
  NW 0.42 

 *PVs are orientated to Northwest with 10º slope.                 

 

Table 5: Solar Energy Generation Potentials 

  
Total PV area on 
site (m2) 

Total Electricity 
Generation 
Potentials 
(kWh/year)* 

Total Energy 
Generation 
Potentials 
(GJ/year)** 

Mt Eden                  1,219              182,483                     657  

Sandringham                  4,625              692,403                  2,493  

New Lynn                  4,088              611,944                  2,203  

*Electricity generation based on 0.14kW, 1600mm x 760mm panel, with 7% loss from dust & dirt; 2% loss from wiring; 6% loss to 
DC conversion. 

**Energy conversion based on: Average Electricity – 3.6MJ/kWh. (Barber, 2009: 2) 
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Figure 4: Electricity generation potential for each site per household. 
Higher density sites have less potential 



2.4. Solar electricity generation, travel energy and density. 

To compare the energy consumed by electric vehicles with the energy supplied by PVs and the relationship of this 
with density, the three factors involved; travel energy consumption; solar energy generation; and urban density are 
juxtaposed to illustrate the impact they have on each other. Assuming all three residential sites will utilize their full 
solar potential, the energy generated will be sufficient to provide all their daily travel energy consumption. This is 
applicable across the three sites. However, of equal importance is the amount of surplus energy that can be 
generated depending on the density of the site. 

Figure 5 illustrates the relationship between energy and density for three different scenarios.  The energy is 
measured gallons of petrol so that it can be directly compared with Newman & Kenworthy’s graph. The central curve 
illustrates Newman & Kenworthy’s results for different cities. The upper curve is for ICEVs in this case study. It 
follows a similar curve to Newman & Kenworthy. However, when EVs powered by PVs are included, not only is there 
adequate energy for transport but also a surplus. Hence the graph indicates negative values.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 

Conventional theory on the relationship between urban form and energy suggests that intensifying cities reduces 
energy consumption for transport. This paper has examined, through the case study of three residential sites in 
Auckland, the relationship between density, travel energy consumption and solar energy generation potential on 
household roofs.  

The results show that an intensive urban form may be more energy efficient, in terms of transport energy use, for 
vehicles using fossil fuels with internal combustion engines. However, when electric vehicles are used, powered by 
PVs mounted on household roofs, suburbia becomes more energy efficient. The combined technology of PVs and 
EVs used in low density suburbia in a city like Auckland are not only more energy efficient but they also dramatically 
reduce Carbon emissions, other pollutants that impact on air quality and also noise levels. 

While there are other issues that need to be taken into account when considering policy decisions concerning 
intensification, transport energy has always been an underpinning argument. The onset of peak oil, the transition to 
electric vehicles and the increased cost-effectiveness of photovoltaic is driving a change in private transport options. 
Policy decisions on intensification should be based on the technologies of the future and not those of the present and 
past. 

Figure 5: Relationship of transport energy and density for ICEVs and EVs in Auckland.
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