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URBAN SPACE AND ENERGY USAGE:  

How space and morphology relate to energy usage for mobility 

 REMCO ELRIC DE KONING

AKKELIES VAN NES 

ABSTRACT 
Previous published research has demonstrated that street network configuration and public transport 
stops affect the location pattern of commercial activities and the degree of building density and function 
mix (de Koning et al., 2017). This phenomenon is described by the theory of the natural urban 
transformation process (Ye and van Nes, 2014). In this paper, the relationship between spatial 
configuration, urban morphology and energy usage for transport and buildings is explored. As regards 
energy usage by buildings, clustering diverging building typologies with different energy-demands 
opens up opportunities for energy-exchange as well as the implementation of otherwise unprofitable, 
comprehensive, sustainable energy-generating systems. As to energy usage for mobility and transport, 
the concept of the compact, multi-functional city is associated with the sharing of space and 
infrastructure, leading to shorter trips to multiple destinations at once (Jenks, 1996, van Nes, 2003, 
2007). Moreover, with shorter distances, the choice for an energy-friendly modality (bicycle, foot) 
becomes a more obvious one than vehicle transport. This, in turn, reduces the total amount of space 
needed for infrastructure. 

In addition, a working hypothesis is put forward which states that urban microscale issues, such as the 
density of entrances, the degree of street constitutedness and intervisibility between buildings’ ground 
floor and the street, has an additional effect on the choice of route and modality. This hypothesis is in 
the process of being tested through a case study of the Hochschulquartier, the university hospital area 
in the city of Zürich, Switzerland. The first research results indicate that high integration, high density 
and intervisibility between entrances and high values on the angular choice of the mobility network 
with a low radius advance the usage of sustainable mobility means such as walking, bicycling and public 
transport. Locally segregated streets with few entrances connected to the streets seem to contribute to 
increased private car use. 
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1. INTRODUCTION

How does urban form influence energy usage? More precisely, how does the configuration of the street 
pattern influence mobility in terms of choice of route on the one hand, and choice of modality on the 
other? What other factors play a role in route-choice and mode-choice? 

The discussion about what constitutes sustainable urban form has been going on for quite some time 
(World Commission on Environment and Development, 1987), and it has intensified by increasing 
concern about climate change and growing consensus about the need for action (United Nations 2015). 
Diverging ideas and concepts emerged, such as the rather discordant concepts of the compact city and 
the green city (Rådberg, 1996). However, these normative ideas made it all too clear that what is missing 
is descriptive empirical knowledge of how cities actually function (van Nes, 2017). Without knowledge 
of how cities work, we are unable to answer the question what constitutes a sustainable city. 
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Numerous studies have now exposed a co-relation between urban configuration, density, land-use 
patterns and movement patterns. The reciprocities for energy usage for transport and for heating and 
cooling of buildings have also been discussed (Silva et al., 2017), but until now, there is a lack of 
understanding of the implications of urban form for energy consumption patterns in cities. 

The theory of the natural movement economic process “is acknowledged so far to be one of the best 
developed theories on built environments” (van Nes, citing Markus’ keynote presentation at the 5th 
International Space Syntax Symposium in 2005, 2017:6). Through the Space Syntax method, 
predictions can be made on movement and route-choice. The method’s strong post-dict capability 
regarding predicting potential movement patterns and dispersal of economic activities has been widely 
corroborated (Hillier et al., 1993, 1998, van Nes, 2002, van Nes et al., 2012). Based on the geometrical 
‘shape’ of the street structure and the position of streets within the system, the through-movement 
potential and the to-movement potential can be calculated for each of these segments. Angular 
integration analysis on different scale levels allows to-movement potentials to be identified, or, how 
likely a street is to be a destination. Angular choice analysis takes into account the fact that conservation 
of linearity between origin and destination is an important aspect of route-choice (see for example 
Conroy-Dalton, 2003). Angular choice analyses indicate through-movement potentials, or, how likely 
a street is to be used as part of a route between origin and destination with the least angular deviation 
(Turner, 2001). 

Streets with a high movement potential are also referred to as ‘well-integrated streets’. For these streets, 
it can be said that it is likely that more movement along shortest paths will pass through them than 
through any other, less integrated street. In other words, all other things being equal, well-integrated 
streets have (many) more users than segregated streets (Hillier et al. 1993, 1998). 

However, all things are not equal. Due to the perception of safety, pedestrians tend to avoid frequenting 
streets that lack windows and doors on ground floor level oriented towards the streets (van Nes and 
Rooij, 2015). This building – street interface relationship may cause certain streets to have more or 
fewer users than a Space Syntax analysis may predict. Jane Jacobs was one of the first and most 
influential advocates of good interaction between private life in buildings and public life on the street 
(Jacobs, 2000). Now, inspired by Jacobs’ qualitative observations and building on the method first 
developed by van Nes and López (2010), a quantitative assessment is made of two of these urban 
microscale aspects, constitutedness and intervisibility. A building is constituted if it has its entrance 
directly facing the street. Constituted buildings facilitate a clear distinction between what is public and 
what is private. The degree of intervisibility between the ground floor of buildings and the street is an 
indicator of “eyes on the street”, and relates, among other things, to the degree of perceived safety. 

So, by using Space Syntax and microscale analyses, predictions can be made how likely a street is to be 
favoured over another, as well as in what way these streets are used: as a through-route to other 
destinations, or as a destination itself, or both. That brings us to the matter of choice of transport mode. 
By what means do people move to or through the street? By car, by bicycle, on foot, or by public 
transport? This is of particular interest since the choice of modality has major implications for the 
amount of energy consumed per trip. 

The road authorities of Switzerland have accurate (measured) data on traffic and infrastructure. Using 
the data on traffic volume, traffic speed and road geometry, the equivalent kilowatts (kW) can be 
calculated, i.e. the amount of energy consumed by vehicles per stretch of road or street. 

Finally, the obtained energy consumption values for transport can be correlated with to- and through-
movement potentials of the street and road network, as well as the urban form parameters, such as 
density, functional mix and urban microscale aspects 
(the building – street interface). The purpose is to find 
out how and to what extent these quantified elements of 
urban space influence energy usage for transport. 

This research project is a part of the EU funded project 
SPACERGY (Space-Energy patterns for smart energy 
infrastructures, community reciprocities & related 
governance). Figure 1 is a schematic representation of 
SPACERGY’s working hypothesis about the 
relationship between urban space, energy usage and Figure 1 Schematic hypothetic relationship between 

space, microclimate (or microscale), and energy usage 
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microscale in cities. The spatial structure of cities influences energy usage for transport and the 
microscale aspects of its public spaces. We suspect that this degree of building-street interaction has an 
effect on whether people will walk or use vehicle transport, which in turn has consequences for energy 
consumption. So far, this hypothesis was given the title “the theory of natural movement and energy 
usage”. In the search for descriptive knowledge about sustainable urban form, this paper intends to give 
insight in how we examine the reciprocities between urban form and energy consumption. 

2. DATASETS AND METHODS  

This research is a first step towards testing the hypothesis that urban form influences energy usage for 
buildings and transport. Regarding transport, simulated traffic data of the city of Zürich was used to 
calculate energy consumption. Next, the results were combined with through- and to-movement 
potentials of the street network to find out whether a relationship exists. Lastly, microscale properties 
of the buildings were mapped and compared to the street network analyses. 

The data for making the spatial calculations is represented by the segment map. These axial-segment 
maps are hand-drawn following the principle that the fewest and longest set of axial lines of visibility 
and accessibility cover all convex spaces in a spatial system (Hillier et al. 1993). Accessibility is then 
measured by “calculating shortest journey routes between each link and all of the others in the network” 
(Hillier, 1998:13). Through DepthmapX, the angular choice integration and segment integration were 
calculated, both of them with high and low metrical radii. The segment integration shows the to-
movement potentials, whereas the angular choice shows the through-movement potentials. 

The various Space Syntax calculations can be imported into GIS. GIS is a useful platform to correlate 
the results from the spatial analyses with the energy data from transport. We applied the natural break 
– or Jenks – method in this project to classify the resulting spatial values as low, medium or high. We 
applied a 35 meter buffer from the road centre line, creating aggregated areas for each integration level. 
This value is based on various research concluding that a dense street network with a mesh size between 
60-80 meter performs better than large blocks, both when it comes to increased circulation and the 
exploitation possibilities of the urban block (Jacobs, 2000, Siksna, 1997). 

Finally, we aggregated the angular choice maps with high and low radius by simply multiplying the two 
with each other to see how the global and local system relate to each other.  

2.1 POTENTIAL THROUGH-MOVEMENT AND TO-MOVEMENT 

ANGULAR CHOICE 

Angular choice is calculated by counting the number of times each street segment falls on the shortest 
path between all pairs of segments within a selected distance (termed ‘radius’). The ‘shortest path’ refers 
to the path of least angular deviation (namely, the straightest route) through the system (Hillier & Iida 
2005:475). The analyses are made on radius R=500 and R=5000m. 

ANGULAR INTEGRATION 

Angular integration is the reciprocal of the normalised angular total depth. It can be compared across 
systems. It measures how close each segment is to all others in terms of the sum of angular changes that 
are made on each route (Hillier & Iida 2005:475-490). Here too, a radius of R=500m is taken for the 
local scale, and R=5000m for the city scale. 

2.2 ENERGY USAGE FOR MOBILITY 

Whereas transport is the common name for all movement of people and goods, mobility is the ability 
for people to move freely or be easily moved from a given origin to a given destination (Cambridge 
Dictionary, 2019). Trips can vary from necessary trips such as commuting to work or school, doing 
shopping, visiting the dentist et cetera, to optional trips such as fun-shopping, going out to a bar or 
cinema, taking a walk or a ride, visiting friends and so on. Within mobility, the distinction can be made 
between private and public transport. Private transport consists mainly of walking, cycling and car-
driving. The first two transport means are energy-neutral and healthy alternatives in comparison to the 
resource-consuming, private car. Private car usage is known to be unhealthy, both to those who drive 
them and to those they share the roads and streets with. 
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The city of Zürich has an exemplary, dense public transport network consisting of a wide range of 
modes that operate in tune with each other: trams, (trolley)buses, local, regional and (inter)national 
trains, even a few boat services over the lake and funicular trains leading up the hills. 

This paper does not include the energy usage of the public transport system, but focuses on the energy 
usage for private transport. Since pedestrians and cyclists move around using energy they ‘produce 
themselves’, the energy usage by cars is the one mode that is useable for comparing energy consumption 
with to-movement and through-movement potentials. Agent-based MatSIM simulations can however 
demonstrate a change in the agents’ choice of mode of transportation, for example, if a change occurs 
in the public transport network or a change in the road network. This is subject to further study and 
results will be published at a later stage. 

To calculate the energy usage per street segment, the relevant parameters should give information about 
the amount of vehicles that use a specific street segment, and how much energy each vehicle consumes. 
For this analysis, data generated through an agent-based simulation program (MatSIM) are used as 
input. This input data contains the required information mentioned above: 

- Maximum traffic speed (Figure 2 left); 
- Amount of (private) vehicles (Figure 2 right). 

The red and blue colours in figure 2 show the highest values for maximum traffic speed and the amount 
of private vehicles.  

With the amount of traffic and the distance and time travelled known, the last parameter needed is the 
amount of energy it costs to move a vehicle from one point to another. Leaving out of the equation the 
amount of energy that the industry needs to produce the car and the fuel itself, MacKay (2009) explains 
how the total amount of energy that a driving car’s engine produces is dissolved into four parts: 

1. Changing speed (and direction). After a vehicle with mass m speeds up to a velocity v, the 
built-up kinetic energy is converted by the brakes into heat at stopping points such as traffic 
lights and pedestrian crossings. Kinetic energy is calculated by the formula: 

Ek = ½mv2 

The problem with the parameter for distance is that the way the segments are split up in the 
model, this formula would assume that each car comes to a full stop at the end of each street 
segment. The model, thus far, lacks the data on stopping points. However, it is also not possible 
to accurately calculate the aggregated losses from, amongst others, subtler braking, taking 
turns, and sloped terrain. To eliminate this inaccuracy, the kinetic energy for braking is left out 
of the equation. The final estimation of energy usage will therefore be modest, at best, 
compared to the actual numbers. 
 

Figure 2 Traffic speed (left) and traffic volume (right) in Zurich  
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2. Air resistance. The swirl of air around the car causes a drag, the coefficient of which, c, is 
depending on the cross-sectional area, size and shape of the vehicle. Following MacKay, we 
here assume an average car drag value of 0,33. The effective area Aair of the air swirl is 
calculated by multiplying the cross-sectional area Acar of the vehicle by this drag-coefficient: 

Aair = c  Acar 

For air resistance, the kinetic energy of the swirl of the air is calculated. The mass is found by 
multiplying density by volume. The volume of the tube of air is obtained by multiplying the 
effective area A by the length of the tube, obtained by vt. The mass of the tube of air is then: 

Mass = density  volume = ρAvt 

where ρ is the density of air, which is 1,3 kg/m3. The kinetic energy of the air swirl is then: 

Eair = ½mairv2 
= 

 ½ρAvtv2
 

which per time unit comes down to: 

½ρAvtv2 = ½ρAv3
 

     t 

3. Rolling resistance. This is a constant coefficient that depends on the vehicle’s mass, and is 
typically 0,01 for cars. A 1000 kg car with a 0,01 rolling resistance coefficient then requires 
0,01  1000 = 100N. With: power = force  velocity, rolling resistance is directly related to 
the speed in m/s by a factor 100: 
 
Eroll = 100v 
 

4. Heat. The poor energy-converting capabilities of conventional fossil-fuel engine cars makes 
that around three quarters of energy is lost to heat. Whilst modern cars are fortunately getting 
more and more efficient, A factor 4 is usually assigned to car engine heat loss. 

So, when we count with 75% heat loss, an average mass of the car of 1000 kg, and a cross-sectional 
area of 2,4 m2, the formula for the total amount of energy consumed by one driving car: 

Ecar = Eair + Eroll + Eheat 

= (½ρAv3 + 100v)  4 

= 4  (½  1,3  0,8  v3 + 100v) 

= 4  (0,52v3 + 100v) 

= 2,08v3 + 400v 

Now we can generate results per street segment. The total amount of energy E used by a given number 
of vehicles that drives through a certain street per day at a certain speed is: 

E = [amount of cars per day]  (2,08  [traffic speed]3 + 400  [traffic speed]) 
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2.3 MICROSCALE TOOLS 

The various spatial microscale tools offer detailed spatial descriptions on the relationship between 
buildings and streets, whereas the Space Syntax analyses on macro level show the degree of street 
inter-connectivity on various scale levels. The focus is on revealing how building entrances and 
windows on ground floor level are connected to streets and how buildings and streets are intervisible 
to each other in urban space (van Nes and López 2010). 

CONSTITUTEDNESS 

A street constitutedness analysis shows if buildings along a street have entrances directly facing the 
street or not. The analysis is very simple. Every building that has an entrance connected directly to the 
street is coloured in green and every building with no entrances directly connected to the street is 
coloured in blue. A street is considered to be constituted if it has at least one building that has one 
entrance connected to the street. 

INTERVISIBILITY 

The street intervisibility analysis shows to what extent buildings are intervisible to one another in 
relation to the street. A highly intervisible street has buildings with doors and windows on the ground 
floor level on both sides facing the street. A street is poorly intervisible street if it only has buildings 
with windows and streets on ground floor level on only one side of the street, or less than that. This 
analysis gives an indication of the (potential) degree of the natural surveillance mechanism between 
buildings as well as towards the street, as described by Jane Jacobs (2000). Every building that has 
doors and a high amount of window surface on ground floor level is coloured dark orange, not-
intervisible buildings with little or no window surface facing the street are coloured grey/blue. 

 

  

Table 1 List of variables used in the model 

Code Variable Description Metric Sources 

C500 Angular Choice 

(R=500) 

Through-movement potential 

with 500m metric radius 

Numeric  

C5000 Angular Choice 

(R=5000) 

Through-movement potential 

with 5000m metric radius 

Numeric  

C_AGGR Aggregated 

Angular Choice 

 Numeric 

([C500]  [C5000]) 

(de Koning et al., 

2017) 

I500 Angular Integration 

(R=500) 

To-movement potential with 

500m metric radius 

Numeric  

I5000 Angular Integration 

(R=5000) 

To-movement potential with 

5000m metric radius 

Numeric  

kWnoStop Energy consumed 

without stops 

Total car energy usage 

per street segment per day 

kWh/day (MacKay 2009) 

INTERVIS Intervisibility Visibility between streets and 

the ground floors of buildings 

% (van Nes and 

López 2010) 

CONST Constitutedness Entrances oriented towards 

the street 

0 or 1 (van Nes and 

López 2010) 
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3. RESULTS  

The first results suggest that there is a possible correlation between the total energy usage by cars and 
the high-radius network analysis (see Figure 3). The street segments with a relatively high energy 
consumption generally also have higher values in the angular choice analysis with radius R=5000.  

Figure 3 Energy usage from cars overlapped on angular choice analyses with a high metrical radius 

Interestingly, the street segments that have higher values in the angular choice analysis with low radius 
R=500 (see Figure 4) generally do not have high corresponding energy consumption levels. In fact, 
those streets segments that have a high local through-movement and a high energy consumption by car 
traffic, generally also have high or medium values on the high radius. It is clearly visible how the 
‘aorta’s’ of high energy usage ‘feed’ and connect the areas of high local through-movement. This does 
however not explain why the remaining values are considerably lower. 
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More becomes clear when revealing the angular integration analyses, or to-movement potential (see 
Figure 5). Correlations are found between spatial integration and energy usage for transport on the 
segment integration analyses. Seemingly, where there is the largest function mixture and the largest 
building density, lesser energy is used for transport. In Zürich centre, walkability and public transport 
usage is high. As soon as the integration values drop, the energy usage for transport increases. This is 
in particular the case in areas where the spatial integration values are high on a city scale, but low on a 
local scale.  
  

Figure 5 Energy usage for cars overlapped on angular segment integration analyses with low (left) and high (right) radius 

Figure 4 Energy usage from cars overlapped on angular choice analyses with a low metrical radius 
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In Figure 6, we aggregated the values from the angular choice analyses with low and high metrical radii 
into one model (coloured in grey). The results are put on top of the location of all the stops of the public 
transport system. Areas that have a bus stop within a 200m radius are shown in light green, a tram stop 
within 200m in light blue (lines are shown in white), and areas with a train station within 500m in dark 
blue. Though no statistical correlations were yet applied, it becomes clear that the public transport 
network covers almost all areas in the city. Especially in the central parts, which have high through- 
and to-movement potentials, there is good coverage from more than one mode and often several lines, 
making travel to and from all directions easy. This combination of a highly integrated street pattern and 
a public transport system that connects and supports relatively low-energy forms of movement is a 
likely explanation for why energy usage for trips in many of the city’s streets are as low as our 
calculations have shown. 
 
  

Figure 6 The dense, overlapping patchwork of aggregated angular choice values and the public transport network. Areas 
with higher low-scale and high-scale values are well-supported by a choice of public transport modes. 
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MICROSCALE ANALYSIS 

For the microscale analysis, detailed registrations are made of one square kilometre in and around the 
centrally located Hochschulquartier. Figure 7 shows a combination of the through-movement potential, 
the constitutedness of buildings and energy usage for cars. Noticeably, the old town centre to the west 
and most street segments that have high and medium values show a higher number of constituted 
buildings. This phenomenon seems to be particularly strong on Rämistrasse, Zürichbergstrasse, 
Sonneggstrasse and Hottingerstrasse. Moreover, the correlation seems to be strongest with the high 
scale through-movement potential and the local to-movement potential. The immediate streets around 
it have significantly lower energy usage values. This may indicate that the local street network, through 
its high local integration, profits from this and favours walking, cycling and public transport. By 
comparison, Gladbachstrasse to the east has low aggregated through-movement potentials and a low 
number of constituted buildings. There are no major attractors along this part and the building density 
and number of public functions surrounding the street is low compared to some of the aforementioned 
streets. The energy usage from car traffic in this street is, however, comparably relatively high. Public 
transport is covered by one bus line here. 

The intervisibility analysis in Figure 8 reveals a similar pattern as the constitutedness analysis. Streets 
that are well-integrated in the local and city-wide street pattern have more buildings facing them than 
more segregated streets. A clear example of this difference is that between Zürichbergstrasse and 
Gladbachstrasse: the latter is more segregated and has low intervisibility, whereas the former is well-
integrated, has above average intervisibility, but low energy usage compared to Gladbachstrasse.  

Figure 7 Energy usage from cars overlapped on aggregated angular choice analyses with the degree of street constitutedness 
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4. CONCLUSIONS  

Seemingly, the spatial structure of urban space and the degree of building-street interface affect energy 
usage for transport. High angular choice with low metrical radii, combined with buildings with active 
frontages allowing interaction with the streets, contribute to a high degree of ‘walkability’. Areas with 
high integration on the angular choice with both high and low metrical radius yield for an efficient 
public transport system on the integrated main routes (those streets with high values on the angular 
choice analysis with a high metrical radius).  

The initial results are very preliminary and require statistical comparative analysis and comparison with 
other parameters that are tested in the methodology of combining Space Syntax with building density 
and degree of function mixture. On first sight, however, the results seem to confirm that the degree of 
integration of the street network does have an influence on energy usage, of which the car in particular 
is a major contributor. If the to-movement potentials on a local scale are well-integrated with the high-
scale through-movement network, private car usage is reduced. Walking and cycling seem to become a 
natural choice for shorter, local trips. Naturally, these streets become constituted and have higher 
degrees of intervisibility from adjacent buildings. When combined with an equally well-integrated, 
diverse public transport system, which definitely is the case in Zürich, local trips can then extend to car-
free regional trips, too, reducing energy usage further. And, as we have seen in the energy usage 
equation, longer and therefore more high-velocity car trips consume exponentially more energy.  

  

Figure 8 Energy usage from cars overlapped on aggregated angular choice analyses with the degree of intervisibility.  
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More research is needed, however, on the share of other modes of transport, notably public transport, 
walking and cycling. Further studies will include energy-calculations for public transport, simulated 
and/or observed data on pedestrians and cyclists, and subsequent correlating the data with the results 
presented in this paper. The aim is to test if and how a change in the street network combined with a 
change in microscale conditions would alter the share of private vehicle use versus the more sustainable 
alternatives. The usefulness of this model is a first step to build an energy classification for different 
street and road types. However, this model needs testing on other cities before making it operational for 
evaluating urban plans. 
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