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Abstract 
The transport sector is vital in any modern economy, but, during the past century, dependence on vehicles burning petroleum-
based fuels has become a defining component of modern societies. Transport share of final global energy consumption is very 
important - for example, in the EU it accounts for about 32%. On the other hand, sustainable mobility issues, particularly urban 
mobility, are on the agenda, and it is even predicted that by 2050 there will be no cars running on conventional fuels in cities. 
The layout, or form of the city has a decisive impact on energy consumption in urban mobility and the modes of transport used. 
Active modes of transport, in particular, contribute to reduce transport energy requirements, making it important and timely to 
consider them in city planning. Estimations using computer models of cities implemented in a GIS environment allow the 
calculation and comparison of transport energy needs associated with different city forms and allow important conclusions to be 
drawn about the positive impact of adopting active modes of transport. This research presents test energy calculations carried 
out both for the current configuration of the city of Coimbra, Portugal, using real georeferenced data of buildings, facilities, jobs, 
transport infrastructure network, etc., and its redraft as other city forms (e.g., garden city, transit-oriented development city, 
compact city, 15-minutes city, etc.). Results allow conclusions to be drawn about the associated transport energy needs and 
modal share, and can provide valuable information to decision makers, infrastructure managers, and planners of more sustainable 
cities. In practice, the study reveals that in cities with planned urbanism, mobility requires significantly less energy. 
 

1. INTRODUCTION 
Cities are the main engines driving our economies, generating over 80% of the world’s wealth and consuming between 60-80% 
of all energy produced on the planet [1]. Urban form is an essential element of urban planning that either can lead towards 
sustainability or unsustainability [2]. In the past decades, urban transformations due to technological and economic changes have 
led to urban dispersion [3]. Rapid car-based transport, road investment, and low land values in city suburbs led to the 
development of urban sprawl, creating a lack of continuity and separating areas of housing, industry and offices, retail, and 
recreational use [3–5]. Rising concerns over traffic congestion in cities, greenhouse gas emissions (GHG), and transport energy 
spending has led to a surge of interest in active mobility from academics, practitioners, and policymakers [6–9]. 
Related to this issue is city form, which influences urban accessibility and mobility, as well as modes of transport and associated 
energy requirements. In the pursuit of more sustainable cities, active mobility, urban compactification, and densification policies 
have been widely promoted and adopted [6,8,10,11]. Cycling in particular is a promising mode of transport for urban mobility, 
ideal for trips up to 5 km [12]. It has low energy intensity and near-zero emissions, and is increasingly recognized as a healthier, 
cleaner and overall more sustainable mode of transport [13–15]. A good urban design leads directly to better transport planning 
opportunities [16–18], and urban planning strategies that aim for a higher mix land-use, urban diversification, the development 
of green spaces, and higher population density have also been suggested as means of planning sustainability [19–21]. 
The ideal spatial layout of cities has been an active theme of debate for scholars, organizations concerned about the evolution 
and sustainability of urban areas, and municipal entities aiming to improve the conditions of living of their citizens [22,23]. The 
past century has been prolific in such debates, with city models being proposed and studied, such as the Garden City, the Radiant 
City, Transit-Oriented Development, the Transect City, the 15-Minute City or Polycentric Cities [24]. Theoretical debates, however, 
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lacked adequate quantitative analysis tools that could point out the objective advantages of the different urban design ideas and 
provide comparisons, either between the models or between those models and real cities. Modern techniques enable us to 
measure, interpret, and understand the positives and negatives of different city models. The use of geographic information 
systems (GIS), algorithms, and the powerful tool of datafication allows us to deeply investigate those lacerations of the urban 
fabric that interrupt the relationship of union between the city space and citizens. The powerful possibilities of simulating the 
effects and benefits of the redesign of the city, allow us to possess effective tools for economic and political strategies. The 
governance of future cities will benefit from these surveys and simulations, which are indispensable tools for understanding social 
dynamics and making the best use of potential energies of creativity, entrepreneurship, and citizen cooperation. Modelling cities 
to obtain reliable quantitative predictions is a major step in that direction [25,26]. 

2. METHODOLOGICAL APPROACH 
The proposed methodology pivots on a comparative analysis between the city of Coimbra as it is, henceforth designated as “real 
Coimbra”, with its different adaptations to different city model designs. That is to say, the urban layout of real Coimbra is 
compared to hypothetical, different layouts by geographically redistributing those building blocks so that the city assumes the 
form dictated by the urban layout(s) one wants to compare with one another. The redistribution should be conducted maintaining 
the same number of inhabitants and a similar number of urban facilities. The comparison is carried out using three quantitative 
indicators: accessibility, active transport modal share, transport energy consumption, the latter being related to the two former. 
For more methodological approach details please see [27–29]. 

2.1. BENCHMARKING INDICATORS 
The three indicators above were selected because of their importance to city planning. A brief motivation for each now follows. 
 
2.1.1. Accessibility 
Accessibility is being increasingly incorporated into urban planning guidelines [30,31]. By putting the emphasis on proximity rather 
than speed, daily living is facilitated without creating a dependency on long distance, fast, and energy-intensive transportation 
[32,33]. Accessibility is a wide concept that can be interpreted and calculated via different approaches. For this research, it is 
used the classic definition of accessibility as the ease, or more widely, the cost of reaching destinations. It is given by: 

𝐴! =
∑ 𝑤"𝐿#"𝑑!"#"#

∑ 𝑤"" ∑ 𝐿#"#
, (1) 

Where: 𝑖: 1,… , 𝐼 number of origins; 𝑗: 1,… , 𝐽 number of facility types; 𝑘: 1,… ,𝐾 number of closest facilities (when it applies), in this 
article 𝐾 = 3; 𝐴!: accessibility score of origin 𝑖; 𝑑!"# : network distance from origin 𝑖 to the 𝑘-th closest facility of type 𝑗 (or job zone); 
𝑤": weight of facility type 𝑗; 𝐿#": freedom of choice factor for the 𝑘-th closest facility of type 𝑗; 𝐿#" > 𝐿#$%,". 
 
2.1.2. Active Modal Share 
Active transport, e.g., walking, cycling, is defines transport modes that require human muscular input for locomotion. It is 
currently one of the main focus of transport planning due to its health benefits, non-polluting, energy efficiency and 
socioeconomic factors [34–36]. Strategies that encourage the replacement of short-distance car trips by active travel are 
becoming more popular [37,38]. This research estimates the walk/cycle/car/bus modal split by the methodology of [27,29], which 
is based on the following ideas: 
• The active mode share is estimated from transforming accessibility-related trip distances onto active trip probabilities using log-

logistic distributions. Separate walk and walk/cycle probabilities are obtained, the latter by combining walk and cycle 
probabilities, yielding two types of analysis. 

• After discounting the active trip probability, the remaining probability corresponds to motorized trips, which are split onto 
bus/car trips according to the empirical percentages. 

The above analysis is applied to each origin and OD pair. The modal split for origin i is then: 

𝑀! =
∑ 𝑤"𝐿#"𝑝'!"#"#

∑ 𝑤"" ∑ 𝐿#"#
, (2) 

Where: 𝑀!: active modal share of origin 𝑖; 𝑝(!"# : active trip probability from origin 𝑖 to the 𝑘-th closest destination of type 𝑗, with 
𝑝(!"# = ∑ 𝑓)𝑝(!))  for 𝑗: jobs (𝑝(!): active trip probability from 𝑖 to job centroid 𝑧). See [27] for the definition of 𝑝(!"#  and details on 
𝑝(!). 
The separate scenarios for walk and walk/cycle is justified because many cities do not provide adequate support for the cycling mode 
(e.g., lack of bikeways and/or lack of mechanical aid devices in hilly cities [39], causing users to steer away from this mode). 
 
 
2.1.3. Transport Energy Consumption 
Measures towards energy conservation and emissions reduction are becoming critical [40], and the urban form and land-use 
policies are powerful tools to achieve them. Since more compact urban forms are associated with lower consumption and 
emissions, and fragmentary urban forms (e.g., urban sprawl) are associated with higher consumption and emissions [40–42], it 
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becomes important to have quantitative estimates of energy consumption for those urban layouts. Transport energy consumption 
is defined as fossil fuel usage on motorized trips (electric vehicles not considered in this study). It is estimated for each origin and 
OD pair and can be obtained from the motorized modal split using [43]: 

𝐸! =
∑ 𝑤"𝐿#"71 − 𝑝(!"# 97𝑓*+,𝐹*+, + 𝑓-./𝐹-./97𝑑!"#® + 𝑑!"#¬ 9"#

∑ 𝑤"" ∑ 𝐿#"#
, (3) 

Where: 𝐸!: average fuel consumption of accessibility-related trips originating in 𝑖; 𝑓*+,: fraction of motorized trips made using the 
private car; 𝑓-./: fraction of motorized trips made using public transportation; 𝐹*+,: private car average fuel economy 
(MJ/passenger.km); 𝐹-./: public transportation average fuel economy (MJ/passenger.km); 𝑑!"#® , 𝑑!"#¬ : one-way distances from origin 
𝑖 respectively towards/away the 𝑘-th closest destination of type 𝑗. 
The 𝐸! is measured in MJ/passenger-trip (at the tank). Note that in eq. (4) trips are always considered two-way, regardless of facility 
type. 

2.2. GIS IMPLEMENTATION 
The bulky quantitative analyses required to calculate indicator values are carried out in a GIS environment using solely the 
geographic characteristics of the spatial layout of the urban areas. The GIS component of the methodology can be summarised 
as follows: 
1. Coimbra urban area was selected for study. Three datasets are collected and curated into a GIS environment: origins (O), 

destinations (D), and road network. Origins represent demand (for trips) and are the centroids of buildings (endowed with 
inhabitant number information). Destinations represent supply and are urban facilities and centroids of job zones. The road 
network connects origins to destinations. Origins and destinations are point feature classes, and the road network is a 
polyline feature class. 

2. In a copy of the datasets, new buildings and facilities are positioned in vacant urban spaces, job zones are remade, and 
connecting roads are drawn. The buildings house population from the outskirts and are endowed with inhabitant 
information. 

3. For every origin of each layout, network distances are evaluated in GIS to (a) the nearest urban facilities of each type and (b) 
the centroid of each job zone. 

4. Four transport modes are considered: walking, cycling, private motorised transportation, and public transport. For each OD 
pair, trip probabilities for all those modes are obtained; Indicator values for each origin are then calculated for both the real 
and the compact layouts based on OD distances and trip probabilities. 

5. From the indicator values, statistical measures and maps are derived for the two layouts. 
 
Urban facility types and respective destination attractiveness are here represented by weights as given in Table 1 below. An 
empirical 1–2–3 Likert scale for weights was used in the research, based on trip frequency, with three the most frequent. Higher 
weights mean trips to the corresponding destinations are likely to be more frequent. For some facility types, only the closest 
facility is relevant (e.g., primary healthcare, parks), whereas for others (e.g., restaurants), inhabitants usually want to choose 
between multiple facilities. The closest-only facilities are marked with an asterisk in Table 1. One- and two-way facilities are 
indicated in Table 1 by the I or II. 
Destinations of the job type require a different approach; as a person usually has only one job, the concept of “nearest job” does 
not apply. In addition, precise job destination figures require knowing where the people from each origin work, which, in turn, 
requires large scale surveys, which are, in general, unavailable. Thus, this research uses traffic zone analysis to approach job 
accessibility. This is implemented as follows: identify job locations and employee count; assign these to a ‘jobs’ point feature 
class; divide the city into zones and create a ‘job zones’ polygon feature class; count jobs in each zone (intersect ‘jobs’ and ‘job 
zones’); and find the geometric average job location of each zone (GIS Mean Center spatial statistics tool). Finally, for each origin, 
calculate the distance to each job zone geometric average. Jobs are considered one-way facilities and their weight is proportional 
to the percentage of commuting trips within the study area. All job zones centroids are considered as destinations, and a 
ponderation by the fraction of jobs in each zone is later applied. 

Table 1. Facility types and jobs weights. 
Weight 1 facilities Weight 2 facilities Weight 3 facilities Weight 22 facilities 
Post offices *II High Schools I Kindergartens *II JobsI 

Sports facilities I Shopping centres II Primary schools *II  
Cultural organizations I Entertainment sites I Middle Schools *I  
Universities and institutes I Primary healthcare services *I Grocery stores II  
Elderly care centres I Pharmacies *II Supermarkets II  
Churches I Restaurants I Bakeries and pastries II  
 Parks and green areas *I   

(*) Closest only, (I) One-way facility, (II) Two-way facility. 
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2.3. STUDY CASE 
The methodology was applied to the city of Coimbra, Portugal, a mid-size city with approximately 104,000 inhabitants [44]. 
Coimbra had a compact layout during its origin and medieval times and up to the twentieth century, having then developed onto 
a sprawled, low-density, and low-mix pattern of land use, with long and wide streets to accommodate the motorised traffic that 
came in the wake of the cheap fuel boom of the second half of the twentieth century. 
Data from Metro Mondego [45] disclose that the active modal share is approximately 22%, of which an abysmal 0.2% is cycling. 
The empirical motorized share splits as 𝑓*+, = 0.7 and 𝑓-./ = 0.3, and the share of commuting trips is 37% (survey data), leading 
to 𝑤 = 22, 𝑗: jobs. Concerning fuel economy, IEA [46] averages were used, namely 1.8 MJ/passenger.km for private cars and 0.7 
MJ/passenger.km for public transport. 
To redraft Coimbra as the different models, the descriptions and blueprints of each model were followed, with adaptations 
stemming from Coimbra being a city of services, with healthcare and higher education as main activities. The city of Coimbra was 
redrafted as: 
• The Garden City model by Ebenezer Howard (1898): A city of parks, with large and central green public areas, divided into 

almost self-sustain wards. Wide avenues with almost every urban facility in the proximity [47]. 
• Projet de Ville Radieuse by Le Corbusier (1920): From the creator of La Unité D’habitation, large buildings with vertical mix 

land-use, self-sustainable. Public green landscape, with a clear road hierarchy [48]. 
• Transit Oriented Development – TOD (1980/90s): Mobility based on public transport defines the urban planning, with 

distances below 600m to a public transport station, comfortable for almost everyone to walk or cycle. Prioritize mix land-use 
[49]. 

• Compact City Theory (1990s). Compacting cities to the extreme: high densification, mix land-use and vertical development 
into skyrises [50]. 

• Transect Planning (2000s). A rural-to-urban transect with increasing degree of compactification and densification towards 
the centre. Zoning system with walkable streets, mixed land use and high transport accessibility, replacing conventional 
single use zoning systems with six different zones ranging from rural, sub-urban to urban [51,52]. 

• Infill Coimbra: Minimizing urban sprawl while obeying to the master plan of the city, following the methodology of [29], by 
moving sprawled urban areas onto more central areas that exist but are not being used currently. 

 

3. RESULTS 
The benchmarking indicators results for each model is presented on Table 2. Results show that every model concept can improve 
on all benchmarking indicators in comparison to the real city of Coimbra (already considering the full cycling potential). The 
Compact City Concept has the best results for the three indicators. The more compact the city is, the better it scores in the 
benchmarking indicators. Interestingly, three groups of city model can arguably be defined from similarity of indicator values: the 
ultra-compact group (Compact City, TOD, Transect), which goes all-in in compactification; and the pleasantness-oriented group 
(Ville Radieuse, Garden City), which tries to combine efficiency with a greener and more pleasant and vibrant urban environment; 
Infill Coimbra, whose sprawl is minimized [29], also has scores similar to the pleasantness-oriented group; and the real city 
(Coimbra), whose sprawl compromises indicator results.  
 
Table 2. Benchmarking indicators results for the different models. 

Benchmarking indicators Compact 
City Theory TOD Transect 

Planning 
Ville 
Radieuse 

Garden 
City Infill Coimbra Coimbra 

Accessibility (m) 
Min 459 480 448 1010 1194 948 1063 
Average 573 626 647 1234 1487 1570 2533 
Max 745 1008 1484 1818 1914 3092 9329 

Active modal 
share (%) 

Min 82.1 70.2 56.5 44.0 53.3 29.0 3.5 
Average 88.0 86.3 85.1 66.9 62.3 58.0 42.5 
Max 92.0 91.0 91.8 73.0 68.3 76.3 74.0 

Transport energy 
consumption 
(MJ/p.t.) 

Min 0.2 0.2 0.2 1.3 1.8 1.3 1.7 
Average 0.4 0.4 0.5 1.9 2.7 2.9 5.8 
Max 0.7 1.4 2.5 3.4 4.0 7.3 26.4 

 
A detailed comparison between the real Coimbra, a Coimbra with full cycling potential and a Infill Coimbra is presented in Table 
3. Real Coimbra is represented by the scenario where cycling is not available. Previous work has proven that Coimbra does not 
have the necessary infrastructure to use bicycles in a safe and comfort manner [27,53]. To the lack of infrastructure, it is also 
required support infrastructure and a cycling culture that is still being slowly built in Portugal, as for now, someone who rides a 
bicycle daily is still seen as someone with low income, students that don’t have a driving license or cycling fanatic; fortunately, 
this mentality is slowly changing, and cities need to react. Coimbra will full cycling mode (walking + cycling scenario) measures 
that potential: a city that is fully capable of harvest all its cycling potential. These two scenarios are compared with the Infill 
Coimbra, a model that was created from the original city buy compactifying it, i.e., filling in the spaces available in the city. This 
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compactification did not incur on densification, but rather it complied with the current municipal plans (PDM). It follows mix land-
use policies, protected areas, building standards and new residential buildings according to the current regulations. 
Figures 1, 2 and 3 give map representations of Table 3 results, in which the effects of compactification on active mobility and 
transport energy can be visually seen. 

Table 3. Effects of compactification on active mobility and active mobility in Coimbra: indicator improvements. 
Indicator Statistics 
 Facilities Facilities + jobs 

Accessibility (m) Coimbra Infill Coimbra Reduction 
(m) 

Reduction 
(%) Coimbra Infill Coimbra Reduction 

(m) 
Reduction 
(%) 

Avg. 1936 594 1342 69% 3088 1491 1597 52% 
Avg. per inhab. 1440 638 802 56% 2533 1570 963 38% 
 Walking Walking + Cycling 
Active modal share 
(%) (Fac. + jobs) Coimbra Infill Coimbra Increase Increase  

(%) Coimbra Infill Coimbra Increase Increase 
(%) 

Avg. 12.7 28.1 15.4 121% 35.6 61.6 26.0 73% 
Avg. per inhab. 16.8 25.6 8.8 52% 42.6 58.9 15.4 36% 
 Walking Walking + Cycling 
Transport energy 
(MJ/p.t.) (Fac. + jobs) Coimbra Infill Coimbra Reduction 

(MJ/p.t.) 
Reduction 
(%) Coimbra Infill Coimbra Reduction 

(MJ/p.t.) 
Reduction 
(%) 

Avg. 8.180 2.056 6.124 75% 6.700 0.954 5.746 86% 
Avg. per inhab. 5.901 2.254 3.647 62% 4.533 1.103 3.430 76% 
 

 

Figure 1. Accessibility to urban facilities plus jobs (m): Coimbra and Infill Coimbra 
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Figure 2. Active modal share to urban facilities plus jobs (%): 
Coimbra (walk [left], walk+cycle [middle]) and Infill Coimbra (walk+cycle [right]) 

 

 

Figure 3. Energy transport consumption to urban facilities plus jobs (MJ/pass.-trip): 
Coimbra (walk [left], walk+cycle [middle]) and Infill Coimbra (walk+cycle [right]) 

4. CONCLUSION 
The past few decades brought forth new perspectives on sustainability, and urban areas should be prepared for the future. Such 
paradigms include better accessibility and overall proximity, compacting cities and fighting back urban sprawl, citizen equity, and 
a rising importance of public green spaces and recreational areas; the latter having an impact on quality of life, city pleasantness, 
and the environment. A good urban design also leads directly to better transport planning opportunities and, currently, one of 
the main focuses of transport planning is the active modes, its health benefits, and potential for lower energy consumption. 
Comparing the more compact city models with real Coimbra shows that urban sprawl posed a toll on all measures. The higher 
accessibility of the theoretical constructs is due to shorter OD distances and has an objectively positive effect at various levels. 
Less energy spent on travel results in lower greenhouse gas emissions (GHG). These concepts also have non-tangible effects on 
public transport network and ridership, as they lead to more users within reasonable catchment areas of public transport. 
Regardless of the social levers that led to inequity in the current city, these concepts present themselves as a possible instrument 
to fight this status-quo and ensure a more equitable and fair development. With the right set of urban policies and adequate 
promotion, new construction undertakings can improve cities and urban areas. It is not about completely rebuilding a city area 
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or destroying what is already there to build something completely different. It is about efficiently using urban areas that for 
different reasons are yet undeveloped (e.g., city expansions), have been forgotten, or need to be redeveloped. This study shows 
that benchmarking real cities versus classic and contemporary city models is possible with the proposed methodology, which can 
(and should) be extended to other benchmarking indicators and city layouts. This would open new windows of research on the 
debate on the ideal form of cities, as well as allowing for a better understanding of how to plan upcoming city expansions. 
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