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The Intergovernmental Panel on Climate Change 
(IPCC) highlights the influence of the built environ-
ment on global energy consumption and climate 
change. Buildings account for 32 per cent of the glob-
al energy consumption, causing 19 per cent of green-
house gas emissions. Today, 75 per cent of primary 
energy is consumed in urban areas. Energy consump-
tion projections in buildings range from double to tri-
ple by 2050 (Lucon et al. 2014) which prize cities for 
the transition towards a low-carbon society. 

Even though the knowledge, practice and 
technology to make the transition exist, many barriers 
prevent the application of cost-efficient measures to 
increase energy efficiency and reduce carbon emis-
sions of the built environment. Due to their long life 
cycles, buildings that are not transformed and cities 
that are not designed to operate with low-carbon emis-
sions endanger meeting the global goals for climate 
change mitigation.

Historically, the availability of renewable en-
ergy sources has been an important parameter for 
the establishment, growth and prosperity of cities. 
The access to energy has been described as even 
more important for stability than the access to food 
(Schott 1997). When only renewable energy sources 
were available, the spatial vicinity to these resourc-
es has influenced the location, size, functions and  
form of cities. With available, powerful, cheap and 
manageable energy from fossil fuels, this relation has 

changed, leading to detached and centralised energy 
infrastructures. 

While developing nations still struggle to 
establish such a reliable infrastructure, industrialized 
nations face the challenge of transitioning towards 
a new energy system by reintroducing renewable en-
ergy at large scale. 

Energy Consumption and Comfort
 
Thermal comfort is a complex notion affect-

ed by temperature, humidity, air velocity and heat ex-
change with the environment. To feel comfortable 
means to be satisfied with the thermal environment 
(American Society of Heating Refrigerating and Air- 
Conditioning Engineers 2013).

Buildings can be described as active agents 
of comfort in the urban environment. Their primary 
function is to provide shelter for work and living. El-
ements of architecture at interplay with technical sys-
tems influence and balance the indoor conditions of 
temperature, air, humidity and light to desired levels. 
In tropical (hot and humid) climates, buildings can 
contribute additionally to outdoor thermal comfort 
by providing shading, a cooler microclimate and even 
providing outdoor air conditioning services (Figure 1).

Buildings, however, can also have a negative 
effect on urban comfort. Air-conditioning systems in 
buildings, for example, add noise and reject heat to 
the outdoor environment. Additionally, the surfaces 
of buildings warm up and store heat, which radiates 
back into streets and exterior places. When buildings 
obstruct natural wind flows, they mitigate the removal 
of heat. Such effects contribute to the increase of air 
temperature in cities, provoking a greater demand 
for cooling, which then increases the amount of en-
ergy consumed in urban areas. The resulting uncom-
fortable conditions of the exterior endanger the health 
of city dwellers and inhibit more activities that could 
have taken place outdoors (Figure 2).

Challenges related to human comfort and 
energy consumption in cities have to be addressed 
in a holistic, multi-scale approach. Such an approach 
should discuss the intelligent planning of buildings 
and open spaces, and novel strategies for energy ef-
ficiency. To do it though, the exact role of the building 
as an active agent of thermal comfort in future low 
carbon cities has yet to be defined. 
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How can buildings actively contribute to in-
door and outdoor comfort without compromising the 
energy needs of the future? How does this interact 
with urban planning and design?

Efficiency and Local Energy Production

When it comes to developing strategies for 
energy efficiency in cities, working at the scale of the 
individual building is too limited and that of the entire 
city is too complex and perhaps abstract. The scale 
of the neighbourhood and district, however, bears 
an interesting potential to increase energy efficiency, 
which means delivering the same services with less 
energy. 

Energy efficiency can be achieved through 
a variety of strategies: by designing buildings for cool-
ing demand, identifying efficient energy conversion 
technologies, coupling consumers and producers of 
energy and by using efficient appliances. District scale 
energy systems open up the opportunity to exploit 
local renewable sources and to use efficienct large-
scale technology and thus provide efficient pathways 
of energy production (Figure 3). They have proven to 
be a cost-effective choice for reducing the carbon 
footprint of cities (The UP-RES consortium 2013). 
District networks tap into multiple local energy sourc-
es such as renewable energy and waste heat, dis-
tributing energy to multiple customers in the vicinity. 
Examples of such applications in Singapore (Kee 
2010) and Hong Kong (Chow et al. 2004) reveal the 
benefits of more space, efficiency, reliability and cost- 
effectiveness.

New technologies bear the potential to fur-
ther improve efficiency and cost-benefits of district 
energy systems. For instance, refrigerant-based dis-
trict networks could cut up to 40 per cent the size of 
the distribution network, save up to 80 per cent of 
energy when connecting heating (industrial) and cool-
ing customers (residential, commercial), and reduce 
upfront costs significantly (Henchoz, et al 2015). Build-
ing technologies such as those used in the 3for2 ap-
proach, which features decentralised ventilation and 
high-temperature sensible cooling, are able to dras-
tically reduce the operational energy needed as well 
as to reduce space and material consumption in build-
ings (Schlueter et al. 2016).

To foster such technological advances at dis-
trict scale, new city developments should integrate 

the design of energy infrastructure to interact with 
the shape, form and quality of urban space. This is 
important as urban design does not only define the 
demand but also the technical and spatial options 
for the sustainable delivery of energy in cities. 

The programme and morphology of build-
ings define the available space for clean technology 
(e.g. roof-top area for photovoltaic panels), the sourc-
es of waste heat (e.g. excess heat from data centres 
and industry), the connectivity rules between energy 
networks, and the investment costs for energy gen-
eration (Fonseca and Schlueter 2015; Fonseca et al. 
2016a). With this in mind, the important research ques-
tions to advance energy efficiency in cities are: Which 
future district scale concepts and technology allow 
further increases in energy efficiency in tropical cit-
ies? How can potential synergies between energy 
systems and urban design be identified, leveraged 
and synthesised? 

Systems Integration into Urban Design 
 
As interdisciplinary research is gaining im-

portance, it is common to find professionals from en-
gineering, economics, and sociology touching the 
ground of architecture, urban design and city plan-
ning. Similarly, architects, urban designers and city 
planners are complementing their work with green 
technologies, human comfort and economic consid-
erations. To achieve a higher energy performance, 
neither designers nor energy engineers can work in 
an isolated manner.

The architectural historian and critic Colin 
Rowe and Professor Fred Koetter borrowed the The-
ory of the Hedgehog and the Fox from Isaiah Berlin 
to explain the monism (the hedgehog) and pluralism 
(the fox) of buildings and cities in Collage City (Rowe 
and Koetter 1978). A hedgehog knows only one great 
topic and links everything else to that while, in con-
trast, a fox knows many topics and pursues diverse 
goals. 

A city is not a make of individual components 
but a system of elements interacting with each other. 
All issues in cities require more of a ‘fox-like’ thinking. 
Synergy is beyond the sum of professionals of differ-
ent disciplines. It requires systematic collaboration. 
In synergy, urban design and energy systems work 
synchronously instead of successively; in other words, 
they make the whole greater than the sum of its parts.

Multi-Scale Energy Systems 
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Fig. 1 Shading and air-conditioning installations in Clarke Quay, Singapore.
Fig. 2 Illustrative example depicting the thermal influence of air conditioning units  

in buildings to outdoor comfort.69



Like pipes buried underground, the energy 
infrastructure is always hidden beneath the surface 
of the city. Though seldom noticed, the invention and 
incorporation of new technologies shape our cities. 
For example, automobiles brought highways to the 
city; steel structures raised the height of buildings 
and mobile phones kicked phone booths out of the 
streets. A district cooling plant, instead of individual 
cooling facilities for each building, saves the building 
roof-tops for gardens and improves the energy per-
formance of large areas. 

From individual buildings to an urban block, 
from several districts to a larger region, a synergetic 
approach requires a multi-scale consideration and 
integration of urban design and energy systems en-
gineering. To allow such a holistic approach, research 
on building technology needs to shift from high-per-
forming components to high-performing systems 
interacting with local infrastructure. For example, a 
green building does not necessarily add a positive 
effect on its adjacent environment as it might miss 
out on the opportunity to receive clean energy from 
more effective and alternative sources. 

In this order of ideas, high-performing com-
ponents may make up mediocre (even poor) perform-
ing systems when just viewed as a single entity. How 
can we bring high-performing systems to the agenda 
of urban design in cities? How can this be achieved 
for the benefit of social, economic and environmental 
sustainability? 

Dealing with Uncertainty
 
When discussing the future of cities it is rel-

evant to obtain an understanding how certain, plau-
sible or possible this future might be. This is especially 
so in respect to changes in technology, economy, cli-
mate and population which over the past few years 
have shifted the agenda of urban development.

Today, plans of energy infrastructure in cities 
depend on long-term projections of fuel prices, de-
mands and resource availability of up to half a century 
ahead. These projections are influenced by urban 
planning policies, local socioeconomics and technol-
ogy. When these projections are highly speculative, 

Fig. 3 Energy efficiency and renewable energy generation at the district scale.
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the financial and environmental risks of energy infra-
structure increase. 

A classic example of this phenomenon is the 
series of predictions of energy consumption made 
in 1960s for the new millennium. In these predictions,  
Morgan and Keith found the estimates of most en-
ergy agencies to be up to three times more than the 
real demand held during 2000 (Morgan and Keith 
2008).

In energy systems design, we know what we 
know — the materials, components, machines and 
physics of operation. There are also known unknowns  
— future states of demands, prices and policies — and 
unknown unknowns such as unpredictable events 
that lead to a failure or disruption. On the other hand, 
there are unknown knowns — or things that are over-
looked when addressing the problem from a single 
perspective (i.e. urban, economic, technical etc.).

Today’s way to handle uncertainty in energy 
systems design is focused on uncovering the known 
unknowns. These are plausible events or states that 
may well affect the carbon emissions, energy efficien-
cy and financial costs of infrastructure. We design 
energy systems to achieve a targeted performance 
and to be robust to variations of known factors. Such 
variations are at their best described by a probability 
of occurrence, which is our best representation of 
the (unknown) future from what we know today (a 
statistical extrapolation of historical facts). This way 

of dealing with uncertainty might not apply to the 
unknown unknowns, which expose a higher risk for 
operation and performance as we cannot predict them.

Scenario analysis is a technique widely used 
to create plausible alternatives of the future (Stwart 
et al., 2004). This involves a possible future point in 
the space of all possibilities. These are storylines 
made of ‘cause and effect’ relation or ‘what-if, then’ 
cases in the story of a future city. In principle, it is an 
interesting technique to explore unknown unknowns 
including potential chain reactions. However, these 
scenarios lack a measure of the likelihood of the 
events leading to that plausible future as they normally 
omit any use of probability.

Future design of district energy systems 
might incorporate the trajectory of future events at 
the pace of the urban development of the district. Such 
an approach may translate in studies of uncertainty, 
which break down a scenario in time intervals with 
accumulative probabilities of occurrence. The ap-
proach may well measure the probability of the un-
known unknowns based on the evolution of known 
unknowns over time. 

This potential approach is, nonetheless, 
based on the classical assumption of what energy 
systems should be. That is, systems that do the ‘extra 
mile’ of energy production and cash flow. If this con-
cept is the aim, can we therefore propose systems 
and components that better adapt to changes in urban 

Fig. 4 Theory of the hedgehog and the fox problem in energy systems integration.
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development and thus decrease the risk of techno-
logical and economic failure? How do we best han-
dle uncertainty in designing future district energy 
systems? 

Advanced, Integrated Design Tools

The analysis and design of future synergetic 
district energy systems implies a new generation of 
computational models that incorporate energy effi-
ciency strategies with the morphology of buildings 
and districts. Such models need to identify interde-
pendencies, synergies and thresholds that influence 
the design of the cities and their energy infrastructure 
as part of an integrated process.

From the academic perspective, such tools 
should allow researchers to model under uncertainty 
how future trajectories of development might influence 
energy systems performance. Practitioners might find 
these set of tools useful to improve the energy efficien-
cy of urban areas. The process requires a new concept 

of operations that exploits and integrates urban and 
energy systems decisions into practice. This aspect 
might even require a new generation of professionals 
with adequate knowledge in these areas.

Until this new generation of professionals 
arises, these tools could be valuable presently in aid-
ing city planners with impact analysis of their designs 
on the overall performance of an area. It is in their 
hands to define and optimise the variables that in-
fluence the demand and supply of energy in cities 
such as building typology, building use and street 
patterns.

Future users of toolsets such as the City En-
ergy Analyst (CEA) under research and development 
at ETH Zürich (Figure 5) are able to investigate the 
trade-offs between different urban forms to the type, 
dimension, spatial configuration and associated in-
vestment risks of energy infrastructure (Fonseca et 
al. 2016b). The challenge remains: how can such tools 
be used effectively in design practice and decision 
making? Who are the users and what do they need 
to know to be able to use them? 

Fig. 5 Representation of energy demand and energy infrastructure in a simulation tool. 72
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Conclusions
 
Mitigating climate change demands a redef-

inition of the relationship between city and its energy 
systems in terms of assessing and controlling future 
demands, developing systems for renewable energy 
supply, human comfort and well-being. Similarly, 
adapting to climate change requires a strong defini-
tion of the way we discuss the uncertainty, especially 
the known unknowns and the unknown knowns that 
appear within a ‘fox-like’ thinking. 

District-scale energy systems open up many 
opportunities to increase energy efficiency, reduce 
carbon emissions and increase comfort of city dwell-
ers. Future research needs to address the aforemen-
tioned questions to reshape future energy systems 
in urban areas. As it is not possible to look at energy 
systems in a detached manner from the environment 
for which they were designed, the goal is to identify 
and leverage the interactions and synergies between 
urban design and energy systems that facilitate the 
design of future low-carbon cities. 

New computational tools can help to ana-
lyse these phenomena and develop a deeper under-
standing of quantities, qualities and interactions of 
city dynamics. Still, to make an impact, these tools 
need to be designed and incorporated into urban de-
sign decision making and planning practice.

Multi-Scale Energy Systems 
for Low-Carbon Cities
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