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ABSTRACT
The oil crisis of the late 1970s raised energy efficiency literacy worldwide. Energy conservation and distributed
generation were by then key elements in the agenda of urban and energy planning authorities. A recent awareness in
climate change drives a new wave of initiatives to improve the energy efficiency of urban communities.
This thesis presents a methodology and computational model for the study of energy efficiency strategies in urban
communities at neighborhood and district scale (i.e., on-site energy generation, building and infrastructure retrofits, and
modifications to urban form and spatial program). The method evaluates the energy, carbon and financial benefits of
these strategies in plausible scenarios of urban development. For this, a computational model was created to simulate
and visualize hourly flows of energy in neighborhoods and city districts and to optimize the configuration of future
community energy systems. The model was applied to study the future performance and resilience of a downtown area
in Switzerland.
The method is useful for three main purposes: (a) to determine patterns of energy supply and demand in future urban
communities, (b) to evaluate plausible opportunities to increase the energy efficiency of these communities, and (c) to
identify interdependencies between plans of urban development and the performance of energy systems.
This research provides a better understanding of how energy is distributed and becomes available in the built
environment. It generates new knowledge about alternatives to increase the sustainability and resilience of cities.
Moreover, it provides urban designers and energy systems engineers with a new approach to integrate plans for energy
efficiency in urban communities.
Future work proposes the development of software application for performance-based urban design.
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ZUSAMMENFASUNG
Die Ölkrise der späten 70er Jahre führte zu einem weltweit gesteigerten Energieeffizienzbewusstein. Energieeinsparung
und dezentrale Energieerzeugung wurden daraufhin zu Schlüsselelementen an der Tagesordnung der Stadt- und
Energieplanungsbehörden. Die jüngsten Auswirkungen des Klimawandels haben eine neue Welle von Initiativen zur
Verbesserung der Energieeffizienz zukünftiger Stadtgebiete angetrieben.
Diese Dissertation stellt eine Methode und ein Computermodell zur Untersuchung von Energieeffizienzstrategien in
Stadtgebieten auf Nachbarschafts- und Distriktsebene vor (d.h., Energieerzeugung vor Ort, Gebäude- und
Infrastrukturnachrüstung und Modifizierung der Stadtform und des Raumprograms). Ein solcher Ansatz besteht in der
Bewertung der Energie-, der Emissions- und finanziellen Vorteile dieser Strategien und deren Umsetzung in plausible
Szenarien der Stadtentwicklung. Dazu wurde ein Computermodell generiert, welches die stündlichen Energieflüsse der
Nachbarschaften und der Stadtdistrikte simuliert und visualisiert, um daraufhin die Konfiguration von zukünftigen
Energiesystemen der Stadtgebiete zu optimieren. Das Modell wurde zur Untersuchung von zukünftiger Leistung und
Resilienz an einer Innenstadt in der Schweiz angewendet.
Die Methode kann für die folgenden drei Hauptziele eingesetzt werden: (a) um Muster der Energieverteilung und –
nachfrage zukünftiger Stadtgebiete zu bestimmen, (b) um plausible Möglichkeiten zur Erhöhung der Energieeffizienz
dieser Stadtgebiete zu evaluieren, (c) um Interdependenzen zwischen den Stadtentwicklungsplänen und der
Energiesystemleistung zu identifizieren.
Diese Forschung führt zu einem besseren Verständnis der Energieverteilung und deren Verfügbarkeit der gebauten
Umwelt. Es trägt damit zur Wissensbildung über mögliche Alternativen zur verbesserten Nachhaltigkeit und Resilienz der
Städte bei. Darüber hinaus, bietet es Stadtplanern und Energiesystemingenieuren einen neuen Ansatz zur Integration
von Energieeffizienz der Stadtgemeinden in deren Planung.
Die Entwicklung einer Softwareanwendung für eine leistungsbasierte Stadtplanung unter Energieeffizienzaspekten
aufgrund der hier dargestellten Ansätze könnte diese Dissertation in Zukunft fortführen.
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CHAPTER I
Introduction

1.

Energy efficiency in urban communities

Community energy systems (CES) provide costeffective and integrated energy solutions to local
populations in terms of electricity, heating and cooling. A
CES centralizes the hundreds of conversion systems in
buildings, presenting low operational and maintenance
costs, longer service life, improved fuel flexibility, and
energy efficiency. At a greater scale CES contribute to the
flexibility and stability of regional energy grids [13].
Current CES have allowed up to 50% penetration of
on-site generation in urban areas [5], [14], [15]. Planning
cities with a higher penetration of on-site generation is a
necessary step to mitigate global warming. Current
research in the field [16], [17] has proposed a new
generation of CES that, besides increasing the energy and
exergy efficiency of conversion technologies, provides the
opportunity to citizens to become self-generators of
energy or “Prosumers” [18].

The oil crisis of the late 1970s raised energy efficiency
literacy worldwide. Energy conservation and distributed
generation were key elements in urban planning agendas
[1]. Recent awareness in climate change, energy
depletion, urbanization and population growth has driven a
new wave of initiatives to increase the energy efficiency of
cities [2]. This is especially true in the building sector,
which might provide the highest leverage at the lowest
investment cost [3]. In this context, fostering energy
efficiency on the neighborhood and district scale might be
a strategic measure to increase the performance of cities.
Most urban transformations in Europe take place at this
scale [4]–[6] where the newest instruments for financing
low-carbon technology exist [7], [8].
Planning to increase the energy efficiency of an urban
area requires the study of four group of measures: (a)
building retrofits, (b) on-site generation, (c) infrastructure
retrofits [9], and (d) modifications to urban form.
1.1

1.4

Modifications to urban form

Under this new possibility, the form (i.e., building
typologies, street configuration) and spatial program (i.e.,
distribution of activities in buildings) of urban areas play a
major role in cities’ energy efficiency. These aspects may
not only constrain the spatiotemporal variation of the
demand of energy services in urban areas [19]–[21], but
also affect their options for sustainable supply. Positively,
for instance, they foster mixed-activities which decrease
peaks in demand and lower generation costs in CES [22].
Negatively, they may decrease the available space for onsite generation (e.g., area for roof-mounted solar panels)
and scatter demands away from local resources [23].

Building retrofits

Building retrofits seek to increase the performance of
building components such as the building envelope;
electrical appliances; and systems for heating, ventilation,
and air-conditioning (HVAC). The performance of such
components is a key determinant in the demand for
energy services in buildings. The envelope constrains heat
losses and gains from the environment. Electrical
appliances affect the generation of heat gains in the
building and its electricity needs. HVAC and control
systems affect the efficiency of both supply and demand.

2. Problem statement
1.2

On-site generation
The analysis of energy efficiency in future CES
requires an integrated approach to energy systems
integration. Such an approach should be able to describe
the combined processes of acquiring, distributing and
using energy in future urban areas and address the
techno-economic restrictions of CES. Especially given
new connectivity rules between multiple consumers and
sources, the fluctuation of sources and demands, and the
multiple intensities and qualities of energy services in
buildings. New methods should facilitate the recognition of
such qualities and help planners to create strategic plans
of sustainable development.

On-site generation aims to integrate local energy
sources at the building and urban scales. These sources
comprise renewable energy sources (e.g., wind-energy,
biomass, solar energy, small-hydropower, geothermal etc.)
and sources/sinks of heat (e.g., industrial processes,
sewer networks, ambient heat, etc.). Such stochastic
sources of energy constitute the most promising
alternatives for meeting the energy demand of future cities
with a low environmental impact [10], [11], [12]. Their
integration in cities is subjected to cost parity with fossilbased energy sources as well as to their ability to match
stochastic patterns of consumption in buildings [13].

3. Scope
1.3

Infrastructure retrofits
This dissertation aims at developing a new method and
computational model to study energy efficiency strategies
in urban communities. The model should be able to (a)
forecast patterns of supply and demand in future urban
communities (b) evaluate plausible opportunities to
increase their energy efficiency at social, economic and
environmental levels and (c) Identify interdependencies

Infrastructure retrofits work to increase the efficiency of
systems for energy supply to buildings on the urban scale,
entailing upgrades to advanced conversion technologies
(e.g., co-generation, heat pumps, etc.) and new schemes
for energy distribution such as community energy systems
with on-site generation.
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[5] H. Strasser, O. Pol, K. Church, S. Svendsen, A. Dalla Rosa,
A. Koch, and R. Jank, Annex 51 : Energy Efficient Communities Case Studies and Strategic Guidance for Urban Decision Makers:
Subtask A Description of the state-of-the-art of energy efficient
projects on the scale of neighbourhoods, no. April. Karlsruhe:
International Energy Agency, 2011.
[6] E. Rey, “Nachhaltige Quartiere: Herausforderungen und
Chancen für die urbane Entwicklung,” Bern, 2012.
[7] J. Coughlin, J. Grove, L. Irvine, F. Janet, S. J. Phillips, and L.
Moynihan, “A guide to community solar: Utility, Private, and NonProfit Project Development,” 2010.
[8] K. F. Pierson and D. Seidman, “Financing Urban District
Energy Systems: Trends and Policy Implications for Portland,”
Boston, 2013.
[9] L. Girardin, F. Marechal, M. Dubuis, N. Calame-Darbellay,
and D. Favrat, “EnerGis: A geographical information based
system for the evaluation of integrated energy conversion
systems in urban areas,” Energy, vol. 35, no. 2, pp. 830–840,
Feb. 2010.
[10] Energy sector Management Assistance Program (ESMAP),
“Proceedings of the International Grid-Connected Renewable
Energy Policy Forum,” 2006.
[11] Intergovernmental Panel on Climate Change (IPCC),
Renewable Energy Sources and Climate Change Mitigation:
Special Report of the Intergovernmental Panel on Climate
Change. New York: Cambridge university press, 2012.
[12] International Energy Agency (IEA), “Energy technology
perspectives: Scenarios and strategies 2050,” 2010.
[13] H. Lund, Renewable Energy Systems: The Choice and
Modeling of 100% renewable solutions. London: Elsevier, 2010.
[14] European Commission, “Cities demonstrate energy and
climate change policy,” 2008.
[15] E. E. Measures, S. Building, D. Development, M. Change, A.
Energy, R. F. Interests, E. Transparency, and F. O. R. Citizens,
“CONCERTO off ers innovative approaches for smart cities and
communities : Innovation in 58 cities in 23 countries today – smart
solutions applied EU-wide tomorrow Cities and communities can
meet the energy and Integrating multiple technologies.”
[16] H. Lund, “Appendix B : Project description Strategic Research
Centre for 4th Generation District Heating Technologies and
Systems ( 4DH ),” Aalborg, 2012.
[17] Euroheat & Power, “District Heating Cooling,” 2012.
[18] ICAX interseasonal heat transfer, “Energy Hub: Energy-Hub
for residential and commercial districts and transport,” Awards,
2012. [Online]. Available: http://www.icax.co.uk/Energy_Hub.html.
[Accessed: 17-Dec-2012].
[19] J. A. Futcher, T. Kershaw, and G. Mills, “Urban form and
function as building performance parameters,” Build. Environ., vol.
62, pp. 112–123, Apr. 2013.
[20] S. Ishii, S. Tabushi, T. Aramaki, and K. Hanaki, “Impact of
future urban form on the potential to reduce greenhouse gas
emissions from residential, commercial and public buildings in
Utsunomiya, Japan,” Energy Policy, vol. 38, no. 9, pp. 4888–
4896, Sep. 2010.
[21] Y. R. Jabareen, “Sustainable Urban Forms: Their Typologies,
Models, and Concepts,” J. Plan. Educ. Res., vol. 26, no. 1, pp.
38–52, Sep. 2006.
[22] Centre for Sustainable Energy, “Building a heat map for
London,”
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[Online].
Available:
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[23] J. R. Beaumont and P. Keys, Future cities: Spatial Analysis of
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between urban design options and energy systems
performance for strategic planning purposes.
4. Methodology
The general methodology of this thesis consists in the
integration of the state-of-the-art in mathematical models
for the spatiotemporal simulation and optimization of
community energy systems.
The resulting computational model is tested in a case
study of urban transformation in Switzerland: The
Siemens-Areal in Zug. Chapters 3 through 5 provide a
detailed description of the computational model and the
results for the case study.
5.

Significance

This thesis provides an insight to urban planning teams of
the potentials and constraints that energy efficiency can
provide to their design, and how they can be considered at
early stages of the planning process with the provision of
computational tools.
On a broader scale, this research contributes to the
general understanding of how energy is distributed and
becomes available in cities. It explores synergies and
trade-offs in both urban design and energy planning
practices and provides a view to alternatives to increase
the sustainability and resilience of urban communities.
6.

Structure

This is a cumulative dissertation consisting of four journal
publications. It is structured in six chapters: Chapter 1
describes relevant background information. Chapter 2
Introduces the first journal publication. It analyses the
feasibility of a novel community energy system and
reflects on key variables influencing its modeling, analysis
and assessment. Chapter 3 Introduces the second journal
publication. It presents the development of a novel
simulation engine of building energy demand at the
neighborhood and district scale. The chapter furthermore
introduces the case study basis of this research. Chapter
4 Introduces the third journal publication. It presents an
expansion of the modeling framework of Chapter 3 into an
optimization model. The framework is applied into the
case study to analyze the performance of future energy
systems. Chapter 5 Introduces the fourth journal
publication. It presents an analysis of interdependencies
between urban design options and energy systems’
performance and resilience. Chapter 6 concludes.
References
[1] S. E. Owens, “Land-use planning for energy efficiency,” Appl.
Energy, vol. 43, no. 1–3, pp. 81–114, Jan. 1992.
[2] H. W. Zheng, G. Q. Shen, and H. Wang, “A review of recent
studies on sustainable urban renewal,” Habitat Int., vol. 41, pp.
272–279, Jan. 2014.
[3] B. Metz, O. Davidson, P. Bosch, R. Dave, and L. Meyer,
“Contribution of Working Group III to the fourth assessment report
of the Intergovernmental Panel on Climate Change,” 2007.
[4] E. Rey, S. Lufkin, P. Renaud, and L. Perret, “The influence of
centrality on the global energy consumption in Swiss
neighborhoods,” Energy Build., vol. 60, pp. 75–82, May 2013.
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CHAPTER II
Novel approach for decentralized energy supply and energy storage of tall buildings
in Latin America based on renewable energy sources: Case study - Informal vertical
community Torre David, Caracas –Venezuela1
Abstract
This paper analyzes the concept of a decentralized power system for tall buildings based on wind
energy and a pumped hydro storage. The system reacts to the current paradigm of power and
water outage in Latin American countries caused by infrastructure limitations and climate change.
The system fosters the penetration of renewable energy sources (RES) and energy security in
urban areas. We assessed the techno-economic feasibility of this system in an informal vertical
community in Caracas/Venezuela. The suitability of the system for tall buildings is furthermore
discussed in regards to the architecture and structural constrains of these buildings.
Keywords: renewable energy sources, decentralized power system, wind power, pumped picohydro storage, tall buildings, peak-shaving
1.

Introduction1

Recent cases in Dhakar city/Bangladesh [10], [6], and
Caracas/Venezuela [11], are among the examples of
massive power outage at peak hour. On the other hand,
climatic conditions have made these systems even more
susceptible to outage.
The existing power capacity of most power systems in
developing countries relies on hydropower generation, a
source quite vulnerable to climate change. These systems
constitute 66-83% of total generation capacity in
developing countries in the tropics such as Venezuela,
Colombia, Peru and Brazil [3]. Long and intensive dry
seasons reduce the water levels needed to power these
systems leading to regular electrical crises. Cases
described in Latin-America (Venezuela [12], Colombia
[13], Philippines [14], Brazil [15]) and in Asia (Pakistan
[16], Laos [17]) underline how this pattern has been
repeated especially during El Niño/Southern Oscillation
(ENSO) events [18]. According to [19], El Niño events are
likely to be more frequent and intense in the future as a
consequence of climate change.
According to [20], dependency on hydropower as a
primary source for electrical generation (66% of electricity
power mix) [3], and a low investment in infrastructure
related to the growing demand makes Venezuelan
electricity system very susceptible to power shortages.
Frequent electricity outages are present during dry
seasons when either low water levels lead to a general
shutdown of the main hydroelectric plant (el Gurí), or
demand peaks go beyond the installed power capacity. In
addition, the transmission line which supplies electricity to
the main city of Caracas spreads over 2000 km long, so a
failure at any point of the line would leave the city without
electricity for days.
The vulnerability of the centralized power system is a
major national concern. The Venezuelan government has
proposed radical strategies to reduce high demands and
diversify the predominant hydropower share in their
electricity mix [21]. According to [20], the new set of
policies abided after the energy crisis of 2009-2011 could
lead to a reduction of energy consumption and utilization
of hydropower. This aspect might lead to a rapid
penetration of fossil fuels (up to 80% of the electricity mix),

Developing economies struggle to set better standards of
living and higher levels of industrialization to alleviate
poverty. Electricity is the most important commodity to
make this happen [1]. Fast demand growth and climate
change have imposed an unbearable pressure on current
electricity networks, challenging today’s society to provide
more secure sources of supply [2]. Change must be quick,
as the configuration of future power systems will depend
on the penetration of renewable energy sources (RES)
into traditional systems [3].
A reliable electricity supply is essential for developing
economies [4]. According to [1] and [5], access to
electricity constitutes an important element to achieve the
United Nations’ millennium development goals seeking to
satisfy better standards of living and alleviation of extreme
poverty. On the other hand, the absence of electricity
alters the path of socioeconomic development for these
nations. Shanghvi, 1991 [2] estimated a yearly loss
between 1 – 4% of the gross domestic product (GDP) in
developing countries due to recurrent power outages. For
instance, Bangladesh lost 3.5% of its GDP due to
continuous cut-offs of electricity [6], Venezuela lost 3.3%
of its GDP in 2010-2011 [7], representing loses above
USD$81.000 million and an unsatisfied demand of 21.3
TWh.
Power systems in developing countries are
characterized for having some of the lowest emissions
levels [8]. However, they are some of the most vulnerable
to power outages. On one hand, slow investment and
development of power infrastructure in relation to rapid
demand growth [9] has led to extended electricity
shortages, especially during peak demand periods.
1

J. A. Fonseca and A. Schlueter. “Novel approach for
decentralized energy supply and energy storage of tall buildings
in Latin America based on renewable energy sources: Case study
- Informal vertical community Torre David, Caracas –Venezuela”.
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diminishing the current share of 66% renewable energy
sources (large-hydropower) to a scarce 20% by midcentury. Better alternatives for clean, reliable and feasible
sources of energy supply are needed for the Venezuelan
power generation sector from both economic and
environmental points of view.
Harvesting renewable energy sources (excluding
traditional large-hydropower) is a clear alternative for the
diversification of the Venezuelan power system without
reverting to the exploitation of fossil fuels. For instance,
there are widely confirmed synergies between wind power
and hydropower systems. Studies carried out in
Venezuela [22], Colombia [23] and Brazil [15] revealed
that the seasonal complementarity of regimes of wind
power generation compared to the predominant
hydroelectric production of each country. The studies
demonstrated a reliable wind power generation both
during dry seasons and ENSO events.
Regarding other means of power generation,
distributed generation is an alternative to assure the
security of power systems. According to [24], distributed
generation represents a clear opportunity for standby
capacity or peak use capacity (peak shaving). These
strategies consist of onsite generation of energy during
peak hours, thereby reducing the need for high-power
capacities from the local utility, and inherently decreasing
the energy demand from the central power system.
The complementarity of wind power generation with
the current power system of Venezuela is an opportunity.
The integration of this RES diversifies the national power
grid and improves resilience. Moreover, decentralized
systems facilitate the necessary transition to RES in the
near future.
The urban environment constitutes the setting in which
this transition can be fostered by implementing such
decentralized systems. The building typologies of most
cities in developing countries facilitates the exploitation of
wind energy, as well as it constitutes a platform to easily
balance vectors of energy production and consumption in
close vicinity.
In urban areas, both producers and consumers can
experience several benefits of implementing RES. For
instance, energy and economic savings due to reduced
consumption of base-load during periods of high demand,
user-autonomy, reliability, and a more secure and flexible
power system. Moreover, the use of low-cost technologies
for energy production and storage offers alternatives that
are economically feasible, and thus the basis to foster the
transition towards renewable energy sources in
developing countries.
This paper describes a novel and holistic approach to
utilizing low-cost technology for the on-site generation and
storage of electricity in a dense urban context. The
approach is exemplified using a case study in Caracas/
Venezuela. In order to acknowledge the specific context of
the site, the approach addresses technological, socioeconomic and environmental factors, together to
constrains of urban and architectural design of a power
system for a building.
1.1

end of 2011 [25]. Tall buildings (high-rise buildings and
skyscrapers) are a predominant architectural typology for
the future. Currently, 1,104 high-rise buildings (50-100m)
and 34 skyscrapers (>100m) shape Caracas’ skyline [26].
This building typology used to be part of a prosperous
society in the mid-seventies. Today, this typology
responds to the phenomena of rapid urbanization and the
strong housing crisis in the country [27].
The Torre David Complex (TDC) consists of a once
abandoned set of five buildings (Fig. 4a) located in the
financial core of Caracas. Today, the TDC hosts an
informal settlement of 3000 people/750 families selforganized in separate dwelling units (DU). The most
prominent building is Building A, a 45 story, 190m height
skyscraper, whose top 15 stories are still empty (Fig. 4a).
A progressive dismantling of the façade and inner spaces
was carried out over the last five years.
In an admirable effort, the inhabitants of the TDC have
organized an improvised infrastructure of electricity, water
and mobility. Only this infrastructure makes living in the
abandoned complex even possible. Its maintenance and
operation creates jobs and identification. Improvements
are only possible by acknowledging the community, by
asking the inhabitants to contribute with their knowledge,
power and ingenuity. Realizing and integrating the
environmental potentials on site, the existing architecture
and its verticality, as well as the strong sense of
community, opens up a path towards a livable and
sustainable present and future, currently hindered by
power and water outages2.
1.1.1

Existing electricity and water systems

The electricity infrastructure consists of a self-constructed
connection to the local grid and a local network in the
complex. Although every DU is connected to the local
network, the system is susceptible to overloading and
power outages during peak periods and dry seasons.
The current water infrastructure in the TDC is
composed of a limited pumping and distribution system
connected to the central grid, which is operated once or
twice a week. The system is susceptible to intermittent
outages during dry seasons, when water is scarce. In
2011, the country and the city of Caracas had a 25%
deficit of water [28].
1.1.2

Demand for resources

The demand for resources of the TDC (Fig. 1) is
equivalent to one-third of the Venezuelan average and
only one-fourth of the European average. The low water
demand is attributed to restrictions in the supply system
and water outages. The low electricity consumption is due
to power shortages and lack of high energy-demanding
appliances such as air-conditioning, hot water heaters,
and dishwashing machines [29]. Likewise, the low
emissions are due to low electricity and heating energy
consumption and a large share of hydropower in the
power mix of Caracas.

Case study

By the end of 2004, more than 9,798 tall buildings were
constructed in Latin America, for a total of 38,063 by the

2

For more information: http://ciudadevolutiva.com/tag/torreconfinanzas/. [Spanish]
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2

kW/m .yr) on the surfaces of the TDC and a few zones for
solar generation, limited to the roofs of Building A and
partially those of the buildings B and P. Both vertical and
horizontal areas are shaded by Building A, especially
during noon in the months of June, July and August, when
solar radiation is at its annual high.
Another limitation of solar generation is the low
positioning of photovoltaic technologies in the Venezuelan
market [3], which makes installation and commissioning
difficult (see section 2.4).
The composition of the TDC complex offers primarily
vertical surfaces, which are not as suitable for harvesting
solar energy at Caracas’ latitude. However, the height of
building A (190m) and the good exposure of large
surfaces to wind velocities over 4m/s (60% of the time) are
a good potential for wind energy harvesting, especially, on
the Northern and Eastern facades.
In contrast to solar energy, the dynamic behavior of
wind energy (Fig. 3) facilitates the direct supply of energy
during nighttime. Moreover, wind energy can be generated
by simple and low-cost technology requiring less
maintenance and a non-expert labor for its operation. In
the context of the TDC, there is a high opportunity to
involve the community in the construction and operation of
a new energy system. This property would facilitate the
level of social acceptance and integration necessary for
the use of innovative infrastructure in the building
complex.

Fig. 1 Resources consumption of TDC, Venezuela and EU-27.
Elaboration based on [30], [31] and [32], (Inserted with
authorization of [33])

The demand for resources in the TDC follows typical
fluctuations relative to the behavior of inhabitants in
adjoining nations with a similar income status and cultural
characteristics. Under this assumption, the demand
patterns of the TDC can be approximated to the
consumption profile of resources for the average lowincome communities of Medellin/Colombia (Fig. 2).
The demand patterns present three peak periods
usually in the morning, at noon and in the evening, when
40% of all the resources are consumed and the highest
needs in terms of power are attained.
The low demand for electricity in the TDC is expected
to be reduced by at least 10% in the near future as a result
of the strict energy saving policies of the Venezuelan
government [30].
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1.2

Power system concept

RES are constrained by time, usually lacking capacity
when the major peaks take place (Fig. 3). In order to shift
surpluses of energy and mitigate the intermittency of the
sources, storage is necessary. Converting electrical
energy into mechanical energy using a pumped hydro
storage system is an opportunity in the context of the
TDC, where it can be combined with existing water
infrastructure and the skills of the inhabitants to build and
maintain such a system.
Based on the concept of [33], two circuits for
generation and storage (Fig. 4b) allow for a further
occupation of Building A once a better infrastructure be
developed. The system is based on the complementarity
of wind-based power systems and pumped-hydro storage
as an alternative for centralized [36, 37, 38 & 39] or
decentralized generation [40 & 41].

Renewable energy sources

Solar and wind energy are the RES available at the TDC.
Venezuela receives a solar insolation between 4 and 6
2
kW/m . However, factors such as microclimate, feasibility
of technology, and shape of the TDC limit suitability.
According to the weather station La Candelaria in Caracas
[35], the city is often cloudy when peak solar radiation is
expected. Cloud cover reduces the amount of solar
2
radiation from 1600 kWh/m .year regionally to 1000
2
kWh/m .year locally. A simulation carried out via Ecotect3,
showed a low range of solar insolation (300-1000
3

For more information: http://usa.autodesk.com/ecotectanalysis/
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1.2.1

Qualitative and quantitative aspects of the available
energy sources were obtained from environmental data of
the weather station La Candelaria in Caracas [35].
Prevailing wind velocities and directionality were identified
at 15 m above ground (10km/h, NE). The wind logarithmic
law suggested by [42] Eq. ( 2 ) was then used to estimate
the profile of wind velocities in the building. Average
velocities were grouped in zones of +- 0.1 m/s differences
as explained in Table 1.

Pico wind power system

The proposed energy system for peak power supply (Fig.
4a) consists of a wind power generation system installed
as a complementary element to the today’s physically
open façade of Building A. The system is sized to cope
with the daily peak load of the TCC (Fig. 2). Its installation
as part of a new image of Building A aims at exploiting the
wind energy and human potentials on site.
1.2.2

𝑉4 /𝑉8 =

Pumped pico-hydro storage

2.1

Methodology
Sizing of generation system

$#$
The peak load supply (𝑆"#
) Eq. ( 1 ) represents the
amount of energy necessary to cover the peaks of
demand plus an additional eight percent, which represents
the direct wind energy that cannot be stored and the
related losses to cycles of charge and discharge. It is
assumed during the calculation process that this load is
equal to the demand in average periods of Δ𝑡 = 1 ℎ𝑜𝑢𝑟.
$#$
$#$
𝑆"#
= 1.08 ∙ 𝐷"#
= 1.08 ∙

45
678 𝑓

𝑡 Δ𝑡 − 𝐸; ∙ 𝑇

(2)

In Eq. ( 2 ), 𝑉8 is the reference wind speed in m/s, 𝑉4 is the
wind speed at height ℎ4 in m, ℎ8 is the r height of
reference = 15 in m, ℎ4 is the height at wind speed 𝑉4 in
m, and 𝑧F is the roughness length = 1.64 in m.
In order to identify the potential facades of the building
where wind turbines could be installed, a wind-tunnel
simulation was carried out with the software Vasari5 for the
TCC every 15 m in height, obtaining the zones where
useful wind velocities were likely to be present more than
60% of the time for a standard year. For Building A, these
zones consisted in the eastern facade from floor 6 to 30
and in the northern facade from floors 16 to 45.
Once the available zones for wind power generation
were identified, a technical and economical assessment of
potential technologies was carried out. Two technologies
were analyzed; Technology A ( 𝑇G ) consists of racks of
small pinion-shaped horizontal axis wind propellers (∅ ≈
25 𝑐𝑚) interlocked horizontally to produce mechanical
work. In contrast to single wind propellers, this technology
only uses one rotor with a rated power of 50W at 10 m/s.
The wind propellers then transfer the mechanical energy
collected to one single rotor for the generation of electricity
6
. Due to its size and configuration, 𝑇G can be fastened on
all facades as part of the architectural composition of the
building. On the other hand, Technology B (𝑇P ) consists
on a traditional small horizontal axis wind turbine (∅ ≈
1.5 𝑚) with a rated power of 300W at 10 m/s; its size and
free span restrictions limit its applicability to the top
unoccupied floors. Both technologies have equal cut-in
speed ≈ 4m/s and cutout speed ≈ 12-15m/s.
The maximum power output of each technology 𝑇Q in
the zone 𝑍S was calculated in Eq. ( 3 ) [43].

Water supply is one of the most essential needs of the
TCC’s community. In a twofold approach, the water supply
system is updated to store and generate energy. This
pumped pico-hydro storage not only provides a more
constant water supply throughout the year, but it also
allows the storage of energy and water during dry season.
The water system employs a simple yet intelligent
principle (Fig. 4b). An array of water tanks on different
floors of the tower is filled using pumps driven by the
electricity surplus during periods of high wind potential.
Water is pumped up to reservoirs positioned at a higher
level than the occupancy. When the reservoir has been
filled, the daily demand of water is supplied to customers.
On demand, these reservoirs supply a series of pico-hydro
turbines arranged in parallel. In this way a portion of the
electrical demand needed at peak times can be supplied
from stored wind energy.
The pumped pico-hydro storage system can
accumulate enough water to sustain the TDC during a
four-day long water outage. The system is configured to
provide an update to the existing infrastructure for fresh
water supply, providing continuous flow of water while
regulating its deployment based on the capacity of
intermediate storage tanks presented in Fig. 5.
In order to host the necessary piping and electrical
infrastructure, Building K will be extended in height to form
an infrastructure backbone for the tower complex.
2.

ln ℎ4 /𝑧F
ln ℎ8 /𝑧F

𝑃𝑑Q,S =

]
𝑃Q,S
𝜌𝐴\$6
Q 𝑉S
VWXYY = 𝑛Q .
VWXYY
𝐴Q
2𝐴Q

(3)

In this equation, 𝑃𝑑Q,S is the power density of technology 𝑇Q
2
in the zone 𝑍S in kW/ m , 𝐴\$6
is the net area of the wind
Q
VWXYY
2
propeller of technology 𝑇Q in m , 𝐴Q
is the net area plus
2
free span area necessary in m , 𝜌 is the air density in the
3
zone 𝑍S ≈ 1.2 in kg/m , 𝑛Q is the rated average efficiency
of technology 𝑇Q , and 𝑉S is the rated average velocity for
zone 𝑍S in m/s.
According to [44], the technical potential of a
technology can be obtained from Eq. ( 4 ). A slight

(1)

$#$
$#$
In Eq. ( 1 ), 𝑆"#
is the peak load supply in kWh, 𝐷"#
is
the total demand during peak period in kWh, 𝑇 is the total
daily hours (24h), 𝐸; is the minimum demand supply in
kW << where for the point 𝑃 𝑡8 , 𝐸;, , 𝑓′′ 𝑡8 , > 0 and

4

After Cook, 1990 [42], this value refers to a roughness length
‘class 4’, characteristic of large cities with high buildings and
skyscrapers.
5
For more information: http://labs.autodesk.com/utilities/vasari/
6
For more information:
http://www.motorwavegroup.com/new/motorwind/houses.html

𝑓′ 𝑡8 , = 0 >>, 𝑓 𝑡 is the demand profile function provided

as a list of normalized values of the average daily demand
of energy (Fig. 2).
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(a)
(b)
Fig. 4 (a) Concept for pico – windpower turbines on facades with prevailing wind orientation and extension of building k as backbone
for networking of adjacent buildings. (b) Concept for pumped pico hydro storage on unoccupied floors and division in two main circuits
for operation. (Inserted with the author’s permission, Schlueter et al, 2012 [33])

In these equations, 𝐸Q,S is the potential annual energy
2
generation of technology 𝑇Q in Zone 𝑍S in kWh/m per
year. 𝐺Q,S is the relative energy generated with the
2
technology 𝑇Q in the zone 𝑍S in kWh/m per year, 𝐴S is the
2
total area available in the zone 𝑍S in m , and 𝐶𝐹Q,S is the
capacity factor of technology 𝑇Q in the zone 𝑍S .
For this calculation, 𝐶𝐹Q,S was assumed to be equal to
the frequency of wind velocities in the prevailing wind
direction. For the northeast direction, this value was about
50% of the time, which can be considered a good
approximation in terms of average values for yearly
operation. This high value compensates the low average
efficiency considered in both technologies (𝑛Q ).
Suitable zones for energy generation were then
identified. These zones consisted of areas where the
maximum energy potential exists. In this case, those areas
refer to the top of Building A, where the highest wind
velocities are present. In order to address the full
integration of the wind technology into the building, the
distribution of the system over all the building facade
rather than clustering it in one single zone. The formula to
assess each technology 𝑇Q relative potential in a
determined Zone 𝑍S is described in Eq. ( 6 ).

modification was added to this equation in order to
consider the relative generation capacity of every zone,
that allows zones with more area but less energy
availability to be compared Eq. ( 5 ).
Table 1
Assessment of average velocities, relative potentials and potential
technical energy generation for every zone. The red line
represents the threshold for operation of the wind power
technologies ≈ Cut-in speed ≈ 4m/s, Cut-out speed ≈ 15m/s is
out of range. The green line represents the threshold where
technology 𝑇^ can be implemented as part of the architectural
composition of site. This table can be read: e.g. for technology 𝑇_
zone 9 will produce 48% - (- 61%) = 109% more energy per unit
of area than zone 2.
𝑍S
(-)

Floor
range
(-)

Height Range

𝑉S

(m)

(m/s)

𝑅𝑃G,S 𝑅𝑃P,S
(%)

𝐺G,S

𝐺P,S

(%)

(kWh/
m2.yr)

(kWh/
m2.yr)

9
8
7

41 - 45
36 - 40
31 -35

168.9 - 190
147.8 – 168.9
126.7 – 147.8

8
7.8
7.5

48
37
25

6
0
-7

336
310
283

158
150
140

6
5
4
3
2
1

26- 30
21 - 25
16 - 20
11 - 15
6 - 10
1-5

105.6 – 126.7
84.4 – 105.6
63.3 – 84.4
42.2 – 63.3
21.1 – 42.2
0 – 21.1

7.3
6.9
6.5
6
5.1
3.3

12
-3
-20
-38
-61
0

0
0
0
0
0
0

252
219
182
139
88
0

0
0
0
0
0
0

𝑅𝐺Q,S =

f
S78 𝐺Q,S

𝐺Q,S −

𝑛

f
S78 𝐺Q,S

𝑛

𝐸Q,S = 𝐶𝐹Q,S ∙ 𝐴S ∙ 𝑃𝑑Q,S ∙ 8760ℎ

(4)

𝐺Q,S = 𝐸Q,S /𝐴S

(5)

∙ 100 ; ∀𝐺Q,S ≠ 0

(6)

In this equation, 𝑅𝐺Q,S is the relative potential of technology
𝑇Q in zone 𝑍S in %, and 𝑛 is the total number of zones
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analyzed. Positive values in this formula indicated a
potential above the average of all the zones and negative
values the opposite (Table 1). This potential is related to
the size, supply load and physical constraints in terms of
the positioning and operating velocities of each
technology.
An economic assessment was carried out based on
levelized energy costs (LEC) Eq. ( 7 ), and turnkey
investment (TI) [45]. For this, only the most suitable zones
in the building were considered (i.e. 𝑅𝐺Q,S > 0).

𝐿𝐸𝐶 =

+ 𝑀Q,6 + 𝐼Q,6
(1 + 𝑟)6
𝐸Q,6
f
678 (1 + 𝑟)6

In Eq. ( 8 ), 𝐸YuW"#uY,6 is the amount of energy for ∀𝑡 where
𝐷6f$6 > 𝑇"Yt in kWh, 𝐷6f$6 is the demand of energy in t in
$#$
kWh, 𝑆"#,6
is the peak load supply in t in kWh, and 𝑇"Yt is
the target for peak shaving = 𝐸; in kW.
The results in Fig. 3 show that the surplus of energy
during off-peak periods was equal to 1.5 times the energy
deficit Eq. ( 9 ) (energy necessary to cover the peak of the
demand Eq. ( 10 )) for the defined value of 𝑇"Yt .This
relationship proportionately established the number of
hours that the pumping/turbine cycle should be turned on.

f 𝐼Q,6
678

(7)

1.5 ≈

In Eq. ( 7 ), 𝐿𝐸𝐶 is the levelized electricity cost in $/kWh,
𝐼Q,6 is the investment expenditures of the technology k in
the year t in $, 𝑀Q,6 is the expenditures due to operation
and maintenance (O&M) of the technology k in the year t
in $, 𝐹Q,6 is the electricity generated by the technology k in
the year t in kWh, 𝑟 is the Internal return rate ≈ 0.1, and 𝑛
is the lifetime of the system ≈ 20 in years.
For this analysis, installation (INST), operation and
maintenance (O&M) costs were considered a percentage
of the costs of wiring, inverters, wind turbines, and control
units. For the case study TDC, both O&M and INST costs
are relatively low due to the inclusion of the community’s
workforce. Results of the analysis are in Table 2 and Fig.
11.

𝑃Q (𝑊)
𝑛Q (-)
2
VWXYY
𝐴Q
(m )
2
𝐴\$6
(m
)
Q
$#$
Units for 𝑆"#
𝑇𝐼 per unit ($/un)
𝑇𝐼 (Millions of $)
INST (TI%)
O&M (TI%/yr)
𝐿𝐸𝐶 ($/kWh)

Technical aspects
50
0.28
0.38
0.29
Economical aspects
3027
336
0.98
2
3
0.35

$#$
𝑆"#,6
$#$
𝑆"#,6

= 6tXuWY /4tXuWY

(9)

( 10 )

The dynamic head of pressure for pumps and turbines
was calculated according to [46], [47]. The system of
equations is described during charge in Eq. ( 11 ) [48], and
during discharge in Eq. ( 12 ) of the storage. In these
equations, 𝐸"$#$ is the total electric energy consumed in
kWh, 𝑃"$#$ is the total electric pump power in kW, 𝐻~," is
the total dynamic head of the pump in m, 𝑄" is the water
3
flow pumped in m /s, 𝑛" is the pump efficiency, 𝛾: is the
3
specific gravity of water = 9.81 in kN/ m , and Δ𝑡 is the
time interval of continuous operation (1h).

𝑇^

𝐸"$#$ = 𝑃"$#$ . Δ𝑡/𝑛 = 𝑄" 𝐻~," 𝛾 . Δ𝑡/𝑛

( 11 )

𝐸~$#$ = 𝑛 ∙ 𝑃~$#$ . Δ𝑡 = 𝑛 ∙ 𝑄~ 𝐻~,~ 𝛾 . Δ𝑡

( 12 )

In Eq. ( 12 ), 𝐸~$#$ is the total electric energy generated in
kWh, 𝑃~$#$ is the total electric turbine power in kW, 𝑃~f$6 is
the total turbine power in kW, 𝐻~,6 is the total dynamic
3
head of the turbine in m, 𝑄~ is the water flow in m /s, and
𝑛" is the turbine efficiency. A list of assumptions is
presented in Table 5.
The operation of pumps and turbines was considered
to be continuous during a period of minimum one hour and
at an optimal head and pressure flow for maximum
efficiency.
The sequence of operation of both pumps and turbines
was determined with the system of equations of Eq. ( 13 ),
( 14 ), ( 15 ) and ( 16 ).

300
0.36
18.5
2.5
135
5.760
0.75
10
10
0.42

Once the selection of technology was carried out, the
system was sized according to the number of units (of the
$#$
technology) necessary to satisfy 𝑆"#
. The profile of wind
power generation was obtained from another case study in
the area [34] (Fig. 3).
2.2

y";
678";
8F";
67z";

$#$
𝐸v$wSxS6,6 = 𝐷6f$6 − 𝑆"#,6
− 𝑇"Yt < 0
f$6
∀𝑡 , 𝑤ℎ𝑒𝑟𝑒 𝐷6 > 𝑇"Yt

Table 2
Technical and economical variables of technologies assessed for
$#$
a scenario with a peak supply load of 𝑆"#
= 347 𝑀𝑊ℎ/𝑦𝑒𝑎𝑟.
𝑇_

𝐸YuW"#uY
=
𝐸v$wSxS6

$#$
$#$
𝐸",6
→ 𝐸YuW"#uY,6 ≈ 𝑃",6
∙ Δ𝑡

$#$
$#
𝐸~,6
→ 𝐸v$wSxS6,6 ≈ 𝑃~,6
∙ Δ𝑡

( 13 )
( 14 )
( 15 )

$#$
𝑁~,6 = 𝐸v$wSxS6,6 /𝐸~,6

( 16 )

$#$
𝑁",6 = 𝐸YuW"#uY,6 /𝐸",6

Sizing of energy storage system
$#$
In these equations, 𝐸",6
is the electric energy surplus
$#$
stored in t in kWh, 𝑃",6 is the power necessary in t in kW,
$#$
𝑁",6 is the number of pumps operating in t, 𝐸~,6
is the
$#$
electrical energy deficit supplied in t in kWh, 𝑃~,6 is the
power necessary in t in kW, and 𝑁~,6 is the number of
turbines operating in t.

The size of the storage was constrained to a target for
peak shaving, 𝑇"Yt , which is equal to the limit 𝐸; stated in
Eq. ( 1 ).
For intervals of Δ𝑡 = 1 ℎ𝑜𝑢𝑟 , Eq. ( 8 ) was used to
calculate the energy surplus to store.
$#$
𝐸YuW"#uY,6 = 𝐷6f$6 − 𝑆"#,6
− 𝑇"Yt > 0

(8)
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3 x 5m3
ф 20

ф 12

4 x 4 m3

16 x 1.4kW
I-1

Watermain

3 x 150 m3

12 x 3.8 kW

Fig. 5 Schematics for pumped pico hydro storage. The figure describes the two main circuits to operate in the tower. Pipelines for
fresh water supply and intermediate storage tanks are calculated to operate by gravity at a minimum pressure of 50 kPa. Daily
3
operation implies an intake of 115 m of fresh water for all the inhabitants in the tower under a two fase development scenario.

The storage capacity of the reservoir located in the
center of the building 𝑆𝑇𝑂x depends on the pumping rate
of the bottom of the tower and the water flow required for
operating the two circuits of storage. In other words, the
amount of water stored by the first circuit of the tower is
the intake for storage 𝑆𝑇𝑂~ in a higher level of the second
circuit at a same interval of time.
Eq. ( 17 ), ( 18 ), ( 19 ) and ( 20 ) describe the
behavior during time of the three storage units for Building
A. Based on these equations the storage needs were
estimated.

Separate pipe lines for turbines and pumps were
considered so that a constant and regulated flow can be
guaranteed and the energy stored becomes not higher
than that defined by Eq. ( 8 ). Further research will
optimize the operation cycle of this system either by
reducing or increasing the power capacity of every pump
or turbine in order to minimize the number of units
required to balance daily profiles of energy supply and
demand.
While sizing the storage system, the amount of water
pumped to the top is more or equal to the total amount of
water falling down at the end of the cycle. This aspect was
a challenging task, because the amount of energy to store
is not equal to the amount of energy to supply at every
interval of time, requiring control of the amount of flow
necessary only to cover those energy needs without
exhausting the storage first. After analysis, this value is
equal to the storage capacity required for the bottom
reservoir 𝑆𝑇𝑂^ of the circuit 1 in Fig. 4.

𝑆𝑇𝑂^ = 𝑖 ∙
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y";
6784";

8
8
𝑄",6
𝑁",6
≥𝑖∙

8F";
67y";

8
8
𝑄~,6
𝑁~,6

( 17 )

8
4
8
4
𝑆𝑇𝑂x,6 = 𝑆𝑇𝑂x,6‡8 + 𝑖 ∙ 𝑁",6
𝑄ˆ,6
− 𝑖 ∙ 𝑁",6
𝑄ˆ,6
∀𝑡, 12𝑝𝑚 < 𝑡 ≥ 6𝑝𝑚
𝑆𝑇𝑂x,67F ≥ 1𝑚3

( 18 )

8
8
4
4
𝑆𝑇𝑂x,6 = 𝑆𝑇𝑂x,6‡8 − 𝑖 ∙ 𝑁~,6
𝑄~,6
+ 𝑖 ∙ 𝑁~,6
𝑄~,6
∀𝑡, 6𝑝𝑚 < 𝑡 ≥ 10𝑝𝑚

( 19 )
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𝑆𝑇𝑂x,67F ≥ 1𝑚3
𝑆𝑇𝑂~ = 𝑖 ∙

y";
6784";

4
4
𝑄",6
𝑁",6
≥𝑖∙

8F";
67y";

4
4
𝑄~,6
𝑁~,6

Efficiency 𝑛" (-)
Total dynamic head of pressure 𝐻~," (m)
Static head of the system 𝐻Y6 (m)

( 20 )

𝑃~$#

Electric rated turbine power
(kW)
Number of identical turbines in parallel
𝑁~ (-)
3
Operation flow 𝑄~ (lt /s)
Diameter of main injection nozzle 𝐷~
(mm)
Efficiency 𝑛 ~ (-)
Total dynamic head of pressure 𝐻~,~
(m)
Static head of the system 𝐻Y6 (m)

Results

The next results were calculated following the
methodology described above and considering the
opportunities regarding demand reduction in the context of
the TDC presented in section 1.1.2.
2.3

2.3.1

Table 3 - Table 6 present the design values of the power
system. Due to the complexity of the system and the
uncertainty about future occupancy, it is assumed that an
infrastructural development in two phases could cope with
present and future peak demands. Fig. 5 presents a
scheme of the pumped pico-hydro storage system and a
conceptual configuration of the water supply network of
Building A. This structure will connect all five existent
buildings to the system of energy generation and water
supply.

2.3.2

76
377
4280
5– 6

27
131
1101
7–9

Peak power generated (kW)
Energy produced (MWh/yr)
Number of Wind units (-)
Location in Zone 𝑍S (-)

Table 4
Characteristics of pumped pico-hydro storage system in circuits 1
and 2, under a two phase development scenario.

Storage capacity (kWh)
Energy for charging (MWh/yr)
Energy
for
discharging
(MWh/yr)
Overall efficiency (-)
Location in Zone 𝑍S (-)

Circuit 1

Circuit
2

65
69

20
24

23

8

0.32
1– 6

0.33
7–9

2.4
2.4.1

Table 5
Characteristics of pumping system for pumped pico-hydro storage
in circuits 1 and 2.
Electric rated pump power 𝑃"$# (kW)
Number of identical pumps in parallel 𝑁"
(-)
3
Operation flow 𝑄" (m /s)
Diameter of main pumping line 𝐷" (mm)

Circuit 1

Circuit 2

3.8

2.8

12

5

2-2.5
50

2-2.5
50

Circuit 2

1.4

1.1

16

7

2.5-3

2.5-3

10

10

0.7

0.7

74

74

98

81

Load balancing/Peak shaving

Sensitivity cases

The cases in Fig. 7 simulate the variability of supply and
demand alternatives in the range of +- 10% .
According to Fig. 8 the storage size is reduced by 57% when either demand or supply decreases by 10%. In
this case, the number of turbines and pumps (Fig. 9) are
also reduced by 5-7 %. On the other hand, the target for
peak shaving (Fig. 6) increases by 5% once supply
decreases in 10%. In contrast, this value decreases by
18% when the demand is 10% less (Fig. 7).
Consequently, the operation of the system will depend
on the threshold of peak shaving, value that describes the
amount of energy to store and to deliver to the system. In
a similar manner, the pumped pico-hydro storage system
is flexible enough to be easily operated in the days when
flows of energy supply or demand are either high or low.
This will depend directly on the number of pumps and
turbines turned on in connection to ther threshold.

Table 3
Characteristics of pico-wind power system in circuits 1 and 2,
under a two fase development scenario.
Circuit 2

Circuit 1

Taking into consideration the energy losses in the system,
24% of the yearly energy demand is supplied out of a total
30% of the energy demand generated. The low efficiency
of the pumped pico-hydro storage accounts for a total loss
of 25% of the annual energy generated. Under the
assumptions explained in 2.1 and 2.2, a “shaved profile” of
the energy demand is represented in Fig. 6.

Technical feasibility

Circuit 1

0.8
104.4
81

Table 6
Characteristics of electricity generation system for pumped picohydro storage in circuits 1 and 2.

In these equations, 𝑆𝑇𝑂x,6 : Storage capacity during t in
3
8
8
m , 𝑆𝑇𝑂x,6‡8 : Storage capacity during t-1 in m , 𝑖 ∙ 𝑁ˆ,6
𝑄ˆ,6
is the amount of water required by circuit 1 during t while
8
8
charging, 𝑖 ∙ 𝑁~,6
𝑄~,6
is the amount of water required by
4
4
circuit 1 during time t while discharging. 𝑖 ∙ 𝑁ˆ,6
𝑄ˆ,6
: defines
the total amount of water required by circuit 2 during t
4
4
while charging, 𝑖 ∙ 𝑁~,6
𝑄~,6
is the amount of water required
by circuit 2 during t while discharging, and 𝑖 is the time of
charge/discharge (= 3600) in seconds.
3

1

0.8
123
98

Economic feasibility
Sensitivity cases

Five possible cases for the transformation of the TDC
towards using wind energy over the next 20 years are
analyzed. This analysis includes estimations about
occupancy, demand growth and implementation stages.
A first case consists of the implementation of the wind
power system and the pumped pico-hydro storage system
in Building A. The installation is provided in zones 5 and 6,
where the highest wind potential in occupied zones exists
(Table 1). A second case differs from the conditions of the
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Capacity((m3)(

first one through a subsequent implementation of the
power system in the most suitable zones (zones 7, 8 and
9 in the top of Building A), providing the generation
capacity necessary to meet the demands of a future
occupancy (i.e., 40% of todays). A third case consists of
the homogeneous construction of the wind power system
on the most suitable zones of Building A (zones 6, 7, 8, 9),
meeting the current occupancy needs. In contrast, a fourth
case consists of the most efficient configuration of the
wind power system located in zones 6, 7, 8 and 9, and
meeting the demands of a possible future growth of 40%.
A fifth case has been planned in order to compare the
energy costs of incurred when the occupancy increases
100%. Zones 6, 7, 8 and 9 are considered for this last
situation. The results of the economic analysis are shown
in Fig. 10.
Among the options for future development, the fourth
case is the most promising solution to promote in the TDC.
The initial investment cost remains proportional to the
number of inhabitants, and the cost of energy is one of the
lowest compared to other cases under the same
assumptions of prices.
While the rate of investment can be quite high in
comparison to the average income per family in the TDC
($414/month), a financing plan can be organized to a
certain extent using crowd funding as a mechanism of joint
investment for mutual benefit [49]. The potential 4500
inhabitants of the complex could be able to finance the
initial investment cost which represents close to 25% of
their yearly income, obtaining not only benefits in terms of
security of energy and water supply, but also indirect
advantages in terms of internal jobs for maintenance and
operation of infrastructure.

600"

Ref4case"central"storage"
Ref4case"top"storage"
+10%"winpower"
410%"demand"

500"

Ref4case""bo=om"storage"
410"%"windpower"
+10"demand"

Cases(of(daily(opera4on(cycle((
of(Storage(tanks((
470"
450"
445"
420"
415"

400"

"
Charge"

300"

Discharge"

200"

100"

0"
Noon"

1"pm"

2"pm"

3"pm"

4"pm"

5"pm"

6"pm"

7"pm"

8"pm"

9"pm"

10"pm"

Fig. 8 Comparison of cases of daily operation cycle of storage in
circuits 1 and 2.

Hence, the TDC should be occupied 40% more in the
next 20 years in order to achieve low energy prices,
internal funding alternatives and a 100% utilization of the
area in relation to the existing Venezuelan housing crisis.
N%(+)%
25$

Cases%of%daily%opera5on%cycle%%
%of%Pumps%and%Turbines%
%

Ref!case$pumps/turbines$
!$10%$Windpower$
+$10%$windpower$
+$10%$electricity$demand$
!$10%$electricity$demand$
Ref!case$storage$load$

20$
15$

Load%(kW)%
120$
100$
80$
60$

10$

40$

5$

Turbine's$
operaGon$

20$
0$

0$
1$pm$

2$pm$

3$pm$

4$pm$

5$pm$

6$pm$

7$pm$

8$pm$

9$pm$

10$pm$

!20$

!5$
!40$
!10$

Pumps'$
operaGon$

!60$

!15$

!80$

Fig. 9 Comparison of cases of daily operation cycle of pumping
and turbine systems in circuits 1 and 2.

2.4.2

Generation systems

Load%(kW)%
250"

Power availability of the source and the cost of technology
implementation play important roles into the levelized
electricity generation costs of different systems. In
comparison to solar photovoltaic systems, wind energy
systems are able to generate energy at a third of the price
for the case study analyzed (Fig. 8). These systems
assessed under the case number 3, represent the only
economically feasible alternative in the site.

Peak%Shaving%

Target"for"peak"shaving"
New"base"load"
Windpower"genera>on"

200"

Peak"
Load"
Supply"

150"
Supplying"26%"by"WIndpower"and"
shiHing"energy"surplus"to"peak">me"

100"

Base"
Load"
Supply"

50"

2.4.3

0"
1"am"

4"am"

7"am"

10"am"

1"pm"

4"pm"

7"pm"

10"pm"

Fig. 6 Peak shaving with the suggested decentralized power
system at local level.
Load%(kW)%
300$

Storage$discharge$
Base$load$
Demand$load$

Winpower$genera7on$
Storage$charge$

Cases%of%daily%opera3on%cycle%
of%Windpower%System%%

300$

200$

100$

100$

0$

Supply$
Load$

0$

!100$

!100$

!200$

!200$

!300$

The efficiency of technologies and O&M costs (in the case
of pumped pico hydro storage system) play a major role in
the levelized electricity generation cost of storage
systems. While pumped pico-hydro storage system costs
are twice as high as other electrochemical energy storage
systems (Fig. 12).

Load%(kW)%

200$

Reference$$

!$10%$windpower$$

+$10%$windpower$$

+$10%$demand$load$

!$10%$demand$load$

Storage systems

Demand$
Demand$
Load$
Load$

!300$

Fig. 7 Comparison of cases of daily operation cycle of peak and
base load supply in circuit 1.
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Investment%%

Levelized%%
Electricity%Cost%
(CHF/kWh)%

hydro system provides in terms of synergies among water,
energy and population.

Economic%analysis%of%power%system% Turnkey%cost%
($)%

0.70%

0.60%

0.50%

0.50%

0.40%

%2,368,016%%

%2,500,000%%

0.49%

%2,000,000%%

0.57%

%1,784,493%%

0.47%

0.47%

2

Discussion

%1,681,116%%

%1,538,290%%

2.5

%1,500,000%%
%1,245,230%%

Structural risk

0.30%
%1,000,000%%

Caracas is located in a moderate-high seismic zone
(grade 5 on a scale of 7) [50] where a quaternary fault lies
as the result of the constant collision between the
Caribbean and South American plates. Despite this
condition, Caracas has not registered a considerable
earthquake since 1967. Further seismic events are
unpredictable.

0.20%
%500,000%%
0.10%

0.00%

%.%%
Case%1%

Case%2%

Case%3%

Case%4%

Case%5%

Fig. 10 Levelized electricity generation costs and turnkey
investment cost for different possible cases of future development
in TDC. Both windpower and pico hydro system costs are
considered in the analysis.

(LEC)*
($/kWh)*

Economic*analysis*of*Technologies*for*local*energy*generaBon*

Table 7
Comparison of foreseen deadweight load and water tanks loads
added to the structure, based on values of Covenin 1756-8082
and ACI 318-83.

(TI)*
($)*
%3,500,000%%

2.10%

%3,195,431%%

1.80%

1.74%

Deadweight load per floor

%3,000,000%%

%2,500,000%%

1.50%

Type
%2,000,000%%

1.20%

Typical
floor
finishing
Brick-Partitions

%1,500,000%%

0.90%
%988,460%%
0.60%
0.35%

%1,000,000%%

%774,939%%
0.42%

0.00%

100
300

1600
1600

1600
4800
6400

Load
3
(kg/ m )
1000

Capacity
3
(m )
280

Deadweight
load (ton)
280

1.037

280

290
570

Deadweight load water tanks

%.%%
Technology*A*

Technology*B*

PV/PANELS*

Fig. 11 Economic comparison per each kWh generated from pico
– wind power system Ta and Tb and PV-panels in case 3. Solar
2
2
insulation on site TCC = 1000 kWh/m .yr. Price Pv/m = USD 700.
2
Inverter/W = USD 0.711. Wiring/m of Pv = USD 0.95. Installation
(% direct costs)= 5, yearly O&M (% direct costs)= 10.
LEC%
($/kWh)%

Economic%analysis%of%Technologies%for%energy%storage%

1.20$

Type
Water storage
Water
tanks
in
concrete (e =0.15)

All the structures at the TDC were designed to meet
the requirements of the Venezuelan standard Covenin
1756-8082 and the American Concrete Institute code ACI
318-83.
The analysis of the seismic response in buildings is
directly related to the distribution and proportion of
deadweight loads. Considering that most of the
deadweight loads foreseen in the structure were never
constructed (floor finishing and partitions), it is possible to
compare the weight that water tanks could add to the
structure. Water storage increases the effect that common
deadweight loads have over the structure; inertia of the
fluid during oscillation induces this effect. An arbitrary
+30% restriction in weight for water is used for this
comparison in Table 7.
The weight of the water tanks does not threaten the
structure’s to seismic events.
In terms of structural statics, the water tanks should
not be located in a configuration that exceeds the design
2
vertical loads per unit of area (i.e. 200 kg/m for distributed
2
forces and 600 kg/m for punctual forces). Due to this
restriction all water tanks should be connected in series
and distributed in several floors.

TI%
($)%
200000$

1.10$
1.00$

Floor Area
2
(m )

%500,000%%

0.30%

180000$

$165,092$$

160000$
0.82$

140000$

0.80$
0.70$
0.60$

$87,636$$

120000$
100000$

$84,410$$
80000$

0.40$

60000$
40000$

0.20$

20000$
0.00$

0$
Pico%pump%hydro%storage%

%Lead%acid%3%2200%cycles%ba8ery%

Deadweight
load
(ton/floor)

Load
2
(kg/ m )

All3Vanadium%redox%%ba8ery%

Fig. 12 Economic comparison per each kWh generated from
pumped pico-hydro storage, a lead acid battery 2200 cycles and
an All Vanadium battery in case 4. TI and LEC of pico pumped
hydro storage are calculated according to prices of 234 USD/HP
3
pump, 850 USD/HP turbine, 5 USD/m main piping , 125 USD/m
of storage tanks, Installation (% direct costs)= 10, and yearly
O&M (% direct costs)= 5. LEC of Vanarium-redox are estimated
according to prices of 420 USD/kW and 230 USD/KWh (incl.
electrolyte, tanks, pumps, controller), Installation (% direct costs)=
15, and yearly O&M (% direct costs)= 15. TI and LEC of lead acid
battery are estimated according to a price of 300 USD/kWh,
Installation (% direct costs)= 15, and yearly O&M (% direct
costs)= 10 .

2.6

The energy storage accounts only for 14% of the entire
costs of the power system. Therefore, by choosing
another alternative such as racks of lead-acid batteries or
Vanadium-redox, general savings of 7% could be
expected. Nevertheless, this benefit could be considered
negligible in comparison to the benefits that the pumped

Comfort

While wind propellers are installed in a free open surface,
they will retain some of the current flow, 59.3% maximum
according to [51]. This condition will create a gentler
breeze in higher floors of the building once the generation
system is installed. The system is dimensioned to cover
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the peak supply load, which represents roughly 30% of the
total demand. As a result, the wind power system could
cover just a small part of the available façade area, giving
the liberty to every DU to choose whether to install it or not
as soon as a minimum quantity of energy is generated.
Noise-related impacts might be considered a concern for
the application of technology A. However, these are
considered negligible in comparison to existing noise from
exterior (i.e., high-traffic road) and internal (i.e., roof-fan
noise) areas.
2.7

vertical beam that connects the city quarter inside of the
TCC, and provides the path for access to services.
2.8

Applicability

Tall buildings are a prevailing typology in Latin
America. Despite the suitability assessment of energy
potentials on-site, and other requirements regarding
façade composition, structural and energy requirements.
Wind and hydropower combined constitutes a strategy
that might be implemented in other locations at the
regional level.
As presented, power outage, water scarcity, and
demand growth and poor rates of infrastructure
development are common issues in Caracas. In contrast,
a high availability of renewable energy sources, a strong
sense of community, joint funding opportunities and the
possibility to reuse existing dense and tall building stock
constitute on-site potentials. This approach and series of
alternatives can be extended to similar contexts.
The applicability of these strategies for power supply in
tall buildings is not only restricted to the environmental and
social potentials on site, but also, to the economic
restrictions that the market imposes on these buildings. In
general, the existing building stock in the private sector
operates as structures of single DU not arranged in a

Visual Impact and Identity

The improvements to the TCC infrastructure influence its
architecture and its appearance (Fig. 13). The façadebased wind power system adds a permanent protective
coating to the facade, satisfying both the stated desire for
a more conventional appearance and eliminating the
negative stigma of marginalized conditions of the selfconstructed ‘barrios’ (slums). In addition to the wind power
systems, the coloring of the makeshift façade elements
creates a colorful and playful exterior, constituting an
exterior identity to proudly present to the surrounding city.
Building K represents a backbone for infrastructure
and vertical mobility. It visualizes the dynamic flow of
media, people and goods during day and night. It is a

(a)

(b)

(c)

Fig. 13 Possible Architectural Intervention. (a) North – east facades. (b) West façade. (c) Windpower system scheeme for façade.
(Inserted with the author’s permission, Schlueter et al, 2012 [33])
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communal scheme, which makes more difficult the
application of crowd funding strategies; furthermore,
unoccupied floors used for the power system would
represent losses in terms of profits per unit of area not
utilized. In contrast, once this investment/market related
issues are overcome, an application of such system could
be feasible for comparable tall buildings in Latin American
countries.
3

Conclusions

The measures outlined before help to improve the quality
of life of the inhabitants of TCC by providing better access
to energy and water supply. The overall consumption of
electricity can be further reduced. Wind energy production
and hydro storage allow for shaving off the local peaks of
electricity consumption, thus balancing out the demand
and stabilizing the local grid. Both measures aim to
decouple a potential increase in wealth of the TCC
inhabitants from the increase in non-renewable energy
consumption, as well as to provide an alternative for the
penetration of RES for Venezuela through the exploitation
of energy and human potentials in urban areas.
The electricity converted by waterfall is just part of the
energy storage needed to make the wind turbines be
useful in the TCC. The wind power system is designed to
supply this pumped pico-hydro storage and the peak
supply load, relieving the grid of about 24% of the total
load of electricity to be supplied, generating certain
autonomy of the building and flexibility to the local grid.
The pumped pico-hydro storage system can achieve
efficiencies in the range of 30 – 35%, which are
considered to be low if compared to massive pumped
hydro storage system (70%-80%); however, its synergy
with fresh water supply and storage during dry seasons,
and its suitability in this context (in technical, economical
and environmental terms), make this kind of storage a
feasible alternative in the TCC.
The power system presented by this research finds
applicability in the developing countries where the
typology of dense tall buildings with unreliable power and
water supply system, but human and environmental
potentials exist.
Power systems can influence architecture of site, as
well as they affect the level of integration of small income
societies, especially in an urban setting where pronounced
uneven social levels are measured in terms of subjective
dimensions such as aspect and economic status.
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CHAPTER III
Integrated model for the characterization of spatiotemporal building energy
consumption patterns in neighborhoods and city districts7
Abstract
This paper introduces a new model for characterization of spatiotemporal building energy
consumption in neighborhoods and city districts. The model addresses the need for a
comprehensive method to identify present and potential states of building energy consumption in
the context of urban transformation. The focus lies on determining the spatiotemporal variability of
energy services in both standing and future buildings in the residential, commercial and industrial
sectors. This detailed characterization facilitates the assessment of potential energy efficiency
measures at the neighborhood and city district scales. Existing methods in urban and energy
planning domains such as spatial analysis, dynamic building energy modeling and energy mapping
are integrated to provide a comprehensive, multi-scale and multi-dimensional model of analysis.
The model is part of a Geographic Information System (GIS), which serves as a platform for the
allocation and future dissemination of spatiotemporal data. The model is validated against
measured data and a peer model for a city district in Switzerland. Energy efficiency measures in
buildings and urban zoning are furthermore studied. This study concludes with potential
applications of the model in educational, urban and energy planning practices.
Keywords: Urban energy modeling, neighborhoods and city districts, thermal micro-grids.

1.

Introduction7

characterization of energy services in buildings and a
diagnosis of their building performance.
A characterization of energy services focused on
spatiotemporal patterns of power and temperature is
especially necessary to assess technologies such as heat
pumps, combined heat and power, and thermal storage,
whose efficiencies are temperature-dependent and whose
economic feasibility depends on correct sizing and
operational strategies [12]–[14]. In a similar way, an
understanding of spatial and temporal variations of the
demand of energy services is required to assess the
feasibility of distributed generation schemes (i.e., smart
grids and district heating/cooling solutions). The
implementation of these schemes is highly constrained to
spatiotemporal patterns of demand and supply, especially
in the case of grids connected to stochastic resources
such as renewable energy sources (e.g., geothermal,
biomass, and solar energy etc.) and sources and/or sinks
of waste heat [15]. The last are generally identified
through the study of power and temperature requirements
of energy services such as process heat, process cooling,
and datacenter cooling, etc.
Swan et al. [14] identified two approaches to
characterize energy services in buildings, top-down and
bottom-up. Top-down approaches relate the energy
consumption of buildings to macroeconomic variables
such as population growth and tax revenues. These
approaches treat the built environment as a black box and
rarely describe in detail the characteristics of the demand,
or the performance of building components. In contrast,
bottom-up models base their estimations on the analysis
of single buildings and are capable to address both the
performance of their components and the physical
properties of their demand of energy services [16].

Cities are hubs of social, cultural and economic activity, as
well as centers of high energy consumption and related
greenhouse gas emissions (GHGE) [1]. By mid-century,
energy demand in cities will probably double as a
consequence of population growth and urbanization [2]. In
order to satisfy energy security and limit global warming,
entire urban areas are being transformed with a strong
emphasis on energy efficiency [3]. In this context, the
building sector provides the highest potential leverage at
the lowest investment cost [4].
Recent studies (i.e., [5]–[7]) have revealed the need to
explore energy efficiency solutions for buildings at the
neighborhood scale (block to city district). It is a scale
large enough to identify patterns of energy consumption
and supply beyond the boundaries of the single building,
but small enough to address concrete solutions. It is in fact
at this scale where most urban transformations in Europe
take place (e.g., [7]–[9]) and where the newest
instruments for financing energy efficiency strategies in
the building sector exist (e.g., [10], [11]).
Energy efficiency measures in neighborhoods consist
of building retrofits, advanced conversion and storage
technologies, endogenous energy resources, and
distributed generation schemes [12]. Planning to integrate
one or more of these alternatives requires a detailed

7
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During the last decade, a significant number of bottomup models have been developed for the spatiotemporal
characterization of energy services in buildings at the
urban scale [14], [17], [18]. The most relevant (i.e., [12],
[16], [19]–[32]) are based on statistical, analytical or hybrid
methods of calculation. Statistical methods are simple and
robust. Based on historical data, they forecast the energy
consumption of buildings as a function of such variables
as appliance ownership, building typology and occupancy.
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They require relatively small amounts of information, and
present a natural ”inertia” while predicting energy
consumption at the city scale [14]. However, their limited
characterization of energy services (e.g., [19], [20], [23])
combined with coarse spatial and temporal resolutions of
analysis (e.g., [21]–[23]) makes their use difficult for the
study of concrete energy efficiency measures in
neighborhoods.
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On the other hand, analytical methods are based on
physical approaches describing the dynamic exchanges of
energy and matter among buildings, users, and the
surrounding environment. These methods generally
achieve a comprehensive characterization of energy
services in buildings at any spatial or temporal scale.
However, their implementation in entire urban areas is
usually constrained to data requirements and overall high
modeling complexity [14], [17], [18]. In order to overcome
these issues and arrive at significant results at an
appropriate computational time, current analytical models
adapt either third party software (e.g., [25], [33]) or
simplified simulation models (e.g., [24], [34], [35]) into city
scale simulations. This adaptation process usually
integrates a wide number of assumptions into existing
calculation routines, reducing modeling complexity in
exchange for a higher uncertainty [17].
New modeling approaches address the uncertainty of
analytical methods by integrating inputs from statistical
data. A series of so-called hybrid models make use of
detailed building audits to furthermore constitute building
archetypes for their use in analytical procedures. For
instance, Yamaguchi et al. [28] generated a database of
more than 600 archetypes for the city of Osaka and
implemented a simple building dynamic model to analyze
energy efficiency measures for space-heating applications
in the commercial sector. Heiple et al. [29] implemented
close to 30 archetypes in the commercial and residential
sectors of the U.S.A. in an adapted version of the software
eQUEST. The authors computed the power demand of
space heating, domestic hot water and electricity in
Houston and visualized the results in a GIS (geographic
information system) framework. In Switzerland, Girardin et
al. [12] constructed a database with more than 70 building
archetypes for the city of Geneve in the commercial,
residential and industrial sectors. In contrast to past
approaches, the authors related these archetypes to the
geometry of buildings of a specific area and calculated
their temperature and energy requirements of space
heating, domestic hot water, space cooling and electricity
with an energy signature model. More recently, Reihnhart
et al. [16] constituted a tool for parametric urban planning
of neighborhoods. The authors used 18 archetypes of the
U.S.A building stock including information about properties
of building components. In contrast to past approaches,
the authors related these properties to buildings of a
specific area and calculated the demand of space heating
and electricity of buildings with an adapted version of the
software EnergyPlus [36].
The previously reviewed approaches are most
commonly limited to applications in the residential or
commercial sectors. They identify a reduced amount of
energy services in buildings (i.e., space heating, space
cooling, domestic hot water and electricity), and focus their
approach only on the description of power requirements
(i.e., [16], [29], [28]). These aspects restrict a detailed
characterization of energy services in neighborhoods as a
whole, and the identification of demand-related sources of
waste heat. Moreover, most approaches do not address
parameters such as solar radiation and self-shading
phenomena, building thermal envelope, HVAC system
performances (i.e., [12],[28]), and building real geometry
(i.e., [29], [28]). These parameters highly influence both
the intensity and the temporal response of energy

services, and represent important variables for a detailed
characterization of energy consumption and the analysis
of energy efficiency strategies in buildings [37], [38].
The model described in this manuscript differences
with past approaches in the detailed description of the
quality (i.e., temperature) and quantity (i.e., power) of
energy services supplied to residential, commercial and
industrial sectors in neighborhoods. These properties of
energy services are described under spatial (building
location) and temporal (hourly) dimensions of analysis.
The model uses a hybrid approach where data from local
building archetypes are used as an input of a new simple
dynamic building energy model. This model describes a
wide number of HVAC systems and energy services,
including those in close relation to sources of waste heat.
The model considers parameters such as solar radiation
on building surfaces, self-shading phenomena, the
interaction of the building with the surrounding
environment and the specific characteristics of their
geometry and their envelope. This last aspect allows
allows for the evaluation of building components
performance. In addition, the model integrates spatial
clustering algorithms to facilitate the analysis of patterns of
energy consumption on the neighborhood scale.
Moreover, the model presents an innovative 4D interface
to facilitate the analysis of spatiotemporal data. A GIS
framework is used as a basis to store, analyze, visualize
and disseminate information.
The model is furthermore tested in a district of
Zug/Switzerland. The district comprises 1392 buildings in
the residential, commercial and industrial sectors.
2.
2.1

Methodology
Overview

The proposed methodology is based on the
development and integration of a hybrid model of dynamic
demand prognosis in a GIS framework (ArcGIS 10.2.1)
[39]. Native algorithms of this platform are used to store,
analyze and visualize information at spatial and temporal
scales.
The framework described in Fig. 1 uses as inputs georeferenced data of foreseeable urban design scenarios
and calculates the hourly power and temperature
requirements of energy services in buildings. For this, two
bottom-up methods of calculation (statistical and
analytical) are integrated. The output of each method is
joined and complemented with measured or sample data
as available. A database of detailed building archetypes
and distributions is the basis for analytical and statistical
methods of calculation. We integrate clustering algorithms
to facilitate the analysis of patterns of consumption at the
neighborhood scale. In addition, we use a 4D interface to
facilitate the interpretation of the spatial and temporal
dynamics of energy services. A summary of the energy
services and characteristics depicted in the model is
presented in Table 1.

26

CHAPTER III: Integrated model for characterization of spatiotemporal building energy consumption patterns in
neighborhoods and city districts

Fig. 1 Model Framework, 1. Statistical model, 2. Analytical model, 3. Aggregation, 4. Statistical clustering and visualization.
Table 1
Variables calculated by statistical and analytical approaches.
Energy Service
Space heating (incl. Humidification)
Domestic hot water
Space cooling (incl.
Dehumidification)
Server-room cooling
Cold-room refrigeration
Process heat
Process cooling
Ice rink refrigeration
Appliances + lighting + auxiliary
Appliances
Lighting
Auxiliary
Server-room equipment
Process equipment

2.2

construction and last renovation. The surrounding
environment is described by a digital elevation model of
the area.

Statistical Analytical Measured
method method Data
𝑄
𝑄

𝜙, 𝑇, 𝑚𝑐𝑝
𝜙, 𝑇, 𝑚𝑐𝑝

𝑄

𝜙, 𝑇, 𝑚𝑐𝑝

𝑄
𝑄
𝑄

𝜙, 𝑇, 𝑚𝑐𝑝
𝜙, 𝑇, 𝑚𝑐𝑝
𝑚𝑐𝑝 𝜙, 𝑇
𝑚𝑐𝑝 𝜙, 𝑇
𝑚𝑐𝑝 𝜙, 𝑇
𝜙
𝜙
𝜙
𝜙
𝜙

𝑄
𝐸

𝐸
𝐸

Table 2
Abstracts of archetypes database: characteristics of building
envelope for multiple dwelling unit classes. *Renovation periods.
In this table 𝐻𝑠 is the ratio of heated space of the building area.
The value of 𝐶𝑚 is equal to: one (1) for light weight construction
2
equivalent 110 kJ/m , two (2) for medium weight construction
2
equivalent to 165 kJ/m , three (3) for Heavy weight construction
2
equivalent to 280 kJ/m . 𝑈˜_## , 𝑈˜Sf , 𝑈WXXw , 𝑈^_Y$ are respectively
the thermal transmittance coefficients of typical walls, windows,
2
roof, and slabs/floor in contact with the ground in W/m K. Other
properties not included in this table are the linear coefficients of
transmittance of piping for every building class. These coefficients
are obtained from DIN V 18599:2011 [50].
𝜙

Input data

One of the key objectives was to achieve a good
quality of results by keeping the amount of input
parameters as small as possible. The model is constituted
of 26 types of variables grouped in five databases. Only
eleven of them, contained in the weather and urban GIS
databases, are mandatory for any urban scenario.
2.2.1

𝐶𝑚

𝑈˜_##

𝑈˜Sf

𝑈WXXw

𝑈^_Y$

0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82

3
2
2
2
2
2
2
2
2
2
2
2

0.30
0.30
0.30
0.30
0.20
0.11
0.30
0.30
0.30
0.30
0.25
0.15

1.50
1.50
1.50
1.50
1.30
0.90
1.50
1.50
1.50
1.50
1.30
0.90

0.30
0.30
0.30
0.30
0.20
0.09
0.30
0.30
0.30
0.30
0.25
0.15

0.35
0.35
0.35
0.35
0.28
0.15
0.35
0.35
0.35
0.35
0.30
0.20

Period

MDU1
MDU2
MDU3
MDU4
MDU5
MDU6
MDU7
MDU8
MDU9
MDU10
MDU11
MDU12

1920
1920-1970
1970-1980
1980-2005
2005-2020
2020-2030
1920*
1920-1970*
1970-1980*
1980-2005*
2005-2020*
2020-2030*

2.2.3

Archetypes database (ADB)

Weather database (WDB)

The weather database stores time-series data of
ambient temperature, relative humidity, and solar
transmissivity obtained with the software Meteonorm 7.0
[40].
2.2.2

𝐻𝑠

Class

The archetypes database is the core of statistical and
analytical methods. It describes the standard properties of
the regional building stock classified according to sixteen
occupancy types 8 , six construction periods and six
renovation periods, for a total of 172 building archetypes
or building classes. For every building class, this database

Urban GIS database (UGDB)

This database contains geo-referenced information of
buildings and their surroundings. The data are gathered
from official databases and open street maps [41]. The
data include building properties such as footprint area,
height, window-to-wall ratios, shading systems types,
occupancy types, generation systems and year of

8

Multiple dwelling unit, Single dwelling unit, Administrative,
Hotel, Restaurant self-service, Restaurant, Multipurpose hall, ice
hockey stadium, Sport arena, fitness studio, Cold-room, data
center, Store/department store, Supermarket, Public building,
Deposit/garage
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contains typical characteristics of building envelope,
HVAC systems and values of specific annual consumption
(e.g., yearly space heating consumption per square meter
of conditioned floor area). The database is based on
statistical data gathered for buildings constructed before
2005 [38], [42]–[49]. Values for further periods are
obtained from linear interpolation and local building
regulations (Table 2, Table 3, Table 4).

rooms. It also contains volumetric flow rates requirements
of fresh and hot water services. These data are gathered
from local building standards [24] and complemented with
the work of Blatter et al. [51] for domestic hot water usage
in residential areas.
2.2.5

The measurements database is a complementary
dataset containing measured data of the area of study.
These data are necessary to estimate non-standardized
energy services in building uses such as industry and ice
hockey stadiums. From previous unpublished studies in
the area, four types of energy services were characterized
according to mean load duration curves: process heat,
process cooling, process equipment, and ice-rink
refrigeration.

Table 3
Abstracts of archetypes database: characteristics of HVAC
systems for Industrial classes. *Renovation periods. In this table,
𝑆𝑦𝑠tY is equal to 1 for free-convection radiation systems, 2 for
floor heating system and 3 for air condition heating system. 𝑆𝑦𝑠xY
is equal to one (1) for floor cooling system, two (2) for ceiling
cooling system and three (3) for air conditioning cooling system.
F
F
𝑇Yt
and 𝑇Wt
are the nominal temperatures of supply and return of
F
the heating system. 𝑇YxF and 𝑇Wx
are the nominal temperatures of
supply and return of the cooling system.
F
F
𝑇W$,tY
𝑆𝑦𝑠tY 𝑇Yu",tY

Period

INDUS1

1920
1920-1970

1
1

65
65

50
50

3
3

6
6

12
12

1970-1980
1980-2005
2005-2020
2020-2030
1920*
1920-1970*
1970-1980*
1980-2005*
2005-2020*
2020-2030*

1
1
3
3
1
1
1
3
3
3

65
65
41.5
39.6
54.4
54.4
53.8
56.3
41.5
39.6

50
50
33.9
32.3
44.1
44.1
43.8
45.3
33.9
32.3

3
3
3
3
3
3
3
3
3
3

6
6
6
6
6
6
6
6
6
6

12
12
12
12
12
12
12
12
12
12

INDUS2
INDUS3
INDUS4
INDUS5
INDUS6
INDUS7
INDUS8
INDUS9
INDUS10
INDUS11
INDUS12

2.3

F
F
𝑇W$,xY
𝑆𝑦𝑠xY 𝑇Yu",xx

Class

ADMIN1
ADMIN2
ADMIN3
ADMIN4
ADMIN5
ADMIN6
ADMIN7
ADMIN8
ADMIN9
ADMIN10
ADMIN11
ADMIN12

2.2.4

Period
1920
1920-1970
1970-1980
1980-2005
2005-2020
2020-2030
1920*
1920-1970*
1970-1980*
1980-2005*
2005-2020*
2020-2030*

𝑞tY
119
119
123
106
53
32
55
72
67
74
65
52

𝑞˜˜ 𝑞xY
11
11
11
11
11
11
11
11
11
11
11
11

0.0
15.3
15.3
13.9
18.5
20.4
18.9
18.9
20.0
18.5
18.5
20.4

𝑞xv
0
15
15
15
15
15
15
15
15
15
15
15

Statistical model

The statistical model relates specific annual
consumption values representative of the regional building
stock to buildings in the area of study. Specific annual
values of space heating and space cooling services are
normalized to local weather conditions using the heating
degree-days (HDD) method of Eq. (1) [52].
𝑞Q =

HDDYS6$
⋅ 𝑞Q,XWSVSf_#
HDD XWSVSf_# #Xx_6SXf

𝑒_""™#SV™_uš
𝑒v_6_
104
99
99
119
117
63
95
95
95
95
63
63

[kWh/m2]

(1)

For a building 𝑖 with total conditioned floor area 𝐴𝑒S ,
the annual consumption of the 𝑘 − 𝑒𝑠𝑖𝑚𝑜 energy service
(𝐸Q,S 𝑜𝑟 𝑄Q,S ) is calculated by first relating the building to a
class 𝐶ž,S according to its construction/renovation year and
occupancy type. This class is then associated to a specific
consumption value (𝑞Q 𝑜𝑟 𝑒Q ) stored in the ADB. In case of
buildings with several occupancy types and hence more
than one class, a weighted value is computed according to
the conditioned floor area of each class 𝐴𝑒(Ÿ ,¡ ) . Eqs. (2)
and (3) are then used to calculate the annual requirements
of energy services of every building in the area.

Table 4
Abstracts of archetypes database: Specific energy services
values for administrative classes. *Renovation periods. In this
table 𝑞tY , 𝑞˜˜ , 𝑞xY , 𝑞xv , are the specific thermal annual
consumption values of space heating + humidification, domestic
hot water, space cooling + dehumidification, and server-room
cooling. 𝑒_""™#SV™_uš , 𝑒v_6_ are the specific electrical annual
consumption values of appliances + lighting + ventilation +
auxiliary equipment and d server-room equipment.
Class

Measurements database (MDB)

f

𝐸Q,S = 𝐴𝑒S ⋅

0
15
15
15
15
15
15
15
15
15
15
15

𝑒Q

Ÿ ,¡

⋅

𝑞Q

Ÿ ,¡

⋅

ž78
f

𝑄Q,S = 𝐴𝑒S ⋅
ž78

2.4

𝐴𝑒(Ÿ ,¡ )

[kWh/yr]

(2)

[kWh/yr]

(3)

𝐴𝑒S
𝐴𝑒(Ÿ ,¡ )
𝐴𝑒S

Analytical model

The analytical model consists of a physical approach
to compute the hourly power and temperature
requirements for space conditioning, domestic hot water
and electricity in buildings. The model is based on the
integration of the simple hourly dynamic method of the
ECS [53]–[55], the simplified model of air-conditioning
systems of Kaempf [35], the quasi-steady state model of
emission sub-systems (TABS, radiators and fan coils) of
Holst [56], and the recommendations for thermo activated
building surfaces (TABS)9 of the SIA [57].

Distributions database (DDB)

The distributions database contains standard timeseries data for each one of the 16 occupancy types
described in the ADB. These time-series describe
schedules of occupancy, minimum ventilation rates, and
temperature and humidity set points for buildings. In
addition, it includes standard specific hourly consumption
values for appliances, lighting, server-rooms and cold-

9

Refers to surfaces with embedded emission subsystems such
as floor heating, ceiling heating and cooling surfaces.
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Fig. 2 Simplified heating supply chain, this figure presents a generalization of the subsystems and heat flows of the heating supply
chain in buildings for space heating, space cooling, domestic hot water and electricity. ϕ¦§ and ϕ¨ are the heat losses due to
ventilation and transmission. ϕ©ªª , ϕ«©¬ , ϕ-®® , and ϕ¬¯° are the so-called internal heat gains in the building due to occupancy, solar
radiation, appliances and lighting. ϕtY , ϕxY , and ϕ˜˜ are respectively the net space heating, cooling and domestic hot water demands.
ϕtY,V$f , ϕxY,V$f , and ϕ˜˜,V$f are respectively the output of space heating, cooling and domestic hot water generation subsystems. ϕY±Y,#,fW , ϕY±Y,#,W are respectively non-recoverable and recoverable total system losses. ϕ²,w , ϕŸ,w , and ϕ³,w are respectively
the the final heating, cooling and electricity requirements of buildings supplied by local utilities.

2.4.1

On the other hand, we calculate the auxiliary electrical
loads (Eq. (6)) according to the recommendations of [58]
for the supply lines of SH, SC, DHW and fresh water (FW).
Auxiliary electricity due to ventilation is only included in
case of buildings with either air-conditioning or mechanical
ventilation. This type of building property is extracted from
the contents of the ADB according to the predominant
building class (> 60%)

Building prototype and supply chain

The analytical method uses an exemplary building and
a simplified heating supply chain to generalize both
geometry and heat transfer processes in buildings. The
exemplary building consists of a single thermal zone with
planar and orthogonal surfaces, adiabatic boundaries
against adjacent buildings, one conditioned space above
ground and one unheated basement. The conditioned
room forms part of the simplified heating chain of Fig. 2.
This supply chain is divided in several subsystems
ranging from generation to building envelope. The
subsystems of generation, storage, distribution and
emission exist individually for the supply lines of space
heating (HS), space cooling (CS) and domestic hot water
(DHW). In these supply lines energy from local utilities and
in-situ resources is transformed and distributed to
conditioned rooms. In parallel, electricity from the local
utility and/or onsite renewable sources is used to power
appliances and lighting fixtures as well as all auxiliary
equipment (e.g. pumps and fans).
2.4.2

ϕ-´µ = ϕ¶«,-´µ + ϕª«,-´µ + ϕ··,-´µ + ϕ¸·,-´µ
+ ϕ¦§,-´µ

2.4.3

The electricity demand due to appliances, and lighting
is calculated according to Eqs. (4) and (5).
[Wh]
[Wh]

(6)

Thermal loads

In buildings, most heat losses occur due to the
processes of ventilation and transmission. Heat gains due
to occupancy, solar radiation, appliances and lighting 10
form part of the energy necessary to balance these
losses 11 . When this balance is not reached, an extra
amount of heat is either supplied or extracted to
conditioned rooms. Depending on the case, this heat flux
is defined as net space heating ϕtY or net space cooling
ϕxY requirements. These values are key performance
parameters of the building envelope and are necessary to
study potential building retrofit options (see section 3).
As heat is converted from generation to emission in
each one of the supply lines of SH, SC and DHW, system
losses occur. In most cases, a small fraction of those
thermal losses can be recovered and transformed into
useful heat. Similar to net space-heating, net spacecooling loads, non-recoverable and recoverable losses are
performance indicators of building systems and are

Electrical loads

ϕ_"" = φv$£ + φ"WX + φv_6_ ⋅ Ae
ϕ#SV = φ#SV ⋅ Ae

[Wh]

(4)
(5)

Where φv$£ , φ#SV , φ"WX and φv_6_ respectively are the
specific hourly electricity consumption of electronic
devices, lighting appliances, industrial equipment and
2
servers in Wh/m . These specific hourly values depend on
the building class and corresponding schedules of
electricity use. These schedules are obtained from the
DDB or the MDB (case of industrial equipment). We
calculate a mean weighted value per hour for buildings
with more than one building class.

10

We assume that all energy consumed due to appliances and
lighting is transformed into useful heat in the building.
11
Net-domestic hot water needs ϕ˜˜ and auxiliary loads
(ϕ_uš ) do not form part of this balance. The first are assumed to
be totally exhausted after consumption. The second are mainly
demanded in non-heated spaces (basements).
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usually identified per supply line to assess their possible
retrofit (see section 3).
By adding both recoverable and non-recoverable
losses to the respective net space heating, net space
cooling or net domestic hot water requirements we can
obtain the output energy of generation or transfer
processes per supply line. 12 The resulting heat fluxes
described in Eq. (7), Eq. (8) and Eq.(9) allow us to study
the integration of different generation alternatives in
section 3. In addition, they allow us to compare and
aggregate the results of the analytical model to those
reported in the statistical model (section 2.3).13
ϕtY,V$f = ϕtY + ϕtY,#,fW − ϕtY,#,W
[Wh] (7)
ϕxY,V$f = ϕxY + ϕxY,#,fW − ϕxY,#,W
[Wh] (8)
ϕ˜˜,V$f = ϕ˜˜ + ϕ˜˜,#,fW − ϕ˜˜,#,fW
[Wh] (9)

the solution method is outside of the scope of this paper
and can be found in [57].
𝑓 ϕ¶«/ª«,«§º = ϕ ~ + ϕ£$ − ϕXxx,Y$f + ϕ_"" +
ϕ#SV + ϕYX# + ϕ»¼,«§º − ϕ; 6‡8

[Wh]

(11)

½¼

In Eq. (11) ϕ¾ ¿‡8 is the heat stored in the mass of the
building from a previous time step.

The set of net heating and cooling demands as well as
system losses presented in Eqs. (7) to (9) are determined
for every building in the area of study following the
procedures of sections 2.4.3.1 to 2.4.3.3. The temperature
requirements of HS, CS and DHW supply lines are
determined in section 2.4.3.5.
2.4.3.1

Net space heating and cooling loads
Fig. 3 Resistance-capacitance model. The three nodes of the
thermal model network, T_,Sf , TY and T; respectively represent:
the indoor air temperature, a “mix” between air indoor
temperature and mean radiant temperature, and the equivalent
building thermal mass temperature. The heat flows from internal
heat gains and solar heat sources are split between the three
nodes and represented by the heat flows ϕS_ , ϕY6 , ϕ; . This
distribution accounts for the amount of energy absorbed or
released by the thermal mass of the building according to its
Internal heat capacity Cm. The terms H ~,8 and H ~,4 are equivalent
heat transfer coefficients due to transmittance in the nodes TY and
T; respectively. The terms H ~GPÀ and T~GPÀ,Yu" represent the heat
transfer coefficient and temperature of supply in thermo activated
15
surfaces (when existent).

In order to attain a comfortable state of air temperature
and moisture content in buildings, net space heating and
space cooling loads are supplied in form of sensible and
latent heat to conditioned rooms (Eq. (10)).
ϕtY/xY = ϕtY/xY,Y$f + ϕtY/xY,#_6
Where:
ϕtY/xY , ϕtY/xY > 0
ϕtY =
;
0, ϕtY/xY = 0
ϕtY/xY , ϕtY/xY < 0
ϕxY =
;
0, ϕtY/xY = 0

[Wh]

(10)

In Eq. (10) the amount of sensible heat supplied or
removed from conditioned rooms is calculated according
to the simple hourly dynamic method of [53]–[55]14 . The
method is based on an implicit solution to Eq. (11), which
represents the energy balance between nodes of
temperature of the resistance-capacitance model of Fig. 3.
This model assumes an air temperature control strategy
where space conditioning loads are estimated depending
on a specific set-point of indoor air temperature (T_,Sf ).
This set point is subjected to building occupancy. Hourly
values are obtained from the DDB for every building in the
area. With this model, the heat flows of our building
prototype are rearranged as a function of indoor
temperature for a fast solution. A detailed description of

On the other hand, the amount of latent heat supplied
or removed from conditioned rooms is calculated only for
buildings with air conditioning systems. We assume these
buildings to have the humidity control equipment
necessary for the supply or removal of latent heat. In any
other cases, this heat flow is considered as zero in Eq.
(10).
In case of buildings with air conditioning systems, the
flow of latent heat is estimated with a solution to the single
zone air-conditioning system model of [37] in Eq. (12). The
model assumes a temperature and humidity control
strategy. In this strategy, latent heat is either supplied or
removed in order to reach an indoor set-point of air
temperature and moisture content (T_,Sf , W_,Sf ). This set
point is subjected to building occupancy. Hourly values are
obtained from the DDB for every building in the area.
The solution method to the model of [37] is based on
the application of the principles of mass and enthalpy
conservation among the states of temperature and
moisture content TQ , WQ described in the simple air
conditioning system of Fig. 4. The solution accounts for
the moisture content either added or removed by fresh air

12

In order to account for real operation of HVAC systems in
buildings, space heating needs are considered as zero outside of
heating season (mid-September to mid-March) and space cooling
needs are considered zero outside of cooling season (mid-March
to mid-September).
13
Most of the statistical data for specific energy values were
gathered in terms of heat output from generation subsystems.
When presented as final requirements, the data have been
transformed assuming losses of 10% during generation.
14
Net-domestic hot water needs ϕ˜˜ and auxiliary loads
(ϕ_uš ) do not form part of this balance. The first are assumed to
be totally exhausted after consumption. The second are mainly
demanded in non-heated spaces (basements).

15

In this context, TABS refers to slab-embedded HVAC systems
such as floor heating or ceiling cooling systems.
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( W-,«´® ) and occupancy ( W©ªª ) 16 , and the heat flows
necessary to attain any indoor condition at a certain mass
flow rate of air (𝑚_ ). A detailed description of the solution
method is outside of the scope of this study and can be
found in [37].

Where AÎ is the area of every 𝑘 − 𝑒𝑠𝑖𝑚𝑜 surface of the
building envelope (i.e. roof, ground floor, external walls
and external windows) obtained from the UGDB. UÎ is the
corresponding heat transmittance coefficient obtained
from ADB according to the predominant building class.
Finally, FQ is the temperature correction factor calculated
for surfaces in contact with the ground according to [58].
For any other surface the value of FQ is equal to 1.
2.4.3.1.2

Ventilation losses

The rate of thermal losses due to ventilation is
calculated according to Eq. (15) [53].
ϕ£$ = H£$ ⋅ T_,Sf − T_,Yu"
Where:
H£$ = Cp_ ⋅ 𝐴𝑒 ⋅ v£$ + vSfw

Fig. 4 Simplified single zone air-conditioning model of [37].The six
states of the air injected and extracted from the zone
(T_,Xu6 , W_,Xu6 ),(T_,W , W_,W ), (T_,Yu" , W_,Yu" ), (T_,Sf , W_,Sf ), (T_,W$ , WW$ ),
(T_,$š , W_,$š ), respectively represent: outside air condition, air
condition after heat recovery, air supply condition, indoor set point
air condition, air condition at the return duct and condition of
exhaust air. The air-handling unit (AHU) represents all the
systems for air conditioning modeled such as heating and cooling
coils, humidifiers and dehumidifiers.

ϕtY/xY,#_6 = 𝐶𝑝𝑣 ∙ 𝑚𝑎 ⋅ W𝑎,𝑖𝑛 − Wa,sup

[Wh]

𝑚_ = max

2.4.3.1.3

ℎ

𝑇𝑎,𝑖𝑛 ,𝑊 𝑎,𝑠𝑢𝑝

− ℎ

; v£$

[kg/s]

(12)

ϕXxx = ϕXxx,Y$f + ϕXxx,#_6
Where:
ϕXxx,Y$f = φXxx,Y$f ⋅ Ae;
ϕXxx,#_6 = φXxx,#_6 ⋅ Ae

(13)

𝑇𝑎,𝑠𝑢𝑝 ,𝑊 𝑎,𝑠𝑢𝑝

In Eqs. (12) and (13), Cp¦ is the specific heat capacity
of water vapor at a temperature T-,¯º in J/kg.K ε© = 0.65
is the efficiency of heat recovery units. hÎ is the enthalpy
content for a state of temperature and moisture content
TQ , WQ . v¦§ is the specific volumetric flow of fresh air
3
2
required for air quality reasons in m /h.m . This value
depends on the type of occupancy and its schedule. vSfw
3
2
is the specific infiltration flow rate of outside air in m /h.m ,
equal to zero for buildings with air conditioning during
operation hours. In any other cases, this value is selected
according to the building class from the recommendations
of [35]. For buildings with air-conditioning or mechanical
ventilation systems, T_,Yu" is the temperature of the air
o
o
supply system, assumed as 30 C during winter and 15 C
during summer. For all other cases, T_,Yu" is equal to
T_,Xu6 .

2.4.3.1.4

2.4.3.1.5

Appliances and lighting heat gains

Solar heat gains

Solar heat gains are estimated according to Eq. (17).
2
In this equation, the hourly solar radiation (IYX# Q ) in Wh/m
incident in the k-esimo glazed surface of area AV# is
Q

calculated with the hemispherical view-shed algorithm of
Rich et al. [35],[36], implemented in ArcGIS 10.2.1 [39].
The algorithm calculates hourly values of IYX# Q accounting
for changes in solar trajectory, topographic obstructions
(i.e. buildings and terrain), atmospheric effects, latitude
and elevation. In a novel approach, we modified the
algorithm to calculate values in the centroids of vertical
surfaces and to adjust parameters such as extraterrestrial
transmissivity, level of cloudiness and daylight saving
periods to the values contained in the WDB.

The rate of transmission losses from conditioned
spaces is calculated according to Eq. (14) [53].
[Wh]

(16)

For the sake of simplicity, heat gains due to appliances
and lighting are assumed to be equal to the electricity
needs calculated back in Eqs. (4) and (5) [53].

Transmission losses

ϕ ~ = H ~ ⋅ T_,Sf − T_,Xu6
Where:
H ~ = fQ78 FQ ⋅ UQ ⋅ AQ

[Wh]

Where φ©ªª,«§º and φ©ªª,¬-¿ respectively represent the
sensible and latent specific hourly heat gain due to
2
occupancy in Wh/m . These values are gathered from the
ADB and DDB according to the predominant building
class. In buildings without air-conditioning system, latent
heat is generally exhausted by natural ventilation and
considered zero in this equation (i.e. ϕXxx,#_6 = ϕXxx,#_6 =
0).

+ vSfw ⋅ 𝐴𝑒. 3600

2.4.3.1.1

Occupancy heat gains

Occupancy heat gains relate to the amount of sensible
and latent heat released by users in the building. This heat
flux is calculated according to Eq. (16).

6‡8

ϕtY/xY,Y$f

(15)

Where Cp_ = 0.38 is the volumetric heat capacity of air
3
in Wh/m K.

Where:
W-,«´® = 𝑓 W-,§µ , W-,Æ§ , W-,©´¿ , W-,Æ , 𝜀X ;
W-,¯º = 𝑓 ϕXxx,#_6 , W-,«´®

[Wh]

(14)

16

Values obtained from the WDB and DDB respectively in terms
of relative humidity
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ϕYX# =

IYX# Q ∗ AV#

⋅ g V# ⋅ FYt,V# ⋅ Fww

Q

[Wh]

(17)

𝑉6" ∗ t ¿®
𝑇𝑅 𝑥 = 3600 ∙ v˜˜ ⋅ Ae ,
3600,

Q78

In Eq. (17) the reduction factors of solar transmittance
in glazed surfaces g V# and frame area fraction (Fww ) are
set to 0.8 and 0.75 according to the recommendations of
[53]. The reduction factor due to movable shading devices
(FYt,V# ) is a function of IYX# Q and the type of shading device
in the building. Five types of shading devices (Louvers,
rollo, venetian blinds, curtains, solar control glass) are
implemented according to [53] and included in the
calculation process through the inputs of the UGDB.
2.4.3.2

The net domestic hot water heat load is calculated
according to Eq. (18) [54].
[Wh]

(18)

Where Cp· = 1161 is the volumetric heat capacity of
3
water in Wh/m K, v·· is the specific volumetric flow rate of
hot water consumption per unit of conditioned floor area in
3
2
m /h.m , T··,«´® and T¸·,«´® are the hourly temperatures of
hot water and fresh water supply. T··,«´® and v·· are
obtained from the ADB and DDB according to the
predominant building class. T¸·,«´® is assumed to be equal
to 10°C during heating season and 14°C during cooling
season [54].
2.4.3.3

ϕtY,#,vSY,fW =

ϕxY,#,vSY,fW =

(19)
(20)
(21)

In Eqs. (19) and (20), ϕtY,#,$ and ϕxY,#,$ are respectively the
losses in the subsystem of emission of HS and CS supply
lines. These quantities are obtained by recalculation of the
net space heating and cooling demands (section 2.4.3.1)
using an equivalent increase in set point temperature (or
decrease in the case of space cooling). This value
depends on the type of emission subsystem and its control
strategy (e.g. thermostatic radiation valve, P-controller
etc.). Standard values are used according to [57] and [58].
Non-recoverable system losses due to the distribution
of DHW (Eq.(22)) are calculated separately for circulation
and distribution circuits in Eqs. (23) and (24).
ϕ˜˜,#,vSY,fW = ϕ˜˜,#,xSWx,fW + ϕ˜˜,#,vSYx,fW
ϕ˜˜,#,xSWx,fW = 𝜓˜˜,xSWx ⋅ L˜˜,xSWx ⋅ T˜˜,Yu" − T_,Sf
ϕ˜˜
⋅
ϕ˜˜,;_š
ϕ˜˜,#,vSYx,fW = Cp˜ ⋅ 𝑉˜˜,vSYx ⋅ T˜˜,Yu" − Tš
Where:
Tš = T_,Sf + T˜˜,Yu" − T_,Sf ⋅
𝑒𝑥𝑝

‡

Ú ÛÛ,Ü¡ÝÞ ∙ßÛÛ,Ü¡ÝÞ
ÕÖ
∙
×ØÙÙ ×ØÙÙ∙àáÛ ∙âÛÛ,Ü¡ÝÞ

[Wh]
[Wh]

(22)
(23)

[Wh]

(24)

∙

ϕtY
ϕtY,;_š

[Wh]

(25)

T§,ª«,«´® + T§,ª«,Æ§
− Tè
2

⋅

ϕxY
ϕxY,;_š

[Wh]

(26)

Where, ϕ¶«,¾-µ and ϕª«,¾-µ are the peak demands of
net heating and cooling services respectively, Fè is the
temperature correction factor for spaces in contact with
the
ground
calculated
according
to
[58].
T§,¶«,«´® and T§,¶«,Æ§ are the temperatures of supply and
return of the HS supply line and T§,ª«,«´® and T§,ª«,Æ§ are the
temperatures of supply and return of the CS supply line.
These temperatures area calculated according to the
procedure presented in section 2.4.3.5.
Finally, non-recoverable losses due to storage of DHW
(ϕ··,¬,«¿©,ºÆ ) are calculated according to [58]. It is assumed
that HS and CS supply lines do not count with a thermal
storage (i.e. ϕ¶«,¬,«¿©,ºÆ = ϕª«,¬,«¿©,ºÆ = 0).

Non-recoverable system losses are considered for
each one of the subsystems of storage, distribution and
emission in the supply lines of HS, CS and DHW. These
heat flows are calculated according to Eqs. (19), (20), and
(21).
[Wh]
[Wh]
[Wh]

T§,¶«,«´® + T§,¶«,Æ§
− Tè
2

Where:
Tè = T_,Sf − F^ ⋅ T_,Sf − T_,Xu6

Non-recoverable system losses

ϕtY,#,fW = ϕtY,#,Y6X,fW + ϕtY,#,vSY,fW + ϕtY,#,$,fW
ϕxY,#,fW = ϕxY,#,Y6X,fW + ϕxY,#,vSY,fW + ϕxY,#,$,fW
ϕ˜˜,#,fW = ϕ˜˜,#,Y6X,fW + ϕ˜˜,#,vSY,fW

𝑥 ≥ 3600

In Eq. (23) and Eq. (24), L··,ª¯Æª and L··,ä¯«ª are
respectively the equivalent lengths of circulation and
distribution circuits. These lengths are calculated
according to building geometry and building class [50].
ψ··,ª¯Æª and ψ··,ä¯«ª are respectively the linear thermal
transmittances of circulation and distribution networks.
V··,ä¯«ª is the volume of water accumulated in those
networks assuming an equivalent diameter of 0.015 m. In
Eq. (24) we consider the thermal response of insulated
piping ( TR ) to be a function of the number of tapings
possible for a volumetric flow rate of V¿® = 0.72 m] /h and
a mean duration per hour per tapping of t ¿® = 0.05 [58].
Non-recoverable system losses of distribution
subsystems of HS and CS supply lines are calculated
according to equations (25) and (26).

Net domestic hot water load

ϕ˜˜ = Cp˜ ⋅ v˜˜ ⋅ Ae ⋅ T˜˜,Yu" − Tw˜,Yu"

𝑥 < 3600

2.4.3.4

Recoverable system losses

Recoverable system losses only apply over the supply
line of HS. Besides those recovered in air-conditioning
systems (see section 2.4.3.1), recoverable losses in the
HS supply line (ϕtY,#,W ) are obtained from non-recoverable
losses in the circulation and distribution circuits of the
supply line of DHW for conditioned areas [58]. These
losses are calculated following the same principle
described in Eqs. (25) and (26). In this case, the lengths of
piping, ducts and related coefficients of linear
transmittance are replaced by those related to piping
passing through conditioned spaces in buildings. These
coefficients and lengths are obtained according to [58].
2.4.3.5

Temperature requirement

The supply and return temperatures of domestic hot
water systems are directly obtained from a correlation
between the building class and the contents of ADB and
DDB (see section 2.4.3.4).

;
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On the other hand, the supply and return temperatures
of the emission subsystem of the HS supply line are
computed with the simplified heat exchanger model of
Holst [56] (Fig. 5). The model represents a simplification
of the heat flow ϕ taking place in the interface between the
emission subsystem and its environment 17 . Supply
( 𝑇$,tY,Yu" ) and return ( 𝑇$,tY,W$ ) temperatures of this
subsystem are then calculated by solving the non-linear
system of equations (27), (28) and (29). For this, we
assumed a constant capacity mass flow rate ( 𝑚𝑐𝑝˜ )
calculated according to Eq. (28) under a nominal operation
condition. The nominal operation condition is obtained for
the maximum sensible heating load of each building and
the data of nominal operating emission sub-system
temperatures related in the ADB.

every energy service. As presented in section 2.4.3, this
calculation is carried out based on the output energy of
generation or transfer processes in the building, which
includes all recoverable and non-recoverable losses in the
respective supply lines of HS, CS and DHW. The
dynamics of all loads are then recalculated while
maintaining the original time-dependent proportionality
found in the analytical method in section 2.4. For this, we
first normalize the hourly demand of every energy service
in relation to its original yearly demand and multiply the
results to the new yearly mean value. The resulting values
are then aggregated to the data of the MDB. For heating
and cooling demands, the temperatures of emission
subsystems are recalculated.
2.6

In order to facilitate the characterization of the demand
at the district scale, the outcome of section 2.5 was used
to discretize zones of buildings sharing similar
consumption
patterns
and
infrastructure.
This
discretization process aims at classifying target areas of
building and infrastructure retrofits [5], [59], [60]. The
process is carried out with the use of spatial statistics for
clustering of buildings. [61] have identified the suitability of
these tools of analysis to aggregate groups of buildings
while maintaining a reliable representation of energy
interactions at the urban scale.
Under this premise, we applied the Getis-ord Gi*
spatial statistic [62], [63] and k-means algorithm included
in the suite ArcGIS 10.2.1 to obtain clusters of buildings
for the area of study. The Getis-ord Gi* spatial statistic of
Eq. (31) is used to measure the intensity of spatial
clustering 𝑍YxXW$ (Eq. (30)) and its probability of
occurrence 𝑃£_#u$ for every variable of interest in
buildings (i.e. infrastructure types [performance factor],
yearly energy demand per energy service and associated
nominal temperature requirements). The results of the
spatial statistic are then grouped to identify associations
with high P¦-¬´§ and Z«ª©Æ§ (Fig. 6.a). These associations or
groups are identified with the use of the k-means
algorithm, which is explained in detail in [61]. Based on the
results of the analysis, we juxtapose topological and
administrative boundaries to facilitate the division in
homogenous groups (Fig. 6.b).

Fig. 5 Heat exchanger model. This figure presents a simplified
heat exchanger model used to compute the temperatures of
supply and return of the distribution networks of space heating
and space cooling.
ϕ = 𝑚𝑐𝑝_ ⋅ 𝑇_,Yu" − 𝑇_,W$
ϕ = 𝑚𝑐𝑝˜ ⋅ 𝑇$,tY,Yu" − 𝑇$,tY,W$
f
∆T;
ϕ = ϕF ⋅
F
∆T;
Where:
𝑇$,tY,Yu" − 𝑇_,Yu" − 𝑇$,tY,W$ − 𝑇_,W$
∆T; =
𝑇$,tY,u" − 𝑇_,Yu"
𝑙𝑛
𝑇$,tY,W$ − 𝑇_,W$

[Wh]
[Wh]
[Wh]

Statistical zoning

(27)
(28)
(29)

For buildings without air-conditioning systems, both
𝑇_,Yu" and 𝑇_,W$ are approximated to T_,Sf . In this case, Eq.
(27) is no longer valid and it is removed from the solution
of the system of equations. In Eq. (29), the terms ∆T; is
the hourly logarithmic temperature of the emission
subsystem and ∆T; F is the logarithmic temperature of this
subsystem at nominal conditions. 𝑛 is the exponential
coefficient of the emission sub-system. Its value is equal
to 1.33 for radiators, 1.24 for floor heating, 1.22 for ceiling
heating and 1.00 for heating coils (air-conditioning
systems) [38].
The same procedure is carried out for supply and
return temperatures of the emission subsystem of the CS
supply line (cooling coils). In this case 𝑛 is considered as
1.00.
2.5
Aggregation

𝑍𝑠𝑐𝑜𝑟𝑒 =
Where:
𝑁[𝐺S∗ ] =
𝐺S∗ =

𝐺S∗ − 𝑁 𝐺S∗

î
¡ïð

(30)

[-]

(31)

î
ïð ˜ ¡, (ÜÞ)

f(f‡8)

𝑉 𝐺S∗ = 𝑁 𝐺S∗ 4 − 𝑁[𝐺S∗ ]4
f
f
š78 𝑤S,ž(vx) 𝑥ž − 𝑥 ž78 𝑤S,ž(vx)
𝑆∙

[-]

𝑉𝐺

𝑛

f
4
ž78 𝑤S,ž(vx) 𝑥ž

−
𝑛−1

4
f
ž78 𝑤S,ž(vx)

In Eq. (30) and (31), w¯,ò(äª) is a binary weighting factor
between pairs of buildings within a critical distance (dc). n
is the total number of buildings analyzed, xò is the variable
of interest and S is the standard deviation of the sample.

We take the individual results of both statistical
(section 2.3) and analytical (section 2.4) methods for the
services of space heating, space cooling, domestic hot
and electricity, and calculate a yearly mean value per
17

Indoor air in the case of radiators, floor heating, ceiling
heating/cooling and supply air in the case of fan coils (air
conditioning systems)
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Fig. 6 a.) Results of k-means algorithm for clustering of buildings. B.) Final boundaries of group of buildings according to topological
barriers and administrative boundaries.

Fig. 7 Spatio-temporal energy map of space heating demand in buildings – Peak period 04.01,11-10am. This figure presents the peak
space heating demand of buildings in four zones of the study area. The graphs embedded in the figure show the peak demand of every
building in a specific zone. We highlight anchor loads or customers with the highest demand in each zone. Both the height of and color
code of buildings represent the relative demand level in relation to their associated zones.

Fig. 8 Calculation of intensity of spatial clustering in the threshold of 20 – 200 m and group effectiveness in the range 1 – 20 groups. In this
graph the calculation of critical distance is made based on the k-neighbors = 8. The peaks for F-statistic and Z-score are found in the
ranges 18-20 and 110-120m respectively.
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Fig. 9 Spatio-temporal energy map of temperature of supply for space heating in buildings – Peak period 01.04, 10am. This figure presents
the peak supply temperature of space heating of buildings in four zones of the study area. The graphs embedded in the figure show the
peak level of every building in a specific zone. We highlight “outlier’s customers” or customers whose temperature level is significantly
outside of the average of its zone. Both the height of and color code of buildings represent the relative supply temperature level in relation
to their associated zones.

Fig. 10 Estimation of annual consumption in buildings for the zone of interest.

determination R4 of the variables of interest and the
number of groups nª . The higher the F-statistic is, the
higher the group similarity for a certain nª . We perform the
calculation of the F-statistic in the range of 2 to 20 groups
for every variable of interest. As in Fig. 8 the optimal
number of groups is 20.

Two sensible variables of the Getis-ord Gi* spatial
statistic and k-means algorithm are optimized. The first is
the critical distance of clustering dc . This variable
represents the threshold beyond where spatial association
is no longer persistent, and, thus a variable strongly
related to the Intensity of spatial clustering. In order to
estimate it, the Getis-ord Gi* local statistic is calculated for
every variable of interest in the band of 50m to 200 m
(neighborhood scale). According to [64], a suitable critical
distance is found when the overall Z-score peaks. As in
Fig. 8 this peak lies in the band of 100 - 120 m.
The second variable of control is the grouping
effectiveness Geff , which is measured using the CalinskiHarabasz pseudo F-statistic [65]. As in Eq. (32), the Fstatistic (fstat) reflects within-group similarity and
between-group differences based on the coefficient of

𝑓𝑠𝑡𝑎𝑡 =

2.7

𝑅4
𝑛x − 1
1 − 𝑅4
𝑘 − 𝑛x

[-]

(32)

Spatiotemporal energy mapping

In relation to energy-mapping techniques (e.g., [5],
[60], [66], [67]), a 4D interface was created to facilitate the
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Fig. 11 Energy reduction potential due to retrofit of building envelope, a.) Zones in the area of study, b.) Buildings in the area of study
c.) Buildings in the zone of interest (Zone 10).

Fig. 12 Energy reduction potential due to retrofit of cooling systems, a.) Zones in the area of study, b.) Buildings in the area of study c.)
Buildings in the zone of interest (Zone 10).

Fig. 13 Energy reduction potential due to upgrading of electrical appliances: a.) Zones in the area of study, b.) Buildings in the area of
study, c.) Buildings in the zone of interest (Zone 10).

spatiotemporal analysis of energy consumption patterns in
neighborhoods and city districts. Fig. 7 and Fig. 9,
presents the power and temperature requirements of
heating services in four zones of the area of analysis. In
this context, the interface facilitates the simultaneous
comparison of both power and temperature requirements
in both individual and clusters of buildings. This aspect
supports the analysis of distributed energy schemes (i.e.
smart grids, district heating and cooling networks), the
identification of outliers to these schemes as well as the
location of anchor loads and reciprocal potential sources
of waste heat.
In an attempt to identify potential low, medium or high
temperature networks, the visual interface helps to depict
zones with a similar nominal temperature, and groups of
nearby zones where a heat cascade could be developed
(Zones 10 and 13) [68], [69]. The interface provides
enough information to identify which customers should be
extracted from these types of temperature-driven
distributed schemes (i.e. outlier in Fig. 8.). For urban
planners, this information serves to understand the direct
effects of a possible infrastructural intervention (potential
heat-cascade network) in the existing building stock.
3.
3.1

the zone of interest (Fig. 10) and map the respective
possible anchor loads for the vectors of heating (Fig. 14c),
cooling (Fig. 15c) and electricity. Two potential sources of
waste heat are clearly highlighted and quantified. The first
consists of a data center (building 16) requiring close to
1.6 GWh/yr of electricity and 1.55 GWh/yr of refrigeration.
The second consists of a metal-mechanic industry located
in buildings 17 and 17h requiring compression work (0.4
GWh/yr) and process cooling (0.75 GWh/yr). Waste heat
can in principle be recovered from server rooms with an
efficiency of up to 80% by adding a heat pump with its
evaporator (cooling coil) directly connected to the line of
exhaust air. The heat pump makes possible the integration
of this waste heat into a low-temperature heating network
[70]. Excess heat from water-cooled compressors and
laser cutter machines (process cooling) can be recovered
with an efficiency of up to 75% and 60% respectively, by
integrating a plate heat exchanger in their cooling circuits.
The temperature of the waste heat (70-80 °C) makes
possible its direct integration in a low-temperature heating
network [71].
By using all these techniques, 2.1 GWh of waste heat
can be used for space heating purposes. This provides in
addition a total saving of close to 2.25 GWh of cooling
energy every year and a total energy saving of close to
13% for the area.
The analysis is extended to other zones of the area of
study with the highest cooling density (Fig. 16c). By
zooming in one of these zones, we identify the cooling
anchor load of the area (Fig. 15b). The anchor load
consists of an ice-hockey ring located towards the

Results
Potential sources of waste heat

An application of the model consists of the
identification of potential sources of waste heat. For this,
we characterize the consumption of energy services for
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Fig. 14 Anchor loads for heating services, a.) Zones in the area of study, b.) Buildings in the area of study c.) Buildings in the zone of
interest (Zone 10).

Fig. 15 Anchor loads for cooling services, a.) Zones in the area of study, b.) Buildings in the area of study c.) Buildings in the zone of
interest (Zone 10).

Fig. 16 Zones in the area of study, a.) Diversity factor heating services. b.) Diversity factor cooling services. c.) Heating density for
heating services. d.) Heating density cooling services.
𝐸_#™_uš = 𝐹𝑎𝑙Ÿ + 𝐹𝑎𝑢𝑥Ÿ ⋅ 𝐴𝑒S

southwest direction from the zone of interest. Based on
our calculation of its refrigeration load and hot water and
space heating needs, we estimate that a heat recovery
system with an efficiency of 80% and composed of a heat
pump whose evaporator is connected to the cooling
circuit, could generate 0.4 GWh of surplus heat and
savings of up to 2.2 GWh in refrigeration every year.
3.2

A straightforward application of the model constitutes
the evaluation of potential building retrofit strategies. In
this context, three strategies are analyzed and mapped for
the area of study: Building envelope retrofit (Fig. 11),
building cooling system retrofit (Fig. 12), and upgrade of
electrical appliances and lighting (Fig. 13). For this, we
estimated the potential energy savings of each strategy by
comparing the current energy consumption with a
hypothetical scenario where all buildings attain the retrofit
requirements of the local building standard. These
requirements define a maximum consumption of netspace heating (Eq. (33)), a maximum amount of nonrecoverable thermal losses of the space cooling system
(Eq. (34)) and a maximum consumption of electricity of
appliances and lighting (Eq. (35)).
𝐴𝑡ℎS
⋅ 𝐹2Ÿ ⋅ 𝐴𝑒S
𝐴𝑒S
= 0.15 ⋅ 𝑄xY

[MWh/yr]

(33)

𝑄xY,Y±Y,#,fW

[MWh/yr]

(34)

(35)

In Eqs. (33) and (35), 𝐹1ŸS and 𝐹2ŸS are standard
factors of specific energy consumption depending on the
2
building class in kWh/m .yr [23]. 𝐴𝑡ℎS is the heated area of
the building in contact with the exterior and the ground in
2
m . 𝐹𝑎𝑙Ÿ and 𝐹𝑎𝑢𝑥Ÿ are limit values of electricity
consumption due to lighting and auxiliary loads (fans and
2
pumps) depending on the building class in kWh/m .yr.
With those strategies buildings in the area (excl. new
buildings) can save from 19% to 80% of space heating
demand, from 2% to 14% of space cooling demand and
from 10% up to 79% for electrical demand. All building
retrofit strategies together could save from 31% up to 78%
64% of overall energy demand in buildings.

Potential building retrofits

𝑄tY = 𝐹1Ÿ +

[MWh/yr]

3.3

Potential distributed schemes

We apply the demand model to highlight potential zones
for the integration of district heating and cooling schemes.
These zones are identified through the calculation and
mapping of diversity factors, anchor loads, and heat
densities of the area of study.
The diversity factor (𝐷𝐹) described in Eq. (36) reflects
the foreseen reduction in power capacity (𝑅) and related
investment costs when a set of once-individual customers
are connected to a district heating or cooling scheme [72].
As in Fig. 16a and Fig. 16b, the minimum diversity factors
found for heating and cooling demands for the area of
study are respectively 0.73 and 0.87. These values depict
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Fig. 17 Non-renewable primary energy reduction, a.) Zones in the area of study, b.) Buildings in the area of study c.) Buildings in the
zone of interest (Zone10).

Fig. 18 GHGE reduction potential, a.) Zones in the area of study, b.) Buildings in the area of study, c.) Buildings in the zone of interest
(Zone10).

Fig. 19 Occupancy type in buildings in the zone of interest: a.) Today’s situation, b.) Scenario S1, c.) Scenario S2, d.) Scenario S3, e.)
Scenario S4.

a reduction in 17% and 27% of the power capacities for
hypothetical district heating and cooling networks.
𝑅 = 1 − 𝐷𝐹 ⋅ 100
Where:
Àu; Xw "$_Q Xw 6t$ Y±Y6$; Xw xXY6u;$WY
𝐷𝐹 =

[%]

costs of generation and distribution networks, assuming
their proportionality to the area. In this context, district
heating schemes are feasible in zones with a heat density
2
of more than 10 kWh/m when the generation source is
2
natural gas [72], and 50 kWh/m [73] when the generation
source is biomass. As in Fig. 16c, close to 70% of the
zones in the area of study fulfill these last criteria. On the
other hand, district cooling schemes are economically
feasible in zones with a cooling density of more than 30
2
kWh/m or just 10% of the zones in the area of study (Fig.
16d). In a future stage of the planning process, the results
of this analysis can be complemented with a detailed
techno-economic analysis of different sources and
technologies (e.g., [38], [74]).

(36)

Àu; Xw "$_QY Xw SfvS£Svu_# xXY6u;$WY

In a district energy system scheme, an anchor load is
depicted as a customer with a significant and continuous
energy consumption throughout the year [72], This
customer not only represents a permanent market for local
energy utilities but also a financial source to leverage the
foreseen investment costs and low revenues of low
demanding customers in an area. The relative amount of
energy consumed per customer in a zone basis (Fig. 14a
and Fig. 15a) is a direct indicator of areas with the highest
amount of possible anchor loads. By zooming into these
areas (Fig. 14b and Fig.15b) the major anchor load(s) can
be depicted and characterized either at the district or the
neighborhood level. For the Zone of interest, Building 6
constitutes the anchor load for heating and cooling
services (Fig. 14c and Fig. 15c).
The heat density of a certain zone consists in the total
sum of the yearly thermal demand of its customers divided
by its total area. This value constitutes an indicator of the
amount of heat that can be dispatched vs. the related

3.4

Potential integration of endogenous resources

An interesting application of the model consists of the
analysis of the integration of endogenous energy sources
into the area of study. For this we estimate the potential
reduction of GHG emissions and primary energy when all
the area is connected to a new generation scheme
dependent on ambient and waste heat.
The expansion of the heating and cooling networks of
zones 6 and 10 is provisioned for the whole area of study.
The original networks use respectively natural gas and
ambient heat (lake water) for heating and cooling
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purposes. Both networks are upgraded to use ambient
heat as both a source (during winter) and a sink (during
summer) of thermal energy. This ambient heat could in
principle be used with waste heat in the area (see section
3.1) to provide its own heating requirements, except for
process heat.18
For the calculation process we use the indicative
performance factors of Table 5 [75] for the existing and
foreseen infrastructure systems in the area. In this
calculation process, we include all electricity demands and
assume that each infrastructure system requires 0.010
kWh of electricity (auxiliary energy) per each kWh of
thermal energy produced.

complete synergy with the beneficial effects of diversity on
the energy supply system [76]. The integrated model
presented in this study allows for the understanding and
visualization of this phenomenon.

Table 5
Performance factors for different generation systems. In this table 𝑃𝐹³ˆ
is the performance factor of non-renewable primary energy
consumption in MJ/MJ. 𝑃𝐹ø²ø³ is the performance factor of GHGE in
kg/MJ.
Generation system
𝑃𝐹³ˆ
𝑃𝐹ø²ø³
Diesel-fired boiler
1.50
0.102
Coal-fired furnace
2.415
0.173
Natural gas-fired boiler
1.403
0.100
Electrical boiler
2.722
0.043
Pellet-fired boiler
0.319
0.016
District heating – Natural gas-fired boiler
1.550
0.087
District cooling – Lake water/water heat pump
0.156
0.002
District heating – Lake water/water heat pump
0.897
0.015
Electricity
2.63
0.041

Fig. 20 Share of building occupancy types in a scenario basis.

According to Fig. 17 and Fig. 18, the system could in
principle reduce up to 70% of the GHG emissions and
60% of the primary energy required every year in different
zones and buildings in the area of study.
3.5

Fig. 21 Reduction of power capacity needs in the zone of interest
for heating, cooling and electricity vectors per scenario.

Analysis of urban zoning
4.

Another interesting application of the model is the analysis
of urban zoning (heterogeneity of building uses) in relation
to the power requirements of a specific area. This type of
analysis aims at establishing possible scenarios of the
demand where distribution schemes can be more suitable.
It creates a direct connection between the goals of urban
and energy planners in the context of urban
transformation.
Four scenarios for the zone 10 of the area of study
(Fig. 19) were developed in cooperation with local
stakeholders [76]. Each scenario represents a plausible
alternative with a different level of heterogeneity (Fig. 20).
The integrated model was used to calculate the
demand, diversity factors and power savings for
hypothetical heating, cooling and electricity networks in
each scenario (Fig. 21).
District heating and cooling schemes attained power
savings up to 48% and 26% respectively. In relation to
urban zoning, this beneficial condition is achieved for the
scenario with the highest mixed-use, (scenario S4, mix of
40% residential, 50% commercial and 10% industrial). At
this point, it is worthwhile to highlight how today’s urban
development strategies aim at increasing the diversity of
urban areas in an attempt to intensify the offer of services,
reduce travel distances, and provide a more livable urban
environment [3]. As presented before, this idea remains in

Validation

The results of the integrated model are compared to
measured data [77] and the output of a peer model [33],
[36]. Both validation methods are widely accepted in the
building modeling realm [78]. The peer-model based
method is in addition a suitable way to benchmark the
integrated model to the state of the art.
The comparison between models and measured data
is based on the relative error (Eq. (37)) of the most
energy-intensive services in a building basis.
%𝑒𝑟𝑟𝑜𝑟 =

𝐴𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

[%]

As in Fig. 22, the percentage of error of electricity
consumption (neglecting outliers 26, 6, E, F and A), 19
range from 6% up to 39%. For buildings constructed after
2005, this error ranges from 14% to 39%, for those
constructed in the period 1970 – 1980, from 18% up to
38% and for those constructed in the period 1920 – 1970,
from 6% up to 32%.
The percentage of error of space heating consumption
in buildings (neglecting outliers 6, 17 and 19) ranges from
9% up to 66% (Fig. 23). In terms of construction periods,
this error ranges from 9% to 27% for buildings constructed
after 2005, 4% to 37% for those constructed in the period

18

19

A more plausible alternative to supply process heat remains a
decentralized natural-gas boiler.

Outliers are assumed to be those values located outside 1.5
st
rd
times of the 1 and the 3 quartile of the sample
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Fig. 26 Percentage of error of aggregated annual energy
consumption for electricity, space heating and space cooling in
buildings. This figure presents a comparison between results of
the integrated model and the platform CLM in terms of the
percentage of error with respect to measured values.

0%#
Edata#

1st$quar@le$/$1.5$

3rd$quar@le$*$1.5$

19%#

Eal+aux#

214%$

Building$
CLM$(EnergyPlus)$

13%#
5%#

62%$

2h$ 2$ 26$ 3$ 7$ 6$ 06h$14$ 16$ 17$17h$19$ 22$ 5$ B$ I$ C$ H$ G$ D$ E$ F$ A$

Integrated#model#

20%#

43%$

0%$

Fig. 24 Percentage of error for annual space cooling consumption
in a building basis. This figure presents a comparison between
measured values and the results of the integrated model in terms
of percentage of error.
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Fig. 23 Percentage of error for annual space heating consumption
in a building basis. This figure presents a comparison between
measured values and the results of the integrated model in terms
of percentage of error.
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Fig. 22 Percentage of error for annual electricity consumption
(appliances, lighting and auxiliary) in a building basis. This figure
presents a comparison between measured values and the results
of the integrated model in terms of percentage of error.
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This high order of magnitude is attributed to a limitation of
the integrated model to accurately estimate values of
infiltration and ventilation rates, temperature set points and
efficiencies of buildings systems in a building basis.
On the other hand, the percentage of error decreases
for the analysis of a whole zone. In this context, the
percentage of error ranges from 1% up to 19% per energy
service (Fig. 25). In terms of total energy consumption, the
percentage of error is 5% at the neighborhood / district
scale.
In a similar scale of analysis, [26] found a percentage
of error from 33% up to 103% while using other analytical
(i.e., [24], [38]) methods of calculation.
The CLM is a district energy-modeling tool based on
the building energy simulation program EnergyPlus [36].
The tool calculates the aggregated energy demand of
buildings in a district due to space heating, space cooling,
and electricity. We model the buildings of the zone of
interest in this platform and compare the results with the
integrated model. As in Fig. 26, the results of the CLM
platform (neglecting outliers), present a percentage of
error between 23% up to 159% whereas the percentage of
error for our model ranges from 8 % up to 19% for
aggregated heating, cooling, and electrical demands in a
building basis.

43%$

1970 – 1980 and 19% to 66% for those constructed in the
period 1920 – 1970.

Energy#service#

Discussion

This section discusses possible benefits of the
integrated model in education, urban planning, and energy
planning practices.

Fig. 25 Percentage of error for annual consumption of selected
energy services in the sample area. This figure presents a
comparison between measured values and the results of the
integrated model in terms of percentage of error.

5.1

For the case of space cooling consumption in buildings
(neglecting outliers 2, 26, and 3), the percentage of error
of the sample ranges from 13% to 65% (Fig. 24). For
buildings constructed after 2005, this error ranges from
28% to 47%, 44% to 59% for those buildings constructed
in the period 1970 – 1980 and 13% - 65% for those
constructed in the period 1920 – 1970.
As presented before, the percentage of error of energy
services ranges from 4% up to 66% in a building basis.

Education practice

The integrated model offers parametric design
capabilities and a comprehensive mapping interface.
Parametric design capabilities make possible the study of
different configurations of buildings for a specific area (see
section 3.5). In conjunction with time-dependent
visualization of heating and cooling loads, this aspect
might help potential users to correlate the effects of
building types, occupancy and thermal properties to
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energy and temperature requirements in urban areas. In
this context, the visual interface provides a better
understanding to non-expert audience of the qualities and
quantities of energy services in buildings at the
neighborhood scale. The 4D visualization allows a more
intuitive description of energy related phenomena in
buildings, making the model an interesting tool to
complement the learning process or raise awareness of
urban and energy planners. For educational purposes, the
visualization could help to understand phenomena such as
the damping effect of buildings’ thermal mass by
representing the variation of the temperature and energy
demand in time.
5.2

use and street patterns, etc.) can be also optimized to
prove feasibility of local infrastructure.
The integrated model allows for the spatiotemporal
simulation of energy services in buildings for a wide
variety of building typologies and building uses. These
features allow urban planners to preliminarily relate the
trade-offs of different urban forms in comparison to the
generation capacity and investment costs of infrastructure.
Future work in supply system optimization (i.e. [84], [85]),
could lead to a greater overview of those trade-offs,
contributing to the analysis of sustainable forms of
development. We see this type of development as such
where the diversification of the built environment goes
hand by hand with a better provision of services, reduced
travel distances, more livable urban environment and the
beneficial effects of building diversity on the energy supply
system.

Energy planning practice

Engineers must be able to forecast the various flows of
energy demand of urban areas and match vectors of
supply and demand to furthermore identify where and
when infrastructure upgrades are appropriate. Spatial and
temporal scales are useful to assess how resources in
close proximity can be connected to match stochastic
patterns of demand. The model presented in this
manuscript allows the engineer to model a wide variety of
energy services and explore in detail possible energy
efficiency strategies for planning purposes. The results of
spatial and temporal patterns of demand can be plugged
to models for optimization of energy systems (i.e., [61],
[79]–[81]), which could include the analysis of advanced
conversion and storage systems, the integration of
endogenous resources, and the analysis of future vectors
of demand in the transportation sectors such as electrical
vehicles.
The model allows the engineer to model an urban area
in detail with low amounts of data and to represent the
findings in an intuitive visual interface. The low complexity
of the model and simulation time, (approx. 20 seconds per
building)20 made possible the fast visualization of results.
In the interdisciplinary project described in section 3.5, we
found extremely beneficial the use of the GIS framework
and its visual interface as a catalyst of discussions with
local stakeholders, architects and urban planners. GIS
results in a useful cognitive tool to analyze and gather
spatial data with other areas of expertise (i.e., [12], [24],
[26], [82]),
Similar to specialized infrastructure management
software (e.g., [83]) the model’s interface might be used
furthermore to map real-time sensor data and to analyze
the performance of a local energy system.
5.3

6.

Conclusions

An integrated model for the characterization of patterns
of energy consumption in neighborhoods and city districts
was introduced. The model calculates the power and
temperature requirements of energy services in
residential, commercial and industrial sectors under spatial
(building location) and temporal (hourly) dimensions of
analysis. The model is optimized for its use at the
neighborhood (block to city district) scale; however, it can
be applied in principle to wider urban areas such as entire
cities.
In the active planning process, the model’s GIS
framework constitutes the basis for gathering data with
other areas of expertise and its 4D visualization
techniques result in excellent catalysts for discussions. In
addition, the 4D visualization allows a more intuitive
description of energy-related phenomena in buildings,
making the model an interesting tool by which to
complement the learning process of urban and energy
planners. In the field of smart grids applications, the
model’s interface could be used to map real-time sensor
data and to analyze the performance of a local system.
The integrated model is validated against measured
and simulated data. In this context, the percentage of error
of the model ranges from 4% up to 66% for prediction of
energy services in a building basis. This percentage of
error decreases to the range 1%-19% at the neighborhood
scale. In terms of total values at the neighborhood scale,
the percentage of error is 5%. We attributed this high
reliability to the combination of both statistical and
analytical methods of calculation and the use of statistical
clustering techniques.
On the other hand, we presented practical applications
of the model in the preliminary analysis of energy
efficiency measures and urban zoning in a city district. In
this context, the model results in a tool of low complexity,
high reliability and intuitive interface, suitable for the multiscale and multi-dimensional analysis of energy efficient
strategies in neighborhoods.
Building retrofit strategies might help the area to save
up to 80% of space heating demand, up to 14% of space
cooling demand and up to 79% for electrical demand a
year. All building retrofit strategies together could save up
to 78% of overall energy demand in buildings.

Urban planning practice

From the urban planning perspective, there is an ideal
opportunity for urban planners to analyze the impacts of
their urban forms in the efficiency of an urban area. As
discussed in section 3.5, urban zoning can strongly
contribute together with technological applications to
increase the energy efficiency of a specific area. It is in the
hands of urban planners that variables highly influencing
the demand of services (i.e., building typology, building

20

Computer specs: 3.2GHz quad-core Intel Core i5. 8GB (two
4GB) memory. 1TB hard drive1. NVIDIA GeForce GT 755M with
1GB video memory
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Sources of waste heat are especially interesting when
used in distributed generation schemes. These sources
could save up to 13% of yearly energy requirements for
the area of study.
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assessment of retrofit options and to identify more tradeoffs between urban form and energy and/or transport
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CHAPTER IV
City Energy Analyst (CEA): Integrated framework for analysis and optimization of
building energy systems in neighborhoods and city districts21
Abstract
This paper describes the City Energy Analyst (CEA), a computational framework for the analysis
and optimization of energy systems in neighborhoods and city districts. The framework enables the
analysis of energy, carbon and financial benefits of multiple urban design scenarios in conjunction
with optimal schemes of distributed generation. For this, the framework integrates time-dependent
methods for building energy performance simulation, conversion and storage technologies
simulation, assessment of local energy potentials, bi-level energy systems optimization and multicriteria analysis. Based on past research, the framework introduces a novel interface to facilitate the
spatiotemporal analysis of patterns of demand and potential infrastructure solutions. The model was
programmed in Python v2.7 and built as an extension of the Geographic Information System
ArcGIS v10.3. This ArcGIS serves as a platform for the allocation and future dissemination of
spatiotemporal data. We present an application of the model for a downtown area in Switzerland
where we evaluated four trajectories of development and found optimum infrastructure solutions for
their operation. For a more holistic approach we used the 2000-Watt/1-ton CO2 society vision
concept to compare the environmental performance of these solutions with that of embodied energy
in buildings and transportation systems. From the optimization process, most infrastructure
solutions showed an average integration of 50% to 80% of buildings in thermal micro-grids, 50 to
100% of the available solar potential, and a resource mix consisting of photovoltaic electricity and
sources of waste and ambient heat. For a balanced distribution of social, environmental and
economic criteria, the results showed potential relative savings in the range from 45% to 60% in
emissions and from 25% to 50% in primary energy at an annualized cost between 14% and 44%
higher than today. For an economic–driven distribution, the results showed savings of up to 23% in
emissions, 36% in primary energy and 11% in costs. We identified close to 15% in emissions and
20% in primary energy savings with variable costs between -2% and 23% in the area are strongly
related to the urban design option rather than to its optimal energy system. In comparison to local
targets, the environmental impact of buildings operation is higher than the impact of building’s
construction and dismantling, and lower than the impact of mobility in the service sector (business
flights). We estimated that an increase close to 4% of today’s average efficiency of photovoltaic
technology would allow the area to comply with those local benchmarks. On the other hand, we
concluded that the suitability of the City Energy Analyst (CEA) to assist urban planning authorities
looking for both design and engineering options to increase the performance of their neighborhoods
and city districts.
Keywords: Urban energy modeling, neighborhoods and city districts, thermal micro-grids, holistic
and integrated energy systems analysis, 2000-Watt/1-ton CO2 society vision.
1.

Introduction21

In the context of urban transformation, energy planners
need to reveal and effectively communicate optimal
configurations of those opportunities [5]. These
configurations should not only comply with performance
targets at financial, energy, carbon and technical levels,
but also be visualized to facilitate its discussion and
approval [1], [6].
In technical terms, the study of optimal energy systems
configurations is today a multi-scale, multi-objective and
multi-carrier problem. On the neighborhood scale, these
problems require a detailed description of spatiotemporal
patterns of building demand [1] and resource availability
[7], as well as advanced models for simulation of
technology performance [8]. Extensive research has been
done in approaches for building demand prognosis [9],
[10] (i.e. top-down [11]–[15], bottom-up [16]–[20], and
hybrid [1], [4], [21]–[23]), resource potential analysis (i.e.
for biomass [24]–[28], solar energy [29]–[31], wind energy
[32]–[35], ambient heat [36]–[40], hydropower [41], tidal

In line with contemporary targets of sustainable
development, urban planning authorities require a
comprehensive view of cost-effective opportunities to
improve the performance of buildings at the neighborhood
and district scale [1]–[3]. These opportunities could range
from building retrofits (envelope and systems) and
distributed generation schemes (thermal and/or electrical
micro-grids) to on-site exploitation of endogenous
resources (renewables and waste heat) [4].

21
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Abbreviations
PV
photovoltaic
PV/T
photovoltaic thermal
SC
solar collector
O&M
operation and maintenance
INV
Investment costs
TAC
Total annual costs
CO2
Green house has emissions
RE
reliability
%RES
Percentage of renewables
PEN
Primary energy –non-reneweable
LEC
Levelized energy cost
rME
Relative mean error
rRMSE
Relative root mean square error
RMSE
Root mean square error
Symbol [unit]
2
𝐼
isolation [W/m ]
∆𝑇
delta of temperature [°K]
𝑍
depth [m]
𝑇
temperature [°K]
𝐴
area [m]
𝑆
spacing [m]
𝑡
time [h]
3
𝜌
density [kg/m ]
𝐶𝑝
specific heat capacity [kg/kJ°K]
3
volumetric flow rate [m /s]
𝑉
ℎ
height [m]
𝐾
thermal conductivity [W/m°K]
2
𝑔
gravity [m/s ]
2
𝛼𝑇
thermal expansion coefficient [1/°K ]
𝐷
diameter [m]
𝐶𝐷
drag coefficient [-]
𝜈
velocity [m/s]
𝜙
energy flow [Wh]
𝜇
utilization factor [-]
𝐶
coefficient [-]
𝜑
factor [-]
𝑛
efficiency [-]
3
𝑉
volume [m ]
𝑃
pressure [kPa]
𝑚
mass flow rate [kg/s]
𝐿
length [m]
2
𝑅
thermal resistance [m °K/W]
𝑤𝑒𝑡. 𝑝
wet perimeter [m]
𝑏
thickness [m]
𝐶𝑂𝑃
coefficient of performance
𝐵
slope [°]
𝜃
orientation [°]
𝜏𝛼
Incident angle [°rad]
𝑁𝑢
Nusselt number [-]
𝑃𝑟
Prandlt number [-]
𝑁𝑇𝑈
number of transfer units [-]
𝑟
rugossity [-]
𝑀
air-mass modifier [-]

𝑊
𝑅𝑓𝑙
𝐿𝑡
𝑖𝑛𝑑
𝑁
𝑅𝑒
𝑓𝑟
Superscript
0
𝑚𝑎𝑥
𝑚𝑖𝑛
𝑏𝑒𝑠𝑡
𝑤𝑜𝑟𝑠𝑡
Subscript
ℎ𝑜𝑟
𝑧
𝐵𝐻
𝑔
𝑎
𝑤
𝑙𝑎𝑘𝑒
𝑠𝑢𝑟𝑓
𝑏𝑜𝑡𝑡𝑜𝑚
1
2
3
4
𝑤𝑖𝑛𝑑
𝑑𝑎𝑡𝑎
𝑡ℎ
𝑒𝑙
𝑝𝑙
𝑓𝑎𝑛
𝐿𝑃
𝐻𝑃
𝑐𝑎
𝑠𝑢𝑝
𝑟𝑒
𝑒𝑥𝑝
𝑐𝑜𝑚𝑝
𝑝𝑜𝑙
𝑠𝑝𝑢𝑟
𝑤𝑤
𝑓𝑤
𝑝
𝑤𝑒𝑡
0
𝑠𝑡𝑜
𝑐𝑎𝑟
𝑒𝑥𝑡
𝑖𝑛𝑡
𝑐ℎ
𝑠𝑤

width [m]
reflectance
Lifetime [-]
Individual points [-]
number [-]
Reynolds number [-]
Darcy friction coefficient [-]
nominal
maximum
minimum
best
worst

horizontal
depth
borehole
ground / soil
air
water
lake
surface
bottom
first degree coefficient
second degree coefficient
third degree coefficient
fourth degree coefficient
wind
server-room
thermal energy
electrical energy
part load
fan
low pressure
high pressure
compressed air
supply
return
expansion
compression
polytrophic
spur
domestic hot water
fresh water
piping
Wet cooling tower
t-1 period
storage
characteristic
external
internal
chilled
sewage

energy [42]–[44], and waste heat [25], [45], [46]), multiobjective, multi-carrier, multi-scale optimization of building
energy systems (i.e. [7], [47]–[58]), and visualization of
energy qualities (i.e. energy potentials [6], [59], and
energy demand [1], [12], [60], [61]).
In line with governmental interests to integrate energy
planning and urban design strategies at unison (i.e. [62]–
[64]) an integrated approach for modeling such
phenomena becomes necessary. This type of approach
should attain reliable predictions and effectively
communicate patterns of energy consumption, availability
of resources and optimal energy systems configurations to
local stakeholders and decision makers.
Based on past research [1], this paper presents the
City Energy Analyst (CEA), an integrated framework to

𝑔𝑟
𝑎𝑏
𝑐𝑒𝑙𝑙
𝐵
𝑚𝑒𝑠ℎ
𝑏
𝑖𝑛
𝐻
𝐶
𝐸
𝑎𝑝
𝑙𝑦𝑟
𝑝𝑘
𝑑𝑒𝑣
𝑝𝑟𝑜
𝑢
𝑣𝑐𝑐
𝑖
𝑗
𝑘
𝑤/𝑔𝑙
𝐷
𝑦𝑟
𝑎𝑛
𝑡𝑒𝑠𝑡
𝑏𝑜𝑖𝑙𝑒𝑟
𝑐𝑐
𝑠𝑡
𝑐𝑜𝑛𝑑
𝐷𝐻
𝑡𝑢𝑟𝑏
𝑒𝑥ℎ
𝐹𝐶
𝑚
𝑎𝑙𝑙
𝑠𝑜𝑢𝑟𝑐𝑒
𝑠𝑖𝑛𝑘
𝐴
𝐻𝑃
𝑎𝑢𝑥
𝑛𝑒𝑡
𝑟𝑒𝑔𝑖𝑜𝑛
𝑝𝑣/𝑡
𝑙
𝑠𝑐
𝑝𝑣
𝑟𝑞

group
absorbed
cell
beam
mesh
building
internal
heating vector
cooling vector
electricity vector
aperture
layer
peak
device
processes
utility
vapor compression chiller
i-esimo attribute
j-esimo attribute
k-esimo attribute
Water-glycol
direct
year
annualization
test
boiler
combined cycle
steam generation
condensation
district heating
turbine
exchanger
fuel cell
module
all
source
sink
approach
Heat pump
auxiliary
network
regional
photovoltaic thermal
loss
solar collector
photovoltaic
required

optimize building energy systems at neighborhood and
district scales. In contrast to existing approaches, the
framework develops in a single interface a series of
detailed models for building demand forecasting, resource
availability assessment, simulation of conversion, storage
and distribution technologies, bi-level optimization, multicriteria
assessment
and
four-dimensional
(4D)
visualization.
The framework allows to holistically evaluate options of
building and infrastructure retrofit, and find optimal energy
generation schemes (both totally or partially distributed, or
combinations). In addition, it enables the analysis of
energy, carbon and financial benefits of multiple urban
scenarios and infrastructure options. The results can be
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Fig. 1 CEA framework: 1. Demand module, 2. Resource potential module, 3. Systems technology module, 4. System optimization
module, 5. Decision module, 6. Spatiotemporal analysis module

represented in an intuitive interface for both urban and
energy planning authorities.
Section 2.2 presents a series of simulation models for
assessment of local energy resources. Section 2.3
describes techno-economic models of technologies for
conversion, storage, and distribution of thermal energy.
Section 2.4 presents a bi-level optimization method for
sizing and operating energy systems. Section 2.5 presents
a series of methods for the analysis and visualization of
energy system’s performance. In Section 3 the framework
is tested in a real case of urban transformation, for which
four urban design scenarios were created. Finally, the
paper is concluded in section 4.
2.

The archetypes database describes standard
properties of the local building stock regarding their
building envelope and HVAC systems. The database is
based on statistical data gathered for buildings
constructed before 2005 [68]–[76]. Values for further
periods are obtained from linear interpolation and local
building regulations [1].
The distributions database contains standard timeseries data for all building types described in the
archetypes database. These time-series contain
schedules of occupancy, minimum ventilation rates, and
temperature and humidity set points for buildings. In
addition, it includes standard specific hourly consumption
values for appliances, lighting, server-rooms and coldrooms. It also contains volumetric flow rates requirements
of fresh and hot water services. These data are used
together with the archetypes database in the demand
module of section 2.1.
The sensor database is a complementary dataset
containing data about non-standardized energy services in
building uses such as industry and other quantities related
to infrastructural components (i.e. mass flow rates,
operating temperatures etc.)
The metrics database contains technical and economic
metrics of conversion, distribution and storage
technologies at the district scale. Abstracts of this
database are presented in Table 2, Table 3 and
throughout the systems technology module of section 2.3.
The targets database stores percentages of decision
criteria and key performance values for selection of
infrastructure options (see sections 2.5.2 and 2.5.4)
Based on past research [1], we developed a series of
calculation modules for simulation of resource availability
potential, optimization and visualization of building energy
systems from the building to the neighborhood/district
scale (sections 2.1 to 2.6). For this we took into
consideration the simplified supply chain of Fig. 2. In this
figure, all energy fluxes in the sub-systems for generation,
conversion, distribution, emission, and transfer of energy

Methodology

The general framework of the City Energy Analyst (CEA)
uses seven databases and six calculation modules (Fig.
1). It is developed in the open-source programming
language Python v2.7 and built as an extension of the
Geographic Information System ArcGIS v10.3 [65]. Native
algorithms of this platform are used in addition to store,
analyze and visualize information on spatial and temporal
scales.
The weather database stores time-series data of
ambient temperature, relative humidity, and solar
transmissivity obtained with the software Meteonorm 7.0
[66].
The urban database contains geo-referenced
information of buildings, infrastructure, local resources and
topography. The data are gathered from official databases
and open street maps [67], including building properties
such as footprint area, height, window to wall ratios,
shading systems types, occupancy types, generation
systems and year of construction and last renovation. It
also includes information about the location of energy
networks, sewage lines, roads, and characteristics of soil
and water bodies’ such as type and stratification. A digital
elevation model describes the topography of the area.
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Fig. 2 Simplified energy supply chain. In gray: sub-systems developed in this study. In white: sub-systems covered in [1].

at the district level are portrayed. Those part of the
demand side are described in detail in [1].

areas with low solar potential (i.e. where 𝐼tXW,Q < 0.75
;_š
𝐼tXW
).

2.1

2.2.2

Demand module

We calculated the demand of energy in buildings with
the dynamic building energy model of [1]. In the model, the
final energy demand of buildings is decomposed in
manifold end-uses and estimated in an hourly basis at
both qualitative (i.e. temperature, voltage requirements)
and quantitative levels (i.e. power intensity and mass flow
rates). This allows addressing end-uses such as space
heating and cooling, domestic hot water, appliances and
lighting, as well as more specific end-uses such as serverroom cooling, industrial equipment electricity and process
heat. Some of these end-uses are part of the input for the
model of potential waste heat presented in section 2.2.3.
2.2

2.2.2.1

Geothermal heat

The geothermal heat potential for an area 𝑘 is
determined in Eq. (1) considering the maximum thermal
capacity per borehole ( 𝜙¾-µ
"# ), the separation between
probes (SP² ) and the maximum depth of exploration (ZP² ).
¾-µ
𝜙V$X,6t = 𝑛P² ∙ ZP² ∙ 𝜙"#
Where:
AQ + SP²
𝑛P² =
SP²

[Wh]

(1)

The time-dependent temperature of the source is
calculated with Eq. (2) for depths up to 20m. For higher
depths, a linear increase of 0.03C/m is assumed and the
average linear value is then determined.

Resource potential module

The resource potential module aggregates physical
models for the assessment of endogenous energy
sources. The estimated accuracy of each model as well as
its typical and acceptable values are presented in Table 1.
2.2.1

Ambient heat

T V = T_ + 𝑇-¾-µ − T_ ∗ 𝑒 ‡$ ∗ cos 2𝜋
6

6
'zyF

−

[K]

(2)

𝜀 + 273
Where:

Roof-top solar potential

𝜀 = 𝑍F

The hourly solar insolation in rooftop areas is
estimated with the hemispherical view-shed algorithm of
Rich et al. [35] [36], implemented in ArcGIS 10.3. The
algorithm models changes in solar trajectory, topographic
obstructions (i.e. buildings and terrain), atmospheric
effects, latitude and elevation. In order to increase the
accuracy of the model, we calibrated parameters such as
extraterrestrial transmissivity, level of cloudiness and
daylight saving periods to local weather data.
For the analysis, we discretized roof-top areas in 𝑘
rectangular surfaces of 2m x 2m and calculated the solar
insolation at their centroid in the horizontal plane (𝐼tXW,Q ).
Following the recommendations of [77] we discarded
rooftop areas oriented towards north and other rooftop

2.2.2.2

𝜋𝜌V 𝐶𝑝V
8760𝑘V

Lake water

The resource potential of lake water is determined in
Eq. (3). The maximum mass flow rates are given by Eq.
¾-µ
(4) for a delta of temperature ∆T¬-Î§
[39]. The temperature
variation at the intake is estimated in a hourly basis with
the model of [78]. The model accounts for convective
entrainment, wind-driven mixing, and volumetric solar
radiation absorption. The model uses as input parameters
hourly values of wind speed, air temperature, solar
radiation, air humidity and cloudiness levels as well as
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Table 1
Estimated uncertainties per technical model. *estimated, **empirical model – estimated error of linearization,***needs further
validation
Model
rME
rRMSE
RMSE
Typical Value
Acceptable Value
Demand of group of buildings
5% [1]
61% [1]
5%*
at neighborhood scale
Demand of single buildings
32% [1]
77% [1]
5%*
at neighborhood scale
Roof-top solar
14% [80]
30% [81]
Geothermal heat
5%*
Lake water heat
0.8 K [82]
1 K*
Servers heat
5% [1] **
5%*
5%*
Industrial processes***
Sewage heat
1 K*
0.37 K [83]
Heat pumps
6% [84]
5%*
Condensing boilers
2.5%[85]**
2% [86]
5%*
Combined gas cycle turbine
2%[87]
5%*
Fuel cell
2%[89]**
5%*
Photovoltaic panels
1.8% [95]
5%*
Solar collectors
5%[125]
5%*
Photovoltaic-thermal
1.8% [95]
5%*
Chiller and cooling tower
5% [101]
5%*
5%*
Thermal storage***
Substations and heat exchangers
1.2 K [16]
1.2 K*
Circulation Pumps
2%**
5%*

characteristics of the lake related to depth and area. The
later have been extracted from [79]. The governing
equation of the model is presented in Eq. (5). The solution
method is outside of the scope of this study and can be
found in [78].
;_š
𝜙#_Q$ = 0.27 ∙ 𝑉#_Q$ ∙ 𝜌YuWw ∙ 𝐶𝑝˜ ∙ ∆𝑇#_Q$

𝜙#_Q$

;_š
𝑚˜
=

[Wh]

(3)

[kg/s]

(4)

[K]

(5)

the recommendations of [45] the internal temperature of
water-cooled servers is maintained as high as 55°C in
order to obtain the maximum exergy to energy ratio
efficiency. The mass flow rate of extraction of heat is
F
considered for a constant delta of temperature ∆Tä-¿. For
the analysis, we assumed the fan power included in the
model to be equal to zero (i.e. ϕä-¿-,¸-º = 0). The costs of
heat recovery from these units are estimated as two times
the cost of heat exchange area as calculated in section
2.3.7.

𝐶𝑝 ∙ 𝑇˜,) − 𝑇*² ,W$
*Ÿ

𝑇˜,+ =

𝑇YuWw − (𝑇YuWw

where:
𝜙~ =

5F
]

𝐶8,#_Q$ −

𝑇YuWw , 0 ≤ 𝑧 ≤ ℎ
− 𝑇^X66X; ) ∙ 𝜙 ~ , 𝑥 ≥ 0

4F
]

𝜙²,V$f,v_6_ = 𝜙v_6_,$# ∗ 𝑛v_6_ + 𝜙v_6_,w_f
Where:
𝑛v_6_ = 𝐶8,v_6_ + 𝐶4,v_6_ ∙ 𝜑𝑝𝑙,𝑑𝑎𝑡𝑎 + 𝐶],v_6_ ∙
𝑇v_6_,W$ + 𝐶5,v_6_ ∙ 𝑇v_6_,W$ 4 ; 𝜑"#,v_6_ =

∙ 𝐶4,#_Q$ + 18 − 30𝐶8,#_Q$ ∙

𝐶4,#_Q$ 4 + 20𝐶8,#_Q$ − 12 ∙ 𝐶4,#_Q$ ] +
]

−

8F
]

𝐶8,#_Q$ ∙ 𝐶4,#_Q$ 5 ;

2.2.3.2

𝐶8,#_Q$ = 0.3 ∙ 0.03 ∙ 𝐶5,#_Q$ 4 /(𝐷#_Q$ − ℎ)4 ∙
𝐶],#_Q$ ;
𝑍 − ℎ#_Q$
𝐶4,#_Q$ =
;
𝐷#_Q$ − ℎ#_Q$
𝐶],#_Q$ =

−

V∙.~∙(~/ ‡~012213 )

𝐶5,#_Q$ =

85

𝐶𝐷YuWw ∙ 𝑣˜Sfv 4

2.2.3
2.2.3.1

8Ù

*4567 ‡t

[Wh]

(6)

𝜙𝑑𝑎𝑡𝑎,𝑒𝑙
𝜙0𝑑𝑎𝑡𝑎,𝑒𝑙

Industrial processes

We estimated the heat recovery potential of air
compression for N2 production (𝜙x_SW,6t ) with the system of
equations Eq. (7) - (13). For this we used data about the
hourly volume flow (Vx_,«´® ) and pressure requirements of
compressed air (Px_,Yu" ) [1]. Based on the first law of
thermodynamics, we modeled a double stage compressor
with a low pressure and a high-pressure cylinder. This
widely used scheme allows for generating heat recovery
opportunities at low (45-55°C) and medium temperatures
(65-90°C) simultaneously. Finally, in Eq. (14), we
calculated the total electricity consumption needed from
the production of compressed air. Only costs of heat
exchange area are included in section 2.3.7.

;

Sources of waste heat
Servers

In Eq. (6) we normalized the empirical model of [80] to
simulate the hourly excess heat from water-cooled data
centers ( 𝜙v_6_,6t ) in function of the part load factor
( 𝜑"#,v_6_ ) and the internal temperature of servers
(𝑇v_6_,W$ ). The part load factor is a function of the hourly
electrical consumption of servers (𝜙v_6_,$# ) and their
F
nominal power capacity ( 𝜙v_6_,$#
) . Both quantities are
obtained from the demand model of section 2.1. Following

𝑃x_,Yu",9ˆ =

𝑃_ ∙ 𝑃x_,Yu"

𝑉x_,Yu" = 𝑉ˆÞ5,Ý:;,<=
𝑉_ = 𝑉x_,Yu",9ˆ
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𝑃x_,Yu"
𝑃ˆÞ5,Ý:;,<=

𝑃x_,Yu",9ˆ
𝑃_

‡8/f

‡8/f

[kPa]
3.
[m h]

(7)
(8)

3.

(9)

[m h]
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Table 2

Techno-economic boundary conditions per technology.
𝐿𝑡
[yr]
20
20
25
10
20
60
60
20
10
20

Technology
Heat pump
Condensing boiler
Combined cycle gas turbine
Fuel cells
Vapor compression chiller
Seasonal Thermal storage
Thermal distribution networks
Substations and heat exchangers
Circulation pumps
Solar technologies
𝑇x_,Yu",9ˆ = 𝑇_

𝑃x_,Yu",9ˆ
𝑃_

(f5,;14 ‡8)/f5,;14

(f5,;14 ‡8)/f5,;14

𝑃x_,Yu"
𝑃x_,Yu",9ˆ

𝑇x_,Yu",²ˆ = 𝑇x_,Yu",9ˆ
𝜙²,V$f,x_,²ˆ
𝑛𝑃x_,Yu",9ˆ 𝑉x_,Yu",9ˆ
=
𝑛_,"X# − 1

𝑃x_,Yu"
𝑃x_,Yu",9ˆ

(f5,;14 ‡8)/f5,;14

𝐼𝑟
[%]
5
6
5
5
5
4
4
4
5

[K]

(10)

[K]

(11)

[Wh]

(12)

𝜙³,x_ =
(𝑛$š" ∙

f5,;14 ˆ5 >5

𝑃x_SW,Yu",9ˆ
𝑃_SW
∙

[Wh]

(13)

[Wh]

(14)

−1

ˆÞ5,Ý:; (f5,;14 ‡8)/f5,;14

f5,;14 ‡8
𝑛$fVSf$ )‡8

2.2.3.3

(f5,;14 ‡8)/f5,;14

ˆ5

−1 ∙

Sewage

We evaluated both volume flows and temperatures of
sewage lines influenced by both buildings on site and
upstream recollection areas at the district level. For
buildings on site and those of surrounding recollection
areas, we calculated the domestic hot water and fresh
water requirements with the demand model of section 2.1
and estimated the combined outflow per building. For this
we assumed a complete mix of both outflows, a ratio of
wastewater/fresh water intake of 95%, and thermal losses
in building’s internal sewage lines given by Eq. (15). In this
equation mass flow rates of domestic hot water (m·· ),
fresh water ( m¸· ), length of piping ( L«· ) and internal
building temperature (T -,è ) are obtained directly from the
demand model.
𝜙 vSY,#,fW,Y˜ = T Y"uW − Tš ∙ 𝑚Y˜ 𝐶𝑝˜
Where:

[Wh]

(15)

[Wh]

(16)

𝑚Y˜,_## =
T Y˜,_## =

?@ ÝÛ ∗<ÝÛ

F.B-∙ ¨ ÛÛ ∙; ÛÛ ™¨CÛ ∙; CÛ
; ÝÛ

;

𝑚Y˜ = 0.95 ∙ (𝑚˜˜ + 𝑚w˜ )
𝜙 vSY,#,fW,Y˜ = T Y"uW − TY˜ ∙ 𝑚Y˜ 𝐶𝑝˜

Min φ"#
[%]
20
10
40
20
10
20
20
20

𝑚Y˜ + 𝑚Y˜,W$VSXf
𝑚Y˜ ∙ T Y˜ + 𝑚Y˜,W$VSXf ∙ T𝑠𝑤,𝑟𝑒𝑔𝑖𝑜𝑛
𝑚Y˜,_##

[kg/s]

(17)

[kg/s]

(18)

Following the approach of [82] we calculated the
losses of the sewage network at this point in Eq.(19). The
approach considers losses driven by temperatures in the
sewage water ( TY˜ ) the surrounding ground ( TV ), the insewer air ( TY˜,_ ) and overall thermal resistance factors
between wastewater and in-sewer air (Eq. (20)) and
between wastewater and soil (Eq.(21)). In these
equations, both the wet perimeter ( wet. p ) and the
thickness of the wastewater flow layer ( b«·,¬FÆ ) are a
function of the mass flow rate, the velocity of the flow
(𝑣«·,-¬¬ ) and the diameter of the sewer (D«· ). The solution
to these equations is outside of the scope of this study and
can be found in [82].

T š = T _,^ + T Y"uW − T _,^ ∙ 𝑒 3ÝÛ A;Û ;
T Y"uW =

Max Size
[MW]
20 th
210 th
50 el
0.005 th
20 th
20 th
-

connecting all costumers to this point. In order to account
for wastewater inflows beyond the site, we gathered GIS
data of regional sewage lines and identified the
accumulated flow passing through every recollection area.
For this we determined a normalized profile of mass flow
rates and temperatures for all buildings in each
recollection area and assumed it to be representative of
that coming from regional lines. The normalized profile is
multiplied for an average regional peak consumption of
196 l.p.d [81]. For this, the number of population
connected to the regional lines is directly obtained from
GIS data. A temperature decay is calculated in regards to
distance to the site as 4C/km [82]. For this we assume a
minimum temperature in the sewage of that of the soil. We
then estimated a final regional temperature (T«·,Æ§°¯©º ) and
mass flow rate ( m«·,Æ§°¯©º ) . With these values we
computed a temperature and mass flow rate of the
sewage network including all buildings in the area and
assuming complete mixing in Eq. (17) and (18).

−1
𝜙²,V$f,x_,9ˆ
𝑛_,"X# 𝑃_SW 𝑉_SW
=
𝑛_,"X# − 1

Min Size
[MW]
0.001 th
0.001 th
20 el
0.001 th
0.001 th
0.001 th
-

ϕ vSY,#,fW,Y˜,_## = TY˜,_## − TY˜,_ ∙

1
R Y˜,_

+ TY˜,_## − TV ∙

The resulting temperature at the exit of every building
is calculated by solving Eq. (16) for T«· . We determined
the location of a pipe section of at least 100m long and
.
0.8m of diameter with the help of GIS data 22 Then, we
determined the length of the sewage network ( L«·,º§¿ )

R Y˜,_ =

𝑏Y˜,"
5.85 ∙ 𝑣Y˜,_ ∙ 𝑏Y˜,#±W ∙ 𝐿Y˜,f$6

Where:
𝑏Y˜,#±W = 𝑓(m«·,-¬¬ , 𝑣«·,-¬¬ , D«· )

22

These are the minimum dimensions of a pipe section for the
use of the heat extraction technology in the sewage bed.
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[Wh]

(19)

[Wh]

(20)

1
R Y˜,V
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Table 3

Performance factors for different technologies
Technology

𝑃𝐹³ˆ
[MJ/MJ]

𝑃𝐹ø²ø³
[CO2-eq kg/MJ]

1.403
1.356
1.19
1.550
0.512
0.641
0.212
0.897
0.155
0.897
2.63
0.278
0.222
0.201
0.695
0.795
0.795
0.795
0.795

0.100
0.097
0.0282
0.087
0.0125
0.0377
0.0192
0.0153
0.002
0.015
0.0413
0.0202
0.0108
0.0091
0.0164
0.0179
0.0179
0.0179
0.0179

Natural gas - fired condensing boiler
Natural gas - fired fuel cell
District cooling - vapor compression chiller and cooling tower
District heating - Natural gas-fired boiler
District heating - Biogas-fired boiler
District heating - Natural gas-fired combined cycle
District heating - Biogas-fired combined cycle
District cooling - Lake water/water heat pump
District cooling - Lake water pump
District heating - Lake water/water heat pump
Local grid electricity
Photovoltaic panels
Photovoltaic-thermal panels -electricity
Solar collectors
Ground source heatpump – water/water
Water source heatpump – water/water
Sewage source heatpump – water/water
Data center source heatpump – water/water
Processes source heatpump – water/water
R Y˜,V =

𝑏Y˜,"
K Y˜," ∙ 𝑤𝑒𝑡. 𝑝 ∙ 𝐿Y˜,f$6
+

[Wh]

𝜙³,_uš,²ˆ = 0.17 ∙ 𝜙³,²ˆ

(21)

𝑍V
KV ∙ 𝑤𝑒𝑡. 𝑝 ∙ 𝐿Y˜,f$6

𝐶𝑂𝑃²ˆ = 𝜂$š

Where:
𝑤𝑒𝑡. 𝑝 = 𝑓(m«·,-¬¬ , 𝑣«·,-¬¬ , D«· )

=

T Y˜,_## − T Y˜,_ ∙

2.3

1

+ T Y˜,_## − T V ∙

R ˜_
𝑚Y˜,_## 𝐶𝑝Y˜

1

[Wh]

(22)

R Y˜,V

𝐼𝑛𝑣𝐶JÀ²ˆ = −493.53 ln

Systems technology module

∙
Where:

The systems technology module aggregates technoeconomic models of several production, storage and
energy distribution units. In Table 2 [48] and Table 3 [83]
we present techno-economic boundary conditions and
performance factors per technology. The estimated
accuracy of each model as well as its typical and
acceptable values are presented in Table 1.
2.3.1

φ_ff =

[Wh]

[Wh]
[-]

(24)
(25)

[EU]

(26)

[Wh]

(27)

F
𝜙²,V$f,²ˆ
∙ φ_ff
1000

𝐼𝑟 ∙ (1 + 𝐼𝑟)96
(1 + 𝐼𝑟)96 − 1
1
𝐶𝑂𝑃²ˆ

‡8

In the case of GSHPs, the investment costs include
those of every borehole in Eq. (28) [87].

Heat pumps

𝜙²,V$f,²ˆ
𝐶𝑂𝑃²ˆ

F
𝜙²,V$f,²ˆ
+ 5484
1000

𝜙²,V$f,6t ≤ 𝜙YXuWx$,6t ∙ 1 −

F
𝐼𝑛𝑣𝐶øÀ²ˆ = 6297 𝜙²,V$f,²ˆ

For a certain thermal load 𝜙6t , the compression power
of a heat pump is calculated with Eq. (23). We consider
that the compression power represents 83% of the total
electrical needs [84]. In consequence the extra auxiliary
energy of circulation pumps is calculated in Eq.(24). The
coefficient of performance of the water source (WSHP)
and the ground source (GSHP) heat pumps is described in
Eq. (25) [85]. It is a function of the exergetic efficiency 𝜂$š
(0.6 for WSHP [4] and 0.67 for GSHP [86]), the
temperature of the source 𝑇YXuWx$ , the temperature of the
sink 𝑇YSfQ and the approach temperature at the condenser
and evaporator Δ𝑇G,²ˆ .
𝜙³,²ˆ =

‡8

The investment costs for WSHPs are calculated
F
according to the nominal thermal capacity of the unit (𝜙6t
)
in Eq. (26) [85]. For every time span, the thermal output of
the unit and its nominal value are restricted to the
maximum amount of heat that can be obtained from the
source in Eq. (27).

On the other hand, the final temperature upstream of
the selected pipeline is calculated after losses in Eq. (22).
T Y˜

𝛥𝑇
𝑇YXuWx$ − G,²ˆ
2
∙ 1−
𝛥𝑇G,²ˆ
𝑇YSfQ +
2

8520

F.z5
F
𝜙²,V$f,²ˆ

F.5B

+

[EU]

(28)

∙ φ_ff

O&M costs are derived from the resulting electrical
needs and electricity prices ( ξ§¬,L# ). Maintenance costs
rated at 1% of the total investment costs.
𝑂&𝑀𝐶øÀ²ˆ
= 0.01 ∙ 𝐼𝑛𝑣𝐶²ˆ +

(23)
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𝜙³,²ˆ + 𝜙³,_uš,²ˆ ∙ 𝜉$#,Ÿ²
1000

[EU]

(29)
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2.3.2

Condensing boilers
𝜙²,V$f,xx = (𝑚9ˆ + 𝑚²ˆ )
∙ −2.4967 𝑇xXfv + 2507
Where:
𝑇*²,Yu" + 𝑇*²,W$
𝑇xXfv =
+ 𝛥𝑇xXfv
2
𝑚9ˆ , 𝑚²ˆ = 𝑓(𝜂xx,$# , 𝑚$št , ∆𝑇²XÀø , 𝑇²ˆ , 𝑇9ˆ )

Condensing-modulating boilers are considered to burn
both biogas and natural gas at their high heat value
(HHV). For this we used the empirical model described in
Eq (30) - (32)[88] based on supply and return
temperatures customer side and the part load efficiency
(nOáP,QRSPTU ).
𝜙wu$#,u,^XS#$W =

𝜙²,V$f,^XS#$W
𝑛V$f,^XS#$W

𝑛V$f,^XS#$W = 𝑛V;4,01¡47W ∙

𝑇Yu" + 𝑇W$
− 𝑇_
2
∆𝑇6$Y6

8.4-

𝑛V;4,01¡47W = 𝐶8,^XS#$W + 𝐶4,^XS#$W ∙ log (𝜑"#,^XS#$W )
Where:
F
𝜑"#,^XS#$W = 𝜙6t /𝜙6t

[Wh]

(30)

[-]

(31)

xX;"

(32)

𝐸Y6

= 𝜐˜ (𝑚9ˆ 𝑃9ˆ − 𝑃xXfv + (𝑚9ˆ
+ 𝑚²ˆ ) 𝑃²ˆ − 𝑃²ˆ )
Where:
𝑃š = 0.0261 𝑇š4 − 2.1394 𝑇š + 52.893; ∀x
∈ (𝐻𝑃, 𝐿𝑃, 𝑐𝑜𝑛𝑑)

The investment costs are given in Eq. (33).
Operational costs are derived from the fuel consumption of
the unit and fuel prices ( 𝑃\ø,Ÿ² , 𝑃Pø,Ÿ² ) and maintenance
costs are rated at 1% of total investment costs in Eq. (34).
𝐼𝑛𝑣𝐶^XS#$W
[EU]
F
F
8400 + 0.014 ∙ 𝜙²,V$f,^XS#$W
, 𝜙²,V$f,^XS#$W
> 320000
𝑊
=
F
F
0.8 ∙ 𝜙²,V$f,^XS#$W
,
𝜙²,V$f,^XS#$W
≤ 320000 𝑊
∙ φ_ff
𝑂&𝑀𝐶^XS#$W = 0.01 ∙ 𝐼𝑛𝑣𝐶²ˆ
[EU]
𝜙wu$#,u ∙ 𝜉\ø XW Pø,Ÿ²
+
1000

2.3.3

6uW^
𝐸Y6
= 𝑚²ˆ 𝐶8,Y6 − 𝐶4,Y6 + (𝑚9ˆ
+ 𝑚²ˆ ) 𝐶4,Y6 − 𝐶],Y6
Where:
𝐶8,Y6 = 2.5081 𝑇$št − 𝛥𝑇²XÀø + 2122.7;
𝐶4,Y6 = 2.3153 𝑇Sf6$W + 2314.7;
𝐶],Y6 = 1.6979 𝑇xXfv + 2506.6;
𝑇$št = 0.7379 + 0.2621𝜑"#,Y6
1053 𝐾 𝑓𝑜𝑟 𝐵𝑖𝑜𝑔𝑎𝑠
∙
956 𝐾 𝑓𝑜𝑟 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠

(33)

(34)

We modeled one central and one decentralized
combined heat and power (CHP) unit both assisted by
either natural gas or biogas. The first consists of a
combined gas cycle turbine; the second consists of a
solid-oxide fuel cell.

𝑂&𝑀𝐶xx = 0.03 ∙

Combined gas cycle turbine

𝜙³,V$f,xx
𝜂xx,$#

2.3.3.2

[Wh]

[-]

[Wh]

(39)

[Wh]

(40)

[-]

(41)

F
𝜙$#
∙ φ_ff
1000
𝜙wu$# ∙ ξ\ø XW Pø,Ÿ²
𝜙$#
+
1000
1000

[EU]

(42)

[EU]

(43)

Fuel cells

The thermal and electrical output of a solid oxide fuel
cell is defined from the empirical model of [89] in Eq. (44)(46).

(35)

(36)

𝜙V$f,[Ÿ,6t 𝜙V$f,[Ÿ,$#
+
𝑛[Ÿ,6t
𝑛[Ÿ,$#

[Wh]

(44)

F
𝑛[Ÿ,$# = 𝑛[Ÿ,$#
∙ [−0.220 + 5.277𝜑"#,[Ÿ −
9.127𝜑"#,[Ÿ 4 + 7.172𝜑"#,[Ÿ ] − 2.103𝜑"#,[Ÿ 5 ]
Where:
F
𝜑"#,[Ÿ = 𝜙V$f,[Ÿ,$# /𝜙V$f,[Ÿ,$#

[Wh]

(45)

F
𝑛[Ÿ,6t = 𝑛[Ÿ,6t
∙ [0.9 − 0.07𝜑"#,[Ÿ + 0.17𝜑"#,[Ÿ 4 ]

[Wh]

(46)

𝜙wu$#,u,[Ÿ =

The electrical efficiency of the unit is dependent on the
electrical part load of the unit, presented in Eq. (36) [85].
𝜂xx = 0.4089 + 0.9624 𝜑"#,xx − 0.3726 𝜑"#,xx 4
F
∙ 𝜂V_Y,$#
Where:
F
F
𝜂V_Y,$#
= 0.0196 ln 𝜙³,V$f,xx
+ 0.1317; 𝜑"#,xx =
F
𝜙³,V$f,xx /𝜙³,V$f,xx

(38)

F.-Byz

𝐼𝑛𝑣𝐶ŸŸ = 32978 ∙

Following the approach of [85] we modeled a
combined gas cycle turbine with heat recovery. The fuel
consumption of the unit is described in Eq. (35).
𝜙wu$#,u,xx =

[kg/s]

The investment costs are computed with Eq. (42) [85].
O&M costs are derived from the fuel needs of the unit and
a maintenance cost depending on the electrical demand
attended in Eq. (43).

Combined heat and power technologies

2.3.3.1

(37)

The overall electricity production of the unit is given in
Eq. (39). In this equation, the gross electricity production
of the steam turbine (ϕ§¬,¿´Æè ) and the electricity consumed
by the steam compressor (ϕ§¬,ª©¾® ) are presented in Eq.
(40) - (41).
𝜙³,V$f,xx = 𝜂xx,$# ∙ (𝜙$#,6uW^ − 𝜙$#,xX;" )

[-]

[Wh]

The investment costs are computed with Eq. (47) [90].
O&M costs are derived of fuel needs and electricity
production in Eq. (48) [90].

On the other hand, the thermal output of the unit in Eq.
(37) is constrained to the temperature of condensation of a
potential district heating network (Tª©ºä ) and the low and
high-pressure mass flow rates of the double pressure
steam turbine (𝑚9ˆ , 𝑚²ˆ ) given in Eq. (38). The solution
to Eq. (38) is outside of the scope of this study but can be
found in [85] for both natural and biogas as fuels.

𝐼𝑛𝑣𝐶ŸŸ = 12000 ∙

F
𝜙6t
∙φ
1000 _ff

𝑂&𝑀𝐶xx = 0.05 ∙ 𝐼𝑛𝑣𝐶ŸŸ +

52

𝜙wu$# ∙ ξ\ø XW Pø,Ÿ²
1000

[EU]

(47)

[EU]

(48)
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2.3.4

components of solar isolation (i.e., 𝐼YX#,P 𝜏𝛼 P , 𝐼YX#,* 𝜏𝛼 * ,
and 𝐼YX#,V 𝜏𝛼 V ) are evaluated according to [97].
In terms of economics, investment costs are described
as a function of the peak power capacity installed in every
rooftop (Eq. (55)) in Eq. (56). O&M costs include feed-intariffs and local remuneration schemes per building (Eq.
(57)).

Solar technologies

We estimated the technical potential of rooftop solar
collectors (SC), photovoltaic (PV) and photovoltaic thermal
F
F
(PV/T) panels at their optimal orientation (𝜃;
), slope (𝐵;
)
F
and spacing (𝑆; ). For flat roofs (slope < 5°), we assumed
F
fixed and south oriented modules and estimated 𝐵;
F
according to Eq. (49) [91], and 𝑆;
according to Eq. (50).
F
F
For other cases, both 𝜃;
and 𝐵;
were assumed to follow
F
the orientation and slope of the roof and 𝑆;
to equal zero.

\ 0 Sfv_W,0

𝑃𝑉"Q,^ =

F
𝑛"£

∙
ž78

o

F
𝐵;
F
= cos 𝜃;
∙ tan 𝐿;

∙
1+

𝜏𝛼

[]

(55)

[EU]

(56)

[EU

(57)

S,ž

\0

𝐼𝑛𝑣𝐶ˆ> =

1
* ∙ 𝐶8,YX# − 𝜏𝛼 ø 𝑅𝑓𝑙V
2 ∙ 1 − 𝐶8,YX#

𝐼𝑛𝑣𝐶ˆ>,^ S ∙ φ_ff
S78

0.977,
𝐶4,YX# ≤ 0.15
0.15 < 𝐶4,YX# ≤ 0.70
𝐶8,YX# = 1.23 − 1.361𝐶4,YX# ,
0.273,
𝐶4,YX# > 0.70
F
𝑤; ∙ 𝑠𝑖𝑛 𝐵; ∙ 𝑐𝑜𝑠 (180 − 𝜃;
)
𝐴𝑠; =
𝑡𝑎𝑛 (ℎYX# )

where:
𝐼𝑛𝑣𝐶ˆ>,^
3500 𝑃𝑉"Q,^
𝑖𝑓 𝑃𝑉"Q,^ < 10 𝑘𝑊𝑝
=
2500 𝑃𝑉"Q,^ 𝑖𝑓 10 𝑘𝑊 < 𝑃𝑉"Q,^ < 200 𝑘𝑊𝑝
\0

𝑂&𝑀𝐶"£ =

[m]

where:
𝑂&𝑀𝐶"£,^
= 0.01 ∙ 𝐼𝑛𝑣𝐶"£,^
−(0.00645 𝑙𝑛 𝑃𝑉"Q,^ + 0.212)ф³,V$f,"£ 𝑖𝑓 𝑃𝑉"Q,^ < 200 𝑘𝑊
−
0.176ф³,V$f,"£
𝑖𝑓 200 𝑘𝑊𝑝 ≤ 𝑃𝑉"Q,^

2.3.4.2

Solar collectors

The heat production of SC is calculated according to
an adaptation of the quasi-dynamic model of [97], [98].
The resulting Eq. (58) expresses the variation of heat
production as a function of collector’s and ambient
temperature Eq. (59), the absorbed solar radiation in Eq.
(60) [97], and the technical properties of Annex .

Photovoltaic panels

PV production is calculated according to the empirical
correlation of Eq. (51) [93] taking into account only
2
surfaces with solar isolation above 50 kWh/m [94]. Eq.
(51) expresses the variation of power production as a
function of cell temperature (Eq. (52)) [95], the PV panel’s
aperture area (Eq. (53)), the absorbed solar radiation (Eq.
(54)) [93], the expected system losses (ф«F«,¬,®¦ ), and the
technical properties of the Annex B.
[Wh]

𝑂&𝑀𝐶ˆ>,^ S
S78

(50)

F
We grouped areas with similar values of 𝐼tXW,±W , 𝐵;
F
and 𝜃; with a non-spatially constrained use of the kmeans clustering algorithm of ArcGIS 10.3. Based on the
approach of [1] the optimal number of groups 𝑁VW was
evaluated using the Calinski-Harabasz pseudo F-statistic
[92].
The potential for each solar technology is hereafter
evaluated for each group to later on be aggregated both at
the level of costs and energy outputs.

F
ф³,V$f,"£ = 𝑛"£
∙ 𝐴_","£ ∙ 𝐼_^,"£ [1 − 𝛽W$w
F
∙ 𝑇"£ − 𝑇"£
]
∙ 1 − фY±Y,#,"£
F
𝑇"£
− 293
𝑇"£ = 𝑇_ + 𝐼_^,"£ ∙
800
𝐴_","£ = 𝐴_",Yx = 𝐴_","£/~
= 𝑖𝑛𝑑VW ∙ 𝐿;$Yt
𝐿;$Yt − 𝑆"£
∙
F
𝑐𝑜𝑠 𝐵;
𝐼_^,"£
F
1 + 𝑐𝑜𝑠 (𝐵;
)
= 𝑀 𝐼YX#,P 𝜏𝛼 P + 𝐼YX#,* 𝜏𝛼 *
2
F
1 − 𝑐𝑜𝑠 (𝐵;
)
+ 𝐼YX#,V 𝜏𝛼 V
2

[kWp]
;

∀𝑖 ∈ 𝑖𝑛𝑑VW,^ ; ∀𝑗 ∈ 𝑁^

(49)

Where:

2.3.4.1

S78

𝐴_","£
𝑖𝑛𝑑VW

F
𝜙𝐻,𝑔𝑒𝑛,Yx = 𝐴_",Yx 𝑛Yx
∙ 𝐼_^,Yx − 𝐶8,Yx ∙ ∆𝑇Yx

𝑇Yx,Yu" + 𝑇Yx,W$
− 𝑇_
2
= 𝐼YX#,P ∙ 𝜏𝛼 P + 𝐼YX#,*

∆𝑇Yx =
𝐼_^,Yx

∙ 𝜏𝛼

*

+ 𝐼YX#,V

(52)

2

(53)

[m ]

2

[W/m ]

(58)

[K]

(59)

2

(60)

− 𝐶4,Yx ∆𝑇Yx ∙ ∆𝑇Yx
∆𝑇Yx
− 𝐶$ww,ÀŸ
∆𝑡
− фvSY,#,fW,Yx

(51)

[K]

[Wh]

∙ 𝜏𝛼

V

F
1 + 𝑐𝑜𝑠 (𝐵;
)
2

[W/m ]

F
1 − 𝑐𝑜𝑠 (𝐵;
)
2

In Eq. (58) we included two terms to represent nonrecoverable (фvSY,#,fW,ÀŸ ) and recoverable (фvSY,#,W,ÀŸ ) losses
from the source to the heat exchanger in the local thermal
grid. The first is calculated according to Eq. (61), the
second is equivalent to 50% of the electricity required by
pumps in the circulation loop in Eq. (62) [99].

(54)

𝜙vSY,#,fW,ÀŸ = 𝜓Yx ∙ 𝐿Yx,",$š6 ∙ 𝐴_",Yx ∙ ∆𝑇Yx ∙

In Eq. (53) ind°Æ represents the number of individual
points contained in every group. The absorbed solar
radiation is a function of the air mass (𝑀), which is derived
using the characteristics of a mono-crystalline PV-module
described in detail in [96]. On the other hand, the spectral

Where:
𝐿Yx,",$š6 =

53

− 0.5𝜙³,_uš,Yx
2 ∙ 𝐿;$Yt ∙ 𝑖𝑛𝑑VW
𝐴_",Yx
𝐴_",Yx ∙
𝐴;,Yx

𝑚Yx
F
𝑚Yx

[Wh]

(61)
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𝜙³,_uš,Yx
=

[Wh]

𝑚Yx ∙ ∆𝑃Yx + ∆𝑃9ÝÞ,; ∙ 𝐿Yx," ∙ 𝐴_",Yx

𝜌˜/V#
∀∆𝑃Yx ∈ ∆𝑃YxF , ∆𝑃Yx;Sf , ∆𝑃Yx;_š , 0 ;
F
;Sf
;_š
∀𝑚Yx ∈ {𝑚Yx
, 𝑚Yx
, 𝑚Yx
, 0}

∙

𝑚Yx
F
𝑚Yx

(62)

For the sake of simplicity, we analyzed a PV-T panel
with similar properties of mono-crystalline cells and flatplate collectors.
Investment and O&M costs are calculated according to
Eq. (68) and (69).

]

;

\0

where:
𝐿Yx," = 𝐿Yx,",Sf6 + 𝐿Yx,",$š6 ;
\0
2 ∙ S78
ℎ^,S
𝐿Yx,",Sf6 =
𝐴_",Yx
𝐴_",Yx ∙
𝐴;,Yx

𝑖𝑛𝑣𝐶"£ =
~

2.3.4.3

\0

[Wh]

[EU]
[EU]

2.3.5

ф²,V$f,"£ = ф³,V$f,"£

[Wh]

(67)

Chillers and cooling tower

𝑇˜,W$
1
𝑇˜,W$
1+
− 1 = 𝐶8,,£xx
𝑇˜,Yu"
𝐶𝑂𝑃£xx
𝜙Ÿ,V$f,£xx
𝑇˜,Yu" − 𝑇˜,W$
+ 𝐶4,£xx
𝑇˜,Yu" 𝜙Ÿ,V$f,£xx
𝜙Ÿ,V$f,£xx
1
+ 𝐶],£xx
1+
𝑇˜,Yu"
𝐶𝑂𝑃>ŸŸ

[-]

(70)

The compression work of the chiller needed to attend a
cooling load ϕL,°§º,¦ªª is presented in Eq. (71).
𝜙³,£xx =

𝜙Ÿ,V$f,£xx
𝐶𝑂𝑃£xx

[Wh]

(71)

A wet cooling tower is modeled downstream from the
chiller. Its performance depends on the nominal cooling
capacity and the cooling part load factor, both values are
described in Eq. (72) [102].

Following the recommendations of [97] and [100], we
estimated the electrical and thermal output of PV-T panels
according to Eq. (66) and Eq. (67). These equations
account for the variability of the PV cell temperature in
relation to the temperature of the circulating fluid and its
positive effects on the reduction of thermal and electrical
losses.
(66)

(69)

The model for vapor compression chillers uses the
Gordon-Ng approach [101] to represent the four-stage
thermodynamic cycle, where a refrigerant extracts heat for
the cooling service at the condenser and transfers it to
fresh water at the evaporator. The corresponding
coefficient of performance is calculated in Eq. (70).

(64)
(65)

[Wh]

[EU]

S78

(63)

ф³,V$f,"£/~ = ф³,V$f,"£
F
F
= 𝑓 𝑛"£
, 𝐴_","£ , 𝐼_^,"£ , 𝛽W$w , 𝑇"£ , 𝑇"£
, фY±Y,#,"£ ;
𝑇Yx,Yu" + 𝑇Yx,W$
∀𝑇"£ =
2

𝑂&𝑀𝐶ˆ>,^ S

where:
𝑂&𝑀𝐶"£,^
= 0.01 ∙ 𝐼𝑛𝑣𝐶"£/~,^
−(0.00645 𝑙𝑛 𝑃𝑉"Q,^ + 0.212)ф³,V$f,"£/~ 𝑖𝑓 𝑃𝑉"Q,^ < 200 𝑘𝑊
−
0.176ф³,V$f,"£/~
𝑖𝑓 200 𝑘𝑊𝑝 ≤ 𝑃𝑉"Q,^

Photovoltaic-thermal panels

~

(68)

S78

𝑂&𝑀𝐶"£/~ =

The calculation process is carried out for every group
in the area and the results are aggregated. For this, we
assumed all modules to be connected in parallel and
operate at a target temperature of 10 degrees above the
return line of the community wise micro-grid.
Investment costs are estimated according to the
collector’s area in Eq. (64). O&M are given as a
percentage of the investment costs in Eq. (65).
𝐼𝑛𝑣𝐶ÀŸ = 2050 ∙ 𝐴_",Yx ∙ φ_ff
𝑂&𝑀𝐶ÀŸ = 0.05 ∙ 𝐼𝑛𝑣𝐶ÀŸ

[EU]

where:
𝐼𝑛𝑣𝐶"£/~,^ = 5000 ∙ 𝑃𝑉"Q,^ S ∙ φ_ff

The solution to Eq. (58) is an iterative process, which
relates the solar collector’s thermal output to its mass flow
rate, Eq. (63). In order to increase this thermal output, the
mass flow rate was found that maximizes the energy
generation function of Eq. (63) in every time-step. In this
equation, the electricity required for pumping (𝜙³,_uš,Yx ) is
assumed as twice as valuable as the thermal output of the
solar collectors (𝜙H,𝑔𝑒𝑛,Yx )23. For the sake of simplicity, the
problem is subjected to four possible flow conditions
¾-µ
( mF«ª , m¾¯º
and pressure drops (i.e.
«ª , m«ª , 0 )
F
¾¯º
¾-µ
∆P«ª
, ∆P«ª
, ∆P«ª
, 0)
𝜙H,𝑔𝑒𝑛,Yx = 𝑚Yx 𝐶𝑝˜/V# ∙ 𝑇Yx,Yu" − 𝑇Yx,W$ − 2
∙ 𝜙³,_uš,Yx

𝑖𝑛𝑣𝐶ˆ>,^ S

𝜙³,˜x6
= 0.8603 φ"#,£xx ] + 0.2045 φ"#,£xx 4
F
𝜙³,˜x6
− 0.0623 φ"#,£xx + 0.0026
where:
F
F
𝜙³,˜x6
= 0.011𝜙Ÿ,V$f,£xx
𝜙Ÿ,V$f,£xx
φ"#,£xx = F
𝜙Ÿ,V$f,£xx

[-]

(72)

The investment costs for the two units are presented in
Eq. (73). O&M costs are derived from the electricity needs
plus 5% costs over the investment costs in Eq. (74).

F
= 𝑓(𝐴_","£ , 𝑛Yx
, 𝐼_^,Yx , 𝐶8,Yx , ∆𝑇Yx , 𝐶4,Yx , 𝐶$ww,ÀŸ , фvSY,#,fW,Yx
~

F
∀𝐶8,Yx = 𝐶8,Yx − 𝑛"£
∙ 𝛽W$w ∙ 𝐼_^,"£ ;

F
F
𝐼𝑛𝑣𝐶Ÿ~ = 386 𝜙Ÿ,V$f,£xx
+ 15.4 𝜙Ÿ,V$f,£xx
+ 1400
∙ φ_ff
𝑂&𝑀𝐶Ÿ²Ÿ~
𝜙³,˜x6 + 𝜙³,£xx ∙ ξ$#,Ÿ²
= 0.05 ∙ 𝐼𝑛𝑣𝐶²ˆ +
1000

F
F
F
∀𝑛Yx
= 1 − (𝑛"£
1 − 𝛽W$w ∙ 𝑇"£ − 𝑇"£

23

This assumption is based on a typical ratio of electricity and
heat production out of primary energy of 2:1 [126].

54

[EU]

(73)

[EU]

(74)
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2.3.6

Thermal storage

0.27

Following the approach of [103], [104] we modeled a
daily and a seasonal thermal storage both consisting of a
cylindrical water tank operating at temperatures between
20-90C. The daily storage tank is dedicated to store any
thermal load; whereas the seasonal tank is dedicated to
store only solar energy produced in site. Both storages are
operated so the energy content at the end of the period of
concern is the same as the initial. The thermal balance of
both storage units is presented in Eq. (75). In this
equation ϕ#,°§º is the energy injected to the storage.
𝜙²,Y6X = 𝜙À~b,6t,F + 𝜙²,V$f + 𝜙³,²ˆ8 − 𝜙Y6X,#,fW
− 𝜙²,*² − 𝜙³,²ˆ4

[Wh]

𝐼𝑛𝑣𝐶Y6X =

8F

[Wh]

𝐾Y6X ∙ 𝐴Q ∙ (𝑇Y6X,Q − 𝑇V )

Where:

=

𝜙Y6X,Q,Sf −

2.3.7

𝑁𝑢 f→f™8 =

(80)

∙ φ_ff

;

F
𝜙²,V$f,²ˆ4
1000

𝜙³,Y6X,_uš ∙ 𝜉$#,Ÿ²
1000

[EU]

(81)

Substations and heat exchangers

Temperature and mass flow rate conditions of heat
exchangers and substations were determined with the
NTU method [105]. The NTU method expresses the
effectiveness of heat transfer processes between a hot
and cold stream in relation to their mass flow rate
conditions, target temperatures of operation and type of
heat exchanger unit. For all cases (i.e., cooling and
heating substations, server heat exchangers, solar
collector heat exchanger, refrigeration exchangers and
sewage heat exchangers) we modeled a tubular heat
exchanger. In Eq. (82), the heat exchanger area is
determined at nominal conditions of every customer
substation. For this we assumed the nominal network
temperature to be that maximum (or minimum in the
cooling case) of all connected buildings at the peak hour
plus a minimum delta of target temperatures of 5K [4].
In the case of heat exchangers located in a sewage
bed of length 𝐿²m,Y˜ , the area is determined from Eq. (83)
accounting for the depth ℎ²m,Y˜ of the active water in
contact with the heat exchanger. Return temperatures and
mass flow conditions are then derived from the NTU
method in the system of equations of Eq. (82)-(87). The
solution to this system of equations is outside of the scope
of this study and can be found in [16].

(76)

(77)

F
𝜙 F = 𝐴²m ∙ 𝑘²m ∙ ∆𝑇#f
𝐴²m = 𝐿²m,Y˜ ∙ 𝑊²m,Y˜
Where:

(78)

The heat exchanges due to convection between layers
is calculated in Eq. (79).

𝑊²m,Y˜ = arcsin
xg

[Wh]

Ù
j kÕl

[EU]

Ÿ"Û ∙8Û ∙(BF‡4F)
F
𝜙²,V$f,²ˆ8
+

𝑂&𝑀𝐶Y6X = 0.01 ∙ 𝐼𝑛𝑣𝐶Y6X +

𝜙Y6X,Q,$š6

фY6X,Q→Q™8 = 𝐶8,Y6X,Q→Q™8 ∙ 𝐴Y6X ∙ 𝑇Y6X,Q − 𝑇Y6X,Q™8
Where:
\u 6→6fð ∙QÛ
𝐶8,Y6X,Q→Q™8 =
;

F ‡F.-44
𝑉Y6X

O&M costs are derived from the resulting electrical
needs of the heat pump and maintenance costs rated at
1% of total investment costs.

In Eq. (77), k = {1. .10} represents the number of
stratification layers considered in the model.
The energy balance equation for every stratification
layer and time step is presented in Eq. (78). In this
equation, the terms 𝜙Y6X,Q,Sf , 𝜙Y6X,Q,$š6 respectively
represent the inner- and outer-energy flows between each
one of these layers. The equation is solved with a mass
flow of the top layer (k=10) equal to that of the first heat
pump supply line and a mass flow of the bottom layer
(k=1) equal to that of the heat pump return line.
[Wh]

;

−493.53 ln 𝐶8,Y6X + 5484 ∙ 𝐶8,Y6X

𝐶8,Y6X =

f78

𝑚𝐶𝑝Q ∙ 𝑇Y6X,Q − 𝑇Y6X,Q,F

‡~Ý21,6 ∙h; Ý21

+ 7229 ∙

(75)

Thermal losses in the tank are calculated from the
system of equations of Eq. (77) [104]. In order to account
for stratification phenomena, the tank is discretized in 10
layers of same thickness.
𝜙Y6X,#,fW =

g

£Û g ∙h~Ý21

The investment costs of the storage are presented in
Eq. (80) accounting for the peak thermal load attended by
the secondary heat pump in the supply line to the district
(ϕF#i4 ) and that attended by the main heat pump in the
supply line to the storage (ϕF#i4 )

F
𝑉À~b
=

[Wh]

ÕÝ21,6 ?ÕÝ21,6fð

𝐿x_W = ℎY6X /10

For charging and discharging processes, the tank is
connected to two heat pumps. One heat pump upgrades
the temperature at the return temperature of the tank if it is
less than the current storage temperature at the bottom
layer adding compression work to the tank during the
process (𝜙c,²ˆ8 ). The second, upgrades the temperature
of the storage at the top layer when less than the current
district heating supply temperature. This heat pump adds
compression work (𝜙c,²ˆ8 ) to the district heating demand
(𝜙d# ).
Auxiliary electricity consumed by the tank is related to
that consumed by circulation pumps of heat pumps Eq.
(76), The equations governing the hourly performance of
heat pumps are presented in section 2.3.1.
𝜙³,Y6X,_uš = 𝜙³,²ˆ8 + 𝜙³,²ˆ4

V∙.~Ý21 ∙9Þ5W × ∙

(79)

5tno,ÝÛ

; 𝐶8,²m =
8

𝜀²m = 1 − 𝑒 ŸW
Where:

9Þ
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Ÿð,no
tno,ÝÛ ™

Að,no g
pqno,ÝÛ

𝑅Y˜ −

\~r Ù.gg ∙$ ?AW ∙sÕt

Ù.uv

(82)
(83)

[-]

(84)

∙ ℎ²m,Y˜ +

tno,ÝÛ
4

[Wh]
2
[m ]

∙ 8ℎ²m,Y˜
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𝐶],²m
𝐶5,²m
𝐶],²m = min 𝑚˜ 𝑐𝑝˜ ² , 𝑚˜ 𝑐𝑝˜ Ÿ
𝐶5,²m = max 𝑚˜ 𝑐𝑝˜ ² , 𝑚˜ 𝑐𝑝˜ Ÿ
𝐴²m ∙ 𝑘²m
NTU =
𝐶],²m
𝜀²m ∙ (𝑇²,Sf − 𝑇Ÿ,Sf ) ∙ 𝐶],²m
𝑚˜ 𝑐𝑝˜ Ÿ =
𝑇Ÿ,Xu6 − 𝑇Ÿ,Sf
𝜀²m ∙ (𝑇²,Sf − 𝑇Ÿ,Sf ) ∙ 𝐶],²m
𝑚˜ 𝑐𝑝˜ ² =
𝑇²,Sf − 𝑇²,$š6

at every node and at every time span are met, while
minimizing the total investment and operation costs. For
this, we used the piping catalogue of Table 4 and
assumed twin pipes and symmetrical pressure drop in
supply and return lines. In this table, the rugosity
coefficient includes 20% of losses due to fixtures.
Investments costs are annualized at 60 years with an Ir =
4%, and include costs of both supply and return pipes.

𝐶4 =

[-]

(85)

[kg/s]

(86)

[kg/s]

(87)

Table 4
Piping catalog of twin pipes for heating and cooling networks.
* rS = 0.0018; **rS = 0.0048.
𝐼𝑛𝑣𝐶𝑝 S
DNS
𝐷S$š6
𝑉";Sf S
𝑉";_š S
𝐷SSf6

Based on the approach of [85] the investment cost
associated to heat exchangers is derived as a function of
the heat exchanger area in Eq. (88). O&M costs are
presented in Eq. (89).
𝐼𝑛𝑣𝐶²m = 3364 ∙

𝐴²m F.y
∙ φ_ff
5.5

𝑂&𝑀𝐶²m = 0.01 ∙ 𝐼𝑛𝑣𝐶²m

2.3.8

[EU]

(88)

[EU]

(89)

Circulation pumps

The hourly electricity consumption of circulation pumps
is calculated according to Eq. (90). For this hourly mass
flow rates and pressure losses (∆𝑃\$6 ) are estimated with
the network optimization model of section 2.4.1.
𝜙³,"u;" =

𝑚f$6 ∙ ∆𝑃\$6 𝑚f$6
∙
F
𝜌˜
𝑚f$6

]

[Wh]

𝐼𝑛𝑣𝐶"u;" = 414.8 ∙ 𝐶8,"u;"
𝐶8,"u;" ‡F.B,]54 ∙ φ_ff ;
where:
фF³,"u;"
𝐶8,"u;" =
1000

𝑂&𝑀𝐶"u;" = 0.01 ∙ 𝐼𝑛𝑣𝐶"u;" +

+ 440.11 ∙

[Wh]

[mm]

[mm]

[EU/m.yr]

20*
25*
32*
40*
50*
65*
80*
100*
125*
150*
200*
250**
300**
350**
400**

26.9
33.7
43.4
48.4
60.3
76.1
88.9
114.3
139.7
168.3
219.1
273
323.9
355.6
406.4

24.3
31.1
40.8
45.8
57.4
73.2
85.7
110.7
135.1
164.3
214.6
268
318.3
350
400.1

1.2
1.3
1.5
2.1
2.8
4.2
6.2
9.5
14.7
20.8
25.0
41.7
50.0
58.3
66.7

𝑂. 𝐹: 2 ∙ 𝑃f "# ∙ 𝑉 "# ∙

𝐼𝑛𝑣𝐶"u;"

𝑆. 𝑇: 𝑉" S,$ ≥ 𝑥S,$ 𝑉S;Sf
𝑎Q,S 𝑉" S,$

𝑚f$6
F
𝑚f$6

0.0001
0.0002
0.0004
0.0005
0.0008
0.0013
0.0017
0.0029
0.0043
0.0064
0.0109
0.0169
0.0239
0.0289
0.0377

0.0005
0.0008
0.0033
0.0041
0.0065
0.0105
0.0202
0.0337
0.0502
0.0742
0.1266
0.1974
0.3183
0.3848
0.5029

]

+

𝑥S,$ 𝐿" $ 𝐼𝑛𝑣𝐶" S
$∈³ S∈x

∀𝑖 ∈ 𝐼, 𝑒 ∈ 𝐸

∀𝑖 ∈ 𝐼, 𝑒 ∈ 𝐸
𝑃f − 𝑃f y
+ 𝑏Q,S 𝑉" S,$ + ≤
∀𝑒 ∈ 𝐸, 𝑘 ∈ 𝐾
𝐿$
Wz

𝑉S,$ −

[Wh]

3

[m /s]

𝑉" S,$ ≤ 𝑥S,$ 𝑉S;_š

(91)

S∈x

𝜙³,"u;" ∙ 𝜉$#,Ÿ²
1000

3

[m /s

We solved this hydraulic problem by integrating the
non-linear convex formulations of [108] in the next mixedinteger linear problem (MILP):

(90)

The investment costs of pumps are presented in Eq.
(93). O&M costs are derived from the resulting electrical
needs and maintenance costs rated at 1% of total
investment costs in Eq. (92).
‡F.8'z

[mm]

$∈³ f S∈x

(92)

$∈³ ? S∈x

𝑉" S,$ + 𝑉f = 0 ∀𝑛 ∈ 𝑁\𝑛"#

𝑥S,$ = 1

∀𝑒 ∈ 𝐸

S∈x

2.4
2.4.1

where:
𝑥 S,$ ∈ Ζ
0 ≤ 𝑥S,$ ≤ 1
𝑃f ;Sf ≤ 𝑃f ≤ 𝑃f ;_š

Supply system optimization module
Thermal networks

Both layout and diameter of thermal networks are
optimized to minimize investment and operation costs.
Based on the work of [106] and [107], we have integrated
a minimum spanning tree algorithm in the GIS platform
ArcGIS to compute and represent a close-to-optimal
layout for heating and cooling networks. For this, we
selected a geometrical analysis grid consisting of roads,
internal streets, pedestrian walkways and train tracks,
which we connect orthogonally to a producer and
consumer in the area. A main producer is selected
between the building with largest storage area and the
building with highest demand (Anchor load).
The pipe diameter of those close-to-optimal layouts is
then determined so that the requested pressure at every
customer is maintained between 119 kPa and 800 kPa. In
a similar manner, the water velocity in every pipe is kept
between acceptable limits (i.e., 0.3 m/s and the maximum
volume flow per pipe type V®¾-µ ) and the volume flow rate,

∀𝑖 ∈ 𝐼, 𝑒 ∈ 𝐸
∀𝑖 ∈ 𝐼, 𝑒 ∈ 𝐸
∀𝑛 ∈ 𝑁

Following the recommendations of [108], we solve the
MILP with a linearization-based branch and cut algorithm.
In this algorithm, the function of pressure drop of Darcyweissbach ℎw 𝑉 in Eq. (93) is linearized in order to avoid
S

a singularity in the friction coefficient 𝑓* , of Swamee-Jain
in Eq. (94). For this linearization process we assume that
ℎw 𝑉 is non-linear convex under the condition 𝑉S;Sf ≤
S

𝑉" S,$ ≤ 𝑉S;_š and approximate ℎw 𝑉 in Eq. (95) with the
S

linear cuts aÎ,¯ and bÎ,¯ described in Eqs. (96) and (97).
∆𝑃\$6
8 𝑓* 𝜌˜
= ℎw S 𝑉 = 4 ] 𝑉 4
𝐿
𝜋 𝐷S
RS
𝑓* = 0.25 𝑙𝑜𝑔8F
+ 5.74𝑅𝑒 ‡ F.B
3.7𝐷S
Where:
4𝑉
𝑅𝑒 =
𝜋𝑣˜ 𝑑S

¯
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#Sf$_W
𝑉Q,S
= 𝑉S;Sf +

𝑑ℎw S

𝑉S;_š − 𝑉S;Sf
(𝑘 − 1)
𝐾−1

3

[m /s]

(95)

[-]

(96)

[-]

(97)

#Sf$_W
(𝑉 = 𝑉Q,S
)
𝑑𝑉
#Sf$_W
#Sf$_W
𝑎Q,S 𝑉Q,S
+ 𝑏Q,S = ℎw S (𝑉Q,S
)

𝑎Q,S =

[110], we chose a fixed-order operation model for
activation of production units. In this model, technologies
connected to endogenous resources are offered at zero
marginal cost, whereas other production units are forced
to adapt their operation scheme on demand. Surplus
energy from a zero-cost source is then stored with an
efficiency penalty (i.e., simulated storage thermal loss).
Solar technologies are prioritized, followed by sources of
waste heat. Then heat pumps are activated according to
its hourly efficiency followed by co-generation units,
condensing boilers and peak boilers. As a rule,
cogeneration units operate at a minimum of 2000 hours
and not less than the part load factors of Table 2 and
Table 3. The last constrain applies for all technologies.
Once the results of installed capacities of solar
technologies and grid connectivity are known for Paretooptimal configurations, the model of section 2.4.1 is
reapplied to those configurations.

In a first step, the pressure losses for the optimized
layout are plotted against mass flow rates of the network
and the result is linearized in Eq.(98). Similarly, the
investment costs of the optimal layout are linearized in
proportion to the number of buildings to be connected in
Eq. (99). Both equations serve as main input for the
optimization routine of section 2.4.2.
#Sf$_W
∆𝑃f$6
= 2 ∙ (𝐶8,∆ˆ ∙ 𝑚*²/*Ÿ + 𝐶4,∆ˆ )
P
^∈P Þ 𝑏
#Sf$_W
𝐼𝑛𝑣f$6 = 𝐼𝑛𝑣*²/*Ÿ ∙
P
^∈P 𝑏

[Pa]
[EU]

(98)
(99)

Heat losses in the network (𝜙 vSY,#,fW ) are estimated
according to Eq. (100)[85].
𝜙 vSY,#,fW = 𝑇 𝐷𝐻/𝐷𝐶,𝑠𝑢𝑝 − 𝑇 𝑥 ∗ 𝑚𝑤 𝑐𝑝𝑤
where:

[Wh]

2.5

(100)

2.5.1

‡}; ∗9;

Reliability assessment

Following the approach of [48], [111], we conducted a
sensitivity analysis to characterize the reliability of Paretooptimal
configurations
and
determine
influential
parameters of the model. For this, we evaluated changes
in the price of natural gas, biogas and electricity in the
bandwidth of +-10% with increases of 2%. For every
increase, the Pareto-front is re-evaluated, and the Paretodominant configurations are selected. The reliability level
is measured as the relative number of times a
configuration is Pareto-dominant in relation to other
configurations. The parameters with the highest
associated number of discarded configurations are the
most sensible.

𝑇 š = 𝑇 V + 𝑇 *²/*Ÿ,Yu" − 𝑇 V ∗ 𝑒 ;Û x"Û 2

Where 𝑚˜ 𝑐𝑝˜ is the average value between the maximum and
minimum hourly flow running in the network. The temperature of
supply required by the central plant 𝑇 *²/*Ÿ,Yu" is then

recalculated to account for losses.
2.4.2

Decision module

Size and operation optimization

Based on the approach of [48], [109], we used a bilevel optimization strategy to size and configure whole
community energy systems for minimum total annual costs
(TAC), emissions (CO2), and primary energy needs (PEN).
The problem is subjected to constraints of resource
availability (section 2.2), systems technology operation
(section 2.3) and network configuration (section 2.4.1).
The
multi-objective
and
multi-period
(hourly)
optimization problem is formulated as a mixed-integer
non-linear program and is divided into a Master and a
Slave routine where:

2.5.2

Multi-criteria decision analysis

In order to select configurations that maximize the
social, economic and environmental value of the area, we
integrated the multi criteria decision analysis (MCDA)
approach of [112]. For this we considered three criteria
levels (i.e., social, economic, and environmental) with
weight 𝑤S , and six sub-criteria (i.e., social: penetration of
renewables, export of electricity, economic: total annual
energy costs, annual operational costs, environmental:
emissions and non-renewable primary energy) with weight
𝑤 S,ž subjected to the conditions of Eq. (101).

𝑂. 𝐹: min 𝑓 𝑥 = 𝑇𝐴𝐶 𝑥 , 𝐺𝐻𝐺𝐸 𝑥 , 𝑃𝐸𝑁(𝑥)
š∈³

𝑆. 𝑇: 𝑇𝐴𝐶 𝑥 , 𝐺𝐻𝐺𝐸 𝑥 , 𝑃𝐸𝑁 𝑥 = 𝑆𝑙𝑎𝑣𝑒 𝑥

where:
𝑇𝐴𝐶 𝑥 = 𝑖𝑛𝑣 𝑥 + 𝑂&𝑀(𝑥)

The master routine consists of an evolutionary
algorithm, which defines a system set-up and mutates it in
regards to the previously found best alternative. The
system set-up consists of a network layout with a set of
connected customers, and combination of different
production and storage units. The supply system of
disconnected costumers is optimized with both Master and
Slave routines in a previous time step. For this last case,
the optimization problem does not consider network setup, but small-scale technologies such as fuel cells, natural
gas-fired boilers, biogas-fired boilers, GSHP and solar
technologies.
The Slave routine evaluates the operation of each
system set-up upon the three-optimization variables of
concern (i.e., TAC, CO2 and PEN). In line with the work of

]
S78 𝑤S = 1, ∀i ∈ {1,2,3}
4
ž78 𝑤Sž = 1, ∀j ∈ {1,2}

(101)

Each Pareto-optimal configuration 𝑘 ; 𝑘 ∈ 𝐴, 𝐵, 𝐶 is
rated for all sub-criteria. The rating values are labeled 𝑋Sž Q .
For each sub-criterion, the best and the worst ratings are
determined in Eqs. (103)-(104) and normalized in Eq.
(105).
]
S78 𝑤S

4
ž78 𝑤Sž

= 1, ∀j ∈
{1,2}
𝑋Sž ^$Y6 = min 𝑋Sž } , ∀i ∈ 1,2,3 , ∀j ∈ {1,2}
𝑋Sž
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˜XWY6

= 1, ∀i ∈ {1,2,3} ;
} ∈ G,P,Ÿ

}

= 𝑚𝑎𝑥 𝑋Sž , ∀𝑖 ∈ 1,2,3 , ∀𝑗 ∈ {1,2}
} ∈ G,P,Ÿ

(102)
(103)
(104)
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𝑋€• } =

𝑋𝑖𝑗 𝐾 − 𝑋Sž ˜XWY6

networks or changing the efficiency of infrastructure
components. Other modifications could lie on urban
planning decisions targeting the evaluation of impacts and
benefits to potential users. For instance, discussing if a
parcel optimized for photovoltaic technology does match
the financial or even personal needs of its owner. We
present an example of this powerful technique in Fig. 5
and Fig. 6.

(105)

𝑋𝑖𝑗 𝑏𝑒𝑠𝑡 − 𝑋Sž ˜XWY6

The final score per configuration is obtained in Eq.
(106). The best option is that with a value of one (1).
4

]

𝑤S ∙ 𝑤Sž ∙ 𝑋Sž Q

ScoreQ =

(106)

3.

ž78 S78

2.5.3

Life cycle analysis

We tested the CEA framework in a real case study in
the Swiss city of Zug. It consists of an industrial site of 25
ha undergoing a process of urban transformation. A large
manufacturer in the industry sector owns and
predominately occupies the site along with other
companies in the services sector. At the moment, there is
no residential use on site. Departing from today’s condition
or Status Quo scenario (SQ), a past research project [5]
developed four retrofit scenarios for the area by 2035. The
Business-as-Usual scenario (BAU) focuses on the
industrial legacy of the site with a small expansion to
residential uses. The Urban Condenser scenario (UC)
describes a classic city-district development with a mix of
industrial, residential and commercial uses. It consists in a
more inclusive and socially driven strategy to increase the
livability of the area, offer housing close to job
opportunities and open spaces for leisure and recreational
activities. The High-end Business scenario (HEB) drives
the light industry out of the district and populates it with
high-rise buildings with commercial use. In this scenario,
priority is given to the tertiary sector of the economy,
which would guarantee the economic sustainability of
urban areas in the future. On the other hand, the Campus
scenario (CAMP) describes a university environment with
laboratories, housing and catering services. In this area
students, residents and workers meet in close vicinity of
big parcels of open space, which evoke for total
pedestrian-friendly mobility.

We integrated the method of the energy path of
Switzerland for life cycle analysis of buildings [113]. For
this, all energy vectors related to construction/dismantling,
operation, and induced mobility are evaluated. Those
vectors related to the operation of buildings are calculated
with the procedure presented from section 2.1 to section
2.4. Emissions and primary energy related to construction
or dismantling of buildings (embodied energy and grey
emissions) are calculated according to the approach of [5].
The method consists in a relation of the database of grey
energy and emissions of [114] to the occupancy type,
construction year, retrofit year and built area of buildings.
These data are extracted from the urban database
presented in section 2. Finally, vectors related to mobility
are estimated based on the recommendations of [113].
Similar to the approach of [5], a database of transportation
means and factors of emissions and primary energy
consumption is correlated with the occupancy type and
built area of buildings.

2.5.4

Benchmarking

We benchmark the performance of buildings by comparing
the results of Pareto-optimal configuration to local
averages of end-use energy consumption, and target
values of carbon footprint and primary energy
consumption. Demand side benchmarks are derived from
the database of archetypes of [1]. This database contains
data related to specific use of electricity, heating and
cooling services in buildings. The database is correlated to
the occupancy type and built area of buildings to
determine a comparable value. Carbon foot-print and
primary energy benchmarks are extracted from [115] and
contain benchmarks for embodied energy, operation of
buildings and induced mobility.
2.6

Test case

3.1.1

Demand assessment

We used the demand module of section 2.1 to
calculate the future demand of end-uses in buildings. Ten
types of end-uses24 were estimated.
According to Fig. 3a, the heating demand in the area
could potentially increase as a result of higher use of
domestic hot water in new residential areas. The cooling
demand could potentially increase despite the energy
requirements of industrial processes and server rooms
disappear. Electrical loads would slightly increase in
scenarios with high office space and industrial production
(i.e. SQ, BAU and HEB), whereas it could decrease in
cases with more residential and mixed uses (i.e. UC,
CAMP).
In Fig. 12 of Annex A, we estimated the hourly
demand of heating, cooling and electrical services for
every future scenario. The peak demand of heating,
cooling and electrical services increases in all scenarios

Spatiotemporal analysis module

We expanded the approach of [1] and developed a 4D
interface to represent time-dependent flows of energy
between buildings and infrastructure. The approach was
demonstrated in [1] to serve as a catalyst of discussions
between decision makers. In this project, this visual
interface serves in addition as a feedback loop (see Fig.
5) for energy systems designers and urban planners, who
by mapping final infrastructure solutions, patterns of
demand and resource availability could start making the
modifications necessary to translate these configurations
into more market-adaptable solutions. For instance, by
improving manually the expected layout of energy

24

Qcp: process cooling, Qhp: process heat, Qhs: space heating,
Qcs: space cooling, Eal: appliances & lighting, Ep: industrial
processes (electricity), Edata: server room (electricity), Ecair:
compressed air (electricity), Qww: domestic hot water, Qcdata:
server room cooling.
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(a)

(b)

Fig. 3 a. yearly energy demand per scenario, b. yearly energy potential per scenario.

and trends to be doubled: the first increases in the range
of 10-100% (11-20MW); the second increases in the range
of 25%-122% (6-10MW); and the third increases in the
range of 13-100% (4.5-8MW). The HEB scenario presents
the highest peak of all scenarios for all energy services.
This behavior is attributed to high volumes of office and
commercial space in combination with high window/wall
ratios; air-based conditioning systems and data related
cooling loads. For cooling and heating services, the lowest
peaks take place in the UC scenario. Despite presenting a
similar yearly cooling demand to the BAU scenario, and
higher in the heating case, the high mix of air-conditioned
uses (offices, industry and commercial) particular of the
UC scenario generates close to 15% less peak heating
and cooling demand (Fig. 12). For electrical services, a
similar behavior is observed. In this case, the UC scenario
presents a peak 20% inferior to scenarios with similar
yearly electricity demand (i.e., BAU and CAMP scenarios).
However, this peak is presented up to three times in a day
as a consequence of the diversity of uses previously
mentioned of this scenario. The mid-day peak during
summer (Fig. 12) is particularly interesting for the
integration of solar technology.
3.1.2

observations in the area we assumed new tall-buildings to
have an average piling depth of 40m (i.e., maximum depth
of exploration), an average piling distance of 5m 25
(average separation between probes) and a maximum
geothermal capacity per pile of 50 Wth/m. These
restrictions are integrated in the model to determine the
maximum potential of geothermal energy per scenario.
On the other hand, we calculated the solar potential of
roof top areas and estimated the energy yield per solar
technology. We used the module of section 2.6 to
represent changes in solar insolation and obtain a
description of the solar potential in every building and
scenario. Fig. 5 presents the results of the HEB scenario.
We estimated the availability of waste heat from
datacenters, compressors and sewage lines with the
models of section 2.2.3. Finally, the potential of fuel-fired
technologies (i.e., condensing boilers, combined gas cycle
turbines and fuel cells) is estimated in relation to the
maximum availability of fuel in the local grid (i.e., 15
MWth) with the models of sections 2.3.2 and 2.3.3.
Fig. 3b presents the share of local energy potentials
available per scenario and Fig. 13, of Annex A, presents
their time variability. The potential of lake-water heat for
either heating or cooling is one of the highest and more
stable for the area. The hourly power availability of this
source at a typical network temperature of 70°C for
heating purposes and 8°C for cooling purposes lies
respectively in 15MW and 10MW during the whole year.
This relatively stable source/sink of heat could supply the
total needs of most scenarios (with the exception of HEB
for heating purposes). In the heating case, the lake-water
presents a peak power capacity highly comparable to the
current availability of natural gas from the local utility.
Despite the high temperature lift and low COP expected
while using this source for heating purposes (i.e., 3.2 –
3.7), its carbon emissions and primary energy
consumption could be respectively 40% and 85% less
than that of a natural gas-fired boiler.
After lake-water, solar technologies present the highest
potential on site. In terms of thermal yield, this potential
oscillates between 4 GWh/yr (the lowest presented with

Resource availability assessment

From the analysis of the demand we observed a potential
use of waste heat from industrial processes (compressed
air), sewage, and data centers. We used the module of
section 2.2 to calculate the availability potential of these
and other endogenous resources per scenario.
For the lake-water potential, we considered an existing
intake on site at 33m below ground and obtained
temperatures at the source oscillating between 4-6°C
around the year. Based on these assumptions, the lake
represents one of the best sources for cooling services in
the area. However, for environmental reasons, the use of
lake as a source of heat is constrained so that at the end
of the year its energy content does not change above
12.500 MWh. The maximum extraction rate from the
existing installation in site could have a maximum intake of
3
2000m [116].
The use of geothermal energy in the area is totally
restricted with the exception of new tall-buildings (more
than 20 floors) with energy-piling technology. Based on

25

This value represents a high vicinity between boreholes, which
represents a 10% less yearly efficiency in return for more capacity
of installation [127]
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(a)

(b)

Fig. 4 Comparison of Pareto-frontiers after 24 generations, a. Total values, b., Relative values

solar collectors for HEB scenario) to 20GWh/yr (the
highest presented with photovoltaic/thermal for CAMP
scenario). This relatively big difference lies on one hand
on the low availability of roof areas of HEB scenario with
respect to the CAMP scenario. On the other hand, it lies
on the high performance of PV/T technology, whose low
operating temperature translates into significantly higher
thermal and electrical energy yield.
Another interesting potential energy source especially
for BAU and CAMP scenarios is waste heat from sewage.
This low-quality source of energy has the capability to
cover close to 10% of the peak heating demand of both
scenarios and cover close to 9 GWh/yr (from 5% to 10%
of the yearly heating demand on site). Server rooms (1.4
MWh/yr, 200 kW) and process heat (0.60 MWh/yr, 63 kW)
represent the lowest potential together with geothermal.
For both decentralized and centralized options geothermal
could cover respectively 30 kW and 45 kW of peak heat
energy.
In terms of electricity generation, PV is the most
suitable alternative besides co-generation. PV yields
between 4 GWh/yr and 7 GWh/yr, whereas centralized cogeneration (combined cycle) generates up to 61 GWh of
useful electricity). The question is: how much of these
potentials can be feasibly integrated?
3.1.3

gas. This result constrains the feasibility of combined heat
and power units and natural gas-fired boilers when
selected.
According to Fig. 4.a, all future trajectories of
development will require an increase in the total annual
costs of at least 45%. Besides a few alternatives in the
CAMP and HEB scenarios, the total annual cost per unit of
area (Fig. 4.b) could increase up to 60%. These values
are more related to the type of urban trajectory rather than
to the system configuration. In terms of relative values,
both emissions and primary energy consumption might
decrease in the area (Fig. 4.b). In the worst case (BAU
scenario) emissions could decrease between -5% and 46%, whereas in the best, it could decrease between 12% and -61% (HEB scenario).
In terms of global values, emissions could either
decrease by -27% (UC scenario) or increase by 35%
(HEB scenario) for the area. Most environmentally
performing alternatives require financial means in the
2
range of 26 EU/m .yr. If we consider the average area per
2
new household in Switzerland (i.e., 100m )26, this number
would translate in an average burden of 215
EU/household/Month per heating, cooling and electricity
services. This number is in line with current living costs
charged to renters in the Zug area (i.e., 200-300
EU/household/month). This point of view makes even the
most expensive alternative plausible. A discussion of a
proper business model in this direction is outside of the
scope of this study but is presented as a potential
alternative to the integration of highly carbon-efficient
infrastructure configurations.

System’s optimization

To answer this question we executed the optimization
routine of section 2.4 and determined Pareto-optimal
configurations per scenario. In Fig. 6 we present one of
these configurations for the HEB scenario where all
potential costumers are connected through a thermal
micro-grid. Peak demands and mass flow rates are
mapped together with the grid’s layout in order to
furthermore investigate potential “bottlenecks” and/or illconditioned nodes (those with a relative high mass flow
rate). The last could furthermore be refined during the
design process by either a second iteration or manually.
Both approaches remain part of future work.
We applied the reliability assessment method of section
2.5.1 to later extract the most robust solutions in Fig. 4.
For this we used a reliability threshold of 95%. As a
general consensus, the algorithm discards close to 10% of
all individuals of the Pareto-front. The most sensible
variable of the analysis consisted in the price of natural

3.1.4

Multi-criteria analysis

We conducted a multi-criteria analysis (see section 2.5.2)
in an intra-scenario and inter-scenario basis to select the
most suitable Pareto-optimal configuration and scenario
for the area. We assumed this condition as the one with
equally distributed weights among all sub-criteria (i.e.
societal: %RES, economical: LEC, TAC, environmental:
CO2, PEN).
26

Assuming a density of 2.5 persons per household[128], and 40
2
m of built area per person (extracted from demand model of
section 2.1.
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Fig. 5 Yearly solar isolation HEB scenario.

Fig. 6 Infrastructure and performance patterns for selected configuration of scenario HEB. 12:00pm December 12

An alternative to this procedure would consist of
selecting strategies based on maximum available budget
or expenditure willingness. Whereas a maximum available
budget consists in selecting alternatives below a threshold
of maximum investment costs, the expenditure willingness
can be portrayed with relative metrics of TAC.
In order to map preferences for societal, economic or
environmental values, we selected a series of Paretooptimal configurations per scenario where each value is
weighted at 80% over the others at the time. We then
compared the estimated savings for each sub-criterion
with respect to the existing configuration in the area
(district heating network assisted by central natural gasfired boiler, lake-water cooled district cooling network and
direct connection to regional electricity grid). For a
balanced distribution of all criteria, Fig. 7 shows savings
from 40% to 50% in emissions and from 25% - 30% in
primary energy at an annualized cost between 18% and
35% higher than today. For an economic–driven
distribution, the results showed savings of up to 4% in
emissions,14% in primary energy and 5% in costs. For an
environmentally-driven (or socially-driven) distributions,

th

the estimated savings in emissions and primary energy
are comparable to those of the balanced distribution.
In terms of an inter-scenario comparison, we took the
series of Pareto-optimal configurations previously selected
and compared them to the current performance of the SQ
scenario. For a balanced distribution of all criteria, Fig. 8
presents relative savings from 45% to 60% in emissions
and from 25% - 50% in primary energy at an annualized
cost between 13% and 44% higher than today. For an
economic–driven distribution, the results showed savings
of up to 23 % in emissions, 36% in primary energy and
11% in costs. For an environmentally- so socially-driven
distributions, the estimated savings in emissions and
primary energy are comparable to those of the balanced
distribution.
From the last analyses two conclusions can be drawn:
the first is that total emissions, primary energy
consumption and related operational costs in the area are
destined to increase. In relative terms, those quantities
could be lower in regards to the current status quo which
translates into a potential increase in energy performance.
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(a)

(b)

(c)

(d)

Fig. 7 Intra-scenario multi-criteria assessment for balanced, economic, environmental and social driven criteria, a. BAU, b. CAMP, c.
HEB, d. UC.

(a)

(b)

(c)

(d)

Fig. 8 Inter-scenario multi-criteria assessment for balanced-, economic-, environmental- and social-driven criteria: a. BAU, b. CAMP, c.
HEB, and d. UC

A second conclusion concerns the form and
morphology of every urban trajectory under analysis. From
a comparison of Fig. 7 and Fig. 8, we identified that
relative savings up to 15% in emissions and 20% in
primary energy with variable costs between up to 23% in
the area are related to the urban design option rather than
to its energy systems configuration. Further studies in this
direction should be carried out to generalize such
conclusion.
On the other hand, Table 5 and Table 6 presents
performance indicators and technical characteristics of the
balanced configuration in a scenario basis. These
configurations prioritize the use of systems at minimum

marginal cost (i.e., lake-water pumping, PV and PVT
systems) and of biogas over natural gas (for boilers). Fuel
cells, solar collectors and combined cycle equipment
appeared too expensive to be competitive in the
optimization process. In addition, with more than 50% of
the buildings connected to the district-heating network in
average, the optimization favors a combined (totally and
partially distributed) operation for the energy supply.
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Fig. 9 Comparison to medium term 2000-Watt/1-ton CO2 society goals (2050) due to: a. embodied energy, b. building operation, c.
mobility and d. total for the area
Table 5
Performance indicators for best configuration

%RES [%]
CO2 [kg CO2-eq/a/m²]
PEN [MJ-oil-eq/a/m²]
LEC [CHF/kWh]
TAC [CHF/a/m²]

3.1.5

BAU

CAMP

HEB

UC

52
24
1223
0.14
32

39
19
853
0.16
27

46
18
921
0.13
25

38
24
1056
0.15
30

target values due to primary energy consumption while still
being within the limits of CO2 requirements (Fig. 9d). This
behavior is strongly related to factors such as technology
efficiency and the Pareto-optimal configuration selected in
section 3.1.4 rather than to industry operation, whose
share is negligible in comparison to building operation
(Fig. 9). As in the total values of Fig. 10, the predominant
share of emissions belongs in business flights whereas
the lowest lie in logistics and industrial processes. The
total emissions in the area can decrease up to 48% for a
scenario with low business flights, but increase in 32% for
the most demanding one. In terms of emissions due to
mobility the panorama can highly change from scenario to
scenario. In general, SQ, BAU and HEB scenarios could
potentially generate up to four times more emissions due
to mobility (Fig. 9c). This behavior is driven by top-level
management positions and related business flights, which
correspond to the highest share of total emissions in the
area (Fig. 10). In consequence, the HEB scenario will be
the most polluting one with 32% more emissions per unit
of area than today (SQ).
As shown in Fig. 10 the CO2-eq emissions per
scenario will decrease by 20% to 63%, the later coming
close to the 2000-Watt/1-ton CO2 benchmark of 75% (2
ton/pers./year). The highest leverage to attain this
benchmark for the area of concern exists in the building
sector, where despite the grey emissions of new buildings
and infrastructure, technical advances in conversion
technologies would allow to drastically reduce emissions.
This is the case of an increase from today’s 16% efficiency
of photovoltaic technology to 20%, which would allow the
CAMP and UC scenarios to attain the target value of total
emissions for the area. For HEB and BAU scenarios,

Life cycle analysis and benchmarking

We evaluated the full environmental performance of the
case study in line with the targets of the 2000-Watt society
vision in Switzerland. For this, we compared the emissions
and primary energy consumption of the chosen Paretooptimal configuration due to buildings and infrastructure to
those due to production processes, logistics, and
commuting, business flights and embedded energy in
buildings. These data are gathered from a research
project in the area of study [5]. Based on the approach of
[117], we gathered target values of the 2000-Watt-society
vision for the year of 2050. These target values are
obtained for the dimensions of embodied energy,
operation of buildings and mobility. As shown in Fig. 10,
both grey emissions and embodied energy in buildings
increase for every scenario at a maximum of 18% from
today’s levels, still below the target values. For the Swiss
average, we might assume that an urban transformation in
this direction would most likely increase its carbon
footprint due to embodied energy.
For operation of buildings and industry, we found the
expected performance of each scenario (Fig. 9b) for the
selected Pareto-optimal configuration to slightly exceed its
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these target values are quite difficult to attend as they are
mostly influenced by their high demand of flight mobility.

of the area, which we found to be in line with current
trends of high penetration of the service sector in cities.

Table 6
Characteristics for the best configuration. * existing infrastructure
on site.

4.

Base/peak boilers NG [MW]
Individual Boilers NG [MW]
HP Lake [MWth]
HP sewage [MWth]
Heat recovery industrial.
processes [MW]
Pump-Lake [MW]
HP ground [MW]
SC [MWth]
PV [MWel,peak]
PV-T [MWel,peak]
PV-T [MWth]
Storage [x10^3 m3]
HP storage [MWth]
Roof-top solar area (of
connected buildings) [%}
Roof-top solar area [%}
Buildings connected [%]

BAU

CAMP

HEB

UC

0.49
-

10.2*
2.5
-

2.9
-

7.6*
3.9
-

0.2

0.2

0.2

0.2

0.36*
0.38
3.68
14.6
89.1
6.8
67

0.24*
2.8
11.1
73.4
5.2
48

0.45*
3.29
14.2
92.3
6.2
96

0.33*
2.2
8.4
65.6
6.5
47

65
82

42
93

81
56

34
62

Conclusions

The City Energy Analyst is an integrated framework for
the evaluation of energy efficiency strategies in
neighborhoods and city districts in the context of urban
transformation. The framework integrates time-dependent
methods of supply and demand to a bi-level and multiobjective optimization module for layout of thermal microgrids and evaluation of multiple conversion alternatives.
The simplified nature of all models used in the
framework imply a reduced amount of input variables, lowcomplexity in return for an acceptable level of uncertainty
In comparison to measured data, the rME and RMSE of
most models oscillate between 2% and 5% (see Table ).
The exception lies in the radiation (RMES = 14%) and the
building energy demand models (rME = 32%). Future work
will focus on improving the reliability of such models. The
deterministic models of industrial processes and thermal
storage require further validation.
The City Energy Analyst offers the possibility to
represent a holistic vision of patterns of demand and
supply by means of detailed modeling techniques and a
spatiotemporal visualization model. This allows the model
to serve as a catalyst for discussions during participatory
planning processes and a way of intuitive verification of
design approaches.
We presented applications of the model for a
neighborhood in Switzerland. We evaluated Pareto
optimal energy infrastructure configurations for plausible
urban scenarios and conducted a multi-criteria decision
analysis to select a tailored configuration.
The results show an integration of 50% to 80% of
buildings in thermal micro-grids, integration from 50 to
100% of the available solar potential, a preferable use of
photovoltaic electricity, sources of waste heat and
centralized use of lake water for cooling purposes. In
addition, for a balanced distribution of multi-criteria
weights, the results show a relative savings of close to
60% of emissions and 50% of primary energy
consumption at a cost of up to 44% higher. For the same
balanced distribution, shares of embodied energy in
buildings and operation of industrial sectors have the
potential to generate the lowest emissions, whereas
mobility in the service sector (business flights) potentially
generates the highest. In the same way, an increase from
today’s 16% to 20% efficiency of photovoltaic technology
would allow most scenarios to compile with the local 2000watt/1-ton CO2 per capita target. We conclude the
suitability of the framework to assist urban planning
authorities looking at options to transform cities for
maximum performance.
In the context of scenario comparison, we identified
that relative savings up to 15% in emissions and 20% in
primary energy with variable costs up to 23% are more
related to the urban design option rather than to its energy
systems optimization.
In addition, we compared the performance of the
selected configuration to their cross-sectorial (industry,
buildings and transportation) and multi-dimensional during
construction and operation) environmental impact.

Fig. 10 Variation in percentage of CO2-eq emissions

Fig. 11 CO2-eq emissions per building sector.

As depicted by the relative values of Fig. 11, the
highest CO2-eq savings are found in residential, offices
and services sectors while the lowest in industry. This
behavior is due to the relatively few energy efficiency
alternatives found for industry on site (i.e., natural gasfired boiler for high temperature heat) in relation to other
building categories [118]. In terms of total values, offices
use could predominantly increase the total carbon footprint
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We presented a comprehensive description of focal
points of environmental impact as well as a description of
the role of industry in a transition towards more
sustainable urban environments. In this context, the
shares of embodied energy in buildings and operation of
industrial sectors have the potential to generate the lowest
emissions, whereas mobility in the service sector
(business flights) potentially generates the highest. The
existence of light industry itself does not jeopardize the
future environmental performance of the area, but instead,
it brings positive effects as a potential source of waste
energy. In contrast top-management levels creates the
highest share of emissions due to business flights.
Technological advances in energy and building technology
will represent a critical factor to attain the 2000-Watt/1-ton
society goals.
In terms of computational time, the framework currently
works as a series of decoupled modules. In the future,
these modules could be connected to reduce simulation
time (i.e., 7 days for 94 buildings during 24 generations
starting with 3 individuals and finishing with 1500)27. The
main bottle-neck is the size and operation optimization
process, which increments the number of individuals in
every generation. a high computational time is followed by
the models for optimization of thermal networks, solar
resource evaluation, building demand prediction and heat
exchangers performance. A major improvement in the
computational time could go in the direction of codeparallelization, cloud-computing and reduction of data
points (8760 hours per building per individual). In this
context, Data clustering algorithms and rolling horizon
approaches could help to either respectively reduce the
number of demand points of analysis or improve the
process of optimization of the genetic algorithm. The last
could have higher advantages as it does not reduce the
amount of data analyzed, and thus does not alter the
dynamic behavior of the system.
Decision support systems allow for reveling
alternatives adaptable to the needs of diverse local stakeholders. Despite of this, a selection of strategies based on
maximum budget availability seems a more reasonable
selection, especially in contexts with high economic
constraints. Both methods could be complemented with
relative metrics of costs, which could reveal further
opportunities to integrate economically intensive
alternatives.
In the future, the open source framework could be
complemented with models for simulation of electric
transportation, allowing for the multi-carrier simulation of
complete energy systems at the neighborhood scale. This
could go in hand with refined models for simulation of
outdoor environmental quality, which besides emissions of
CO2, could address other air and noise pollutants
associated to different types of energy production. These
models could vary from simple performance factors
associated to every energy source up to advanced models
of noise propagation. Both models could in principle be
developed in Python or in another object-oriented
language and be constructed as an extension in ArcGIS.

In addition, economic variables related to the expected
payback time per energy source could reveal opportunities
for their further prioritization. Other economic variables
such as the marginal value of existing infrastructure is not
considered and should be included in the future.

27

Computer specs: 3.2 GHz quad-core Intel Core i5. 8 GB (two 4
GB) memory. 1 TB hard drive1. NVIDIA GeForce GT 755M with 1
GB video memory
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Annex A
(a)

(b)

(c)

(d)

Fig. 12 Energy demand per scenario: a. BAU, b. CAMP, c. HEB, and d. UC.
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(a)

(b)

(c)

(d)

Fig. 13 Energy potential per scenario: a. BAU, b. CAMP, c. HEB, and d. UC.
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Annex B
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ground reflectance = 0.2
Average annual incident angle modifier for diffuse
radiation = 0.98 rad
Average annual incident angle modifier for reflected
ground radiation = 0.97 rad
Temperature gap at the condenser and evaporator for
heat pumps = 5 K
3
Water density = 998 kg/m
Water kinematic viscosity (heating/cooling) = (0.404,
2
1.519) m /s E-6
Linear conductivity of solar collector piping = 0.027
W/mK
Length of vertices of discretized roof = 2 m
System losses of PV installation = 0.1
Nominal efficiency of PV panel = 0.16
linear pressure loss per unit of length of piping for
solar instalations = 200 Pa/m
density of the circulating liquid in solar collector (33%
3
glycol) = 1044 kg/m
Specific heat capacity mixture of 33% glycol and
water = 3680 kJ/kgK
Nominal operating temperature of PV panel = 298 K
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First order constant servers waste heat = 6.8384E-08
Second order constant servers waste heat = 1.8462E-1
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Third order constant servers waste heat = 1.655E-3
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Fourth order constant servers waste heat = 1.3109E-4
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Temperature pinch at the heat recovery steam
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2
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Surface drag coefficient = 0.002
3
Air density = 1.23 kg/m
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Specific heat of water surface = 4210 kJ/kgK
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High pressure level in the double pressure steam
turbine = 48.2E5 Pa
Low pressure level in the double pressure steam
turbine = 6E5 Pa
average coefficient of linear transmittance of the
internal sewage network = 0.026 W/mK
vertical depth of the pipe center under the ground = 1.5
m
Ground density = 1600 kg/m3
heat capacity of the ground = 1300J/kgK
thermal conductivity of the ground = 1.5 W/mK
First coefficient of transmittance of solar collector = 3.91
2
W/m K
Second coefficient of transmittance of solar collector =
2
0.0081 W/m K
Nominal mass flow rate of solar collector = 0.029 kg/s
Minimum mass flow rate of panel = 0.0145 kg/s
Maximum mass flow rate of panel = 0.0435 kg/s
Average velocity of air in-sewage = 0.15 m/s
Average velocity of water in-sewage = 0.9 m/s
Thermal inertia coefficient of panel = 8.386 KJ/K
Nominal pressure of solar collector = 170 Pa
Minimum pressure of solar collector = 80 Pa
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Price electricity local grid = 0.20 EU/kWh
Price natural gas local grid = 0.068 EU/kWh
Price Biogas local grid = 0.076 EU/kWh
Ground depth of heat transfer = 0.40 m
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Aperture area of solar collector = 2.83 m
2
Aperture area of solar collector = 4.32 m
Nominal thermal efficiency of fuel cell (excl. yearly
decay) = 0.58
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Compressed air delivery pressure = 650 kPa
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Polytropic constant for air = 1.25
Efficiency of expansion = 0.50
Efficiency of compressor = 0.95
First order coefficient condensing boiler = 0.96
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Nominal efficiency of solar collector = 0.775
Nominal test temperature = 323 K
Inlet temperature of the cooling water = 303 K
Rate of internal entropy dissipation = 0.1980 kW/K
Heat leakage = 168.1846 kW
Heat exchanger thermal resistance = 0.0201 K/kW
2
average heat exchanger coefficient = 2500 W/m K
average coefficient of linear transmittance of the
internal sewage network = 0.26 W/mK
average coefficient of linear transmittance of pipe
hydraulic network = 0.026 W/mK
Height of heat exchange in sewage = 0.1 m
Momentum diffusivity
Thermal diffusivity
Nominal electrical efficiency of fuel cell (excl. yearly
decay) = 0.35
2
Kinematic viscosity of water = 1.13 m /s E-3
wall thickness of sewage pipe = 0.12 m
2
Heat transfer coefficient of thermal storage = W/m K

2

[3] D. Energy, C. Adviser, I. E. A. E. Annex, and B. Physics,
“Annex 51 District Energy Concept Adviser The following
geometrical values and other characteristics present the default
values of the German office building in the IEA ECBCS Annex 51
District Energy Concept Adviser . Archetype :,” 2012.
[4] L. Girardin, F. Marechal, M. Dubuis, N. Calame-Darbellay,
and D. Favrat, “EnerGis: A geographical information based
system for the evaluation of integrated energy conversion
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Diversity of urban form for environmental performance and resilient behavior in
energy and transportation systems28
Abstract
Socio-economic and environmental changes have induced new forms of urban development
focused on the diversification of urban areas. On one hand, fostering the spatial heterogeneity of
urban areas is seen as a key strategy to intensify the offer of soft infrastructure, reduce travel
distances and increase the livability of cities. On the other hand, spatial heterogeneity shares close
relations with the environmental performance of energy and transport infrastructures, as it trends to
shape patterns of demand and resource availability. In this context, there is a need for greater
knowledge related to the evaluation of how potential trajectories of development and their spatial
heterogeneity could influence the performance of those infrastructures, affect the environment and
constrain the overall resilience and sustainability of urban areas.
By acknowledging a tension between performance targets in cities and resilience capacities,
this study presents a general framework to characterize the sustainable and resilient behavior of
urban areas in comparison to their spatial heterogeneity. The method is based on the computation
and further graphical comparison of descriptive variables of spatial heterogeneity, environmental
performance and resilience capacities of energy and transportation systems, some of the most
critical infrastructures in cities. For this we integrated different computational methods of analysis in
urban, energy and transportation planning. We present the results of such framework for a case
study of urban regeneration in Switzerland. We found that most descriptive variables of spatial
heterogeneity such as diversity of land-uses contribute to increase the environmental performance
and resilient capacities of energy and transportation systems. However, key land uses and
occupancy types such as industry and high-level management could have a positively role in
building resilience and performance for energy systems (case of inherent back-up systems due to
electro-mobility and machinery), but negative in the performance of transport systems (case of high
emissions due to private transportation).
We consider the framework and findings of this research to be of high interest for decision
makers and the urban planning community during negotiations aiming for a sustainable and resilient
future of urban settlements and high performance of its underlying infrastructures.
Keywords: renewable energy sources, decentralized power system, wind power, pumped picohydro storage, tall buildings, peak-shaving.
1.

Introduction28

pattern of the large, inert, permanent physical objects in a
city, such as buildings, streets, utilities and topographic
features” [3] characterized.. by the properties of shape,
size, color, texture, position, orientation and visual inertia.
Urban form has been for decades the media for
governance, planners and designers to influence natural
and social processes that constitute urban systems. In the
context of recent urban development, urban form is
acknowledged as the result of complex social, economical
and ecological processes where attributes such as
adaptability, diversity, self-organization, and learning play
a major role into the way cities are shaped [4].
According to [4], diversity is a fundamental variable of
urban form and resilient behavior; it not only describes the
multiplicity of spaces but also represents a key
characteristic influencing the processes and interactions
that shape urban areas. From the socio-ecological point of
view, diversity is seen as a key property of urban systems
to build resilience as it could potentially help to diffuse
risks by generating redundancy and learning opportunities.
In addition, diversity plays a vital role in the reorganization
and renewal of processes of systems that have been
disturbed [5], [6]. From the socio-technical point of view,
however, diversity can be seen as a costly, and an

Social, economic and environmental changes have
induced the renewal of urban areas with a strong
emphasis on improving the performance and resilience of
their underlying infrastructures. In this context, fostering
the spatial heterogeneity of urban areas is seen as a key
strategy to increase the capacity of cities to adapt to
unpredictable change or be more “resilient” to disruptive
events [1]. Yet, this diversification of land uses, users,
building typologies etc. is not always desired as it may
constrain the environmental performance of critical
infrastructures such as energy and transportation systems
[2].
The study of spatial heterogeneity sets its grounds in
urban morphology science and the study of urban form.
Traditionally, urban form has been defined as “the spatial
28

J. A. Fonseca, L. Estevez-Mauriz, C. Forgaci, N.
Bjorling. “Diversity of urban form for environmental
performance and resilient behavior in energy and
transportation systems”. Computers, Environment and
Urban Systems (Under Review) (2016).
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Abbreviations
PV
Photovoltaic
PV/T
GDP

Photovoltaic thermal
Gross domestic product

V2G
GDP
GHGE
GWP
SQ

Vehicle to grid
Gross domestic product
Green house gas emissions
Global warming potential
Status Quo scenario

BAU
CAMP
HEB
UC
R&D
SDU
MDU
ADMIN
SR

Business as Usual scenario
Campus scenario
High-end and Business scenario
Urban condenser scenario
Research and Development
Single dwelling unit
Multiple dwelling unit
Administrative uses and offices

REST

Data centers
Restaurants

RESTS
COM

Self-service restaurant
Commercial

SUPER
SWIM
SPORT
HEALTH
HOT
EDU
PUBLIC
INDUS
DEPO

Supermarket
Swimming areas
Sport areas
Health
Hotels
Educational
Public Buildings
Light industry
Storage facilities

Subscript
𝑘
𝑖
𝑡

Category
Descriptive variable
Representative metric

Symbol [unit]
PE-E
Green house has emissions due to buildings and energy
infrastructure [MJ/m2]
PE-T
Green house has emissions due to transportation systems [MJ/m2]
CO2-E
Green house has emissions due to buildings and energy
infrastructure [kg/m2]
QA
Share of quiet public areas [%]
Leq
Equivalent continuous sound pressure [dBA]
RM-E
Minimum reserve margin of energy system [%]
RM-C
Reserve margin of costs due to noise exposure of residents [%]
RM-P
Reserve margin of house devaluation [%]
RM-L
Reserve margin of land-use restriction [%]
PM-L
Availability margin of land use [%]
PM-E
Minimum potential source margin of energy system [%]
MXI
Mixed-use index [%]
DR
Density of residential uses [X10^3 px/km2]
DU
Density of users [X10^3 px/km2]
CO2-T
Green house has emissions due to transportation systems [kg/m2]
RES
Penetration of renewables renewables [%]
ONE-Ld
Share of outdoor areas exposed to noise during day hours [%]
ONE-Ln
Share of outdoor areas exposed to noise during night hours [%]
IE-Ld
Share of inhabitants exposed to road and railway noise during day at
indoors [%]
RHA-Ldn
Share of residents highly annoyed due to noise [%]
EO
Share of people exposed to outdoor noise during day at public spaces
[%]
BI
Building intensity (floor space index) [m2/m2]
LUMI
Diversity of land uses [-]
UMI
Diversity of users [-]
TGMI
Diversity of mobility modes [-]
BTMI
Diversity of building typologies [-]
MMI
Diversity of mixed uses [-]
N
Number of categories [-]
P
Share of categories [-]

inefficient direction to improve the resilience of critical
infrastructures [7] such as energy and transport systems,
as performance of technical components is normally
enhanced through antipodean properties to diversity such
as homogeneity and mono-functionality. These properties
facilitate their control and operation.
The environmental performance of underlying sociotechnical systems in cities is of highest importance to
satisfy the future needs of citizens at a low environmental
impact. Today, energy and transportation systems
generate the highest noise and green-house gas
emissions (GHGE) in urban areas. Road transport is the
major source of noise in our landscapes [8] and it is also
responsible of a major part of GHGE [9]. The role that
urban form holds on the environmental performance of
these critical infrastructures has been pointed out in
relation to the effect on acoustic quality due to road
transport [10], [11] and to the global warming potential
(GWP) due to energy consumption [12]–[14].
On the other hand, spatial heterogeneity results in a
highly dependent variable of urban systems, constraining
the size, efficiency and complexity of local infrastructures.
In return, these parameters constrain the capacity of a
system to absorb, adapt and restore its target
performance after being affected by a disruptive event
(resilience). [15] defines the absorptive capacity of a

system as the degree to which a system can automatically
absorb a disturbance and minimize the consequences with
little effort. In terms of energy systems this capacity has a
strong relation with the pre-existing and normally
considered back-up systems. This item presents a first
tension with energy performance as it indicates an
investment burden to cope with unknown and emerging
behavior. On the other hand, [15] defines adaptive
capacity as a system’s capability of self-organization. It
presents a reflection of the actions followed after a
disruption and that are based on ingenuity. In terms of
energy systems, local resources play a key role in this part
as users without prolonged access to a local electricity
grid could shift to means for energy generation on-site.
In the context of spatial heterogeneity, we found a
knowledge gap on the evaluation of how potential
trajectories of development and their spatial heterogeneity
patterns could influence the performance of energy and
transport infrastructures, and constrain the overall
resilience and sustainability of urban areas.
By acknowledging a tension between performance
targets in cities and resilience capacities, this study
presents a general framework to characterize the
sustainable and resilient behavior of urban areas in
comparison to their spatial heterogeneity.
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Fig. 1 Scenarios and land uses
Section 1.1 describes a case study used to test bed
such general framework. Section 2 presents the
compilation of methods and tools used for such approach.
Section 3 presents an analysis of the results of the case
study. Finally, in section 4, we present main conclusions
and future work.
1.1

section 4 we present
recommendations.
2.

conclusions

and

further

Methodology

The general framework of this research project is
presented in Fig. 2 and discussed throughout sections
2.1, 2.2 and 2.3.

Case study

The method is tested in a real case study in the Swiss
city of Zug. It consists of an industrial site of around 25ha
undergoing a process of urban transformation. Siemens
Building Technologies, a large manufacturer in the light
industry sector, owns and predominately occupies the site
along with several companies in the services sector. At the
moment, there is no residential use on site. Departing from
today’s condition or Status Quo scenario (SQ), a recent
research project named “Inducity” [16] developed four
scenarios for the future transformation of the area into a
livable city quarter by 2030 (Fig. 1.)
A Business-as-Usual (BAU) scenario focuses on the
industrial legacy of the area where new residential areas
are included and a high use of both public and private
transportation is maintained. The Campus (CAMP)
describes a university environment with services for
students and a growing population of expats in a close to
car-free zone, still Siemens Building Technologies is kept
in site. The High-end Business (HEB) drives the industrial
production out of the district and populates it with high-rise
buildings, dedicated to offices and shops and industrial
R&D facilities. This scenario is expected to attract a mostly
expat population and have a high use of private
transportation. The Urban Condenser (UC) describes a
classic city-district development with a mix of industrial
R&D, residential and commercial uses aiming to maintain
a medium use of private transportation.
In section 2 we present a method for the assessment
and comparison of spatial heterogeneity, performance and
resilience indicators of different scenarios for our case
study. Later on, in section 3 we present tables with all
indicators and a matrix contrasting trends and behaviors.
We present a thorough discussion of findings and in

2.1

Data collection and processing

For every scenario, we gathered data regarding target
groups (i.e. families, students, workers), occupancy (i.e.
users and residents), land uses per activity (i.e.
residential 29 , commercial 30 , institutional 31 and
industrial32)[17], energy systems configuration (e.g. district
heating networks and equipment), energy and mobility
demand patterns (e.g. hourly heating and cooling
demands), transportation modes (e.g. private, public
[bicycle, train, bus]), built areas, building typologies (e.g.
dwelling units period 1945-1970) and geometry of
buildings [16]. In addition, we gathered GIS data about
railway and road traffic near in the area and surroundings
[18], [19].
Table 1
Characterization of urban form per scenario
MXI
DR
DU
2
2
[%]
[x10^3 px/km ]
[x10^3 px/km ]
SQ
0
0
46.0
BAU
17.8
6.8
64.2
CAMP 17.1
10.1
115.5
HEB
14.6
6.4
95.4
UC
34.3
14.1
58.4

29

BI
2
2
[m /m ]
1.3
1.7
2.2
2.5
1.9

Residential: SDU) and multiple dwelling units (MDU).
Commercial: offices (ADMIN), data centers (SR), self-service
restaurants (REST), restaurants (RESTS) commercial (COM) and
supermarkets (SUPER)
31
Institutional: swimming areas (SWIM) and sport areas
(SPORT), health (HEALTH), hotels (HOT), educational (EDU) and
other public buildings (PUBLIC).
32
Industrial: light industry (INDUS) and storage facilities (DEPO)
30
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Fig. 2 Methodological framework
use, typology, building intensity). 𝑁S is the total number of
categories of each variable and 𝑃𝑘𝑖 represents the share
of each individual category within the variable. For this we
used a metric 𝑡 representative of each variable (e.g. build
area per use for the land use variable). The relation of
𝑘 and 𝑡 parameters of every indicator is described in Table
2.
The result is presented in Table 3 together with
estimated target values for each descriptive variable.

Table 1 characterizes the urban form of every scenario
with indicators such as users’ density (DU), residents’
density (DR), building intensity or floor space index (BI)
and mixed-use index (MXI) [20], [21]33.
2.2

Indicators assessment

We identified descriptive variables or indicators for spatial
heterogeneity, environmental performance and resilience
of every scenario and determined their target values by
2050. These target values represent a metric to
benchmark the efficacy of public policies into the urban
environment. In our case, these targets serve as
thresholds for a qualitative characterization of scenarios
(see section 2.3)
2.2.1

Table 3
Diversity indicators and target values per scenario. Values closer
to one represent a more diversified variable. *Based on a
balanced diversification of 50% as target value.
LUMI
UMI
TGMI
BTMI
BIMI
MMI
[-]
[-]
[-]
[-]
[-]
[-]
SQ
0.38
0.34
0.40
0.91
0.72
0.49
BAU
0.65
0.50
0.52
0.90
0.57
0.56
CAMP
0.92
0.77
0.74
0.82
0.84
0.58
HEB
0.48
0.44
0.57
0.99
0.60
0.50
UC
0.90
0.80
0.82
0.85
0.74
0.55
Target
0.5*
0.5*
0.5*
0.5*
0.5*
0.5*

Spatial heterogeneity

Based on the approach of [22] we used the Shannon’s
entropy formula (Eq. (1)) to determine descriptive
variables of spatial heterogeneity such as the diversity of
land uses (LUMI), target groups (TGMI), users (UMI),
building typologies (BTMI), building intensities (BIMI) and
mobility modes (MMI)
\¡

−
Q¡ 78

𝑃Q¡ ∙ ln 𝑃Q¡
ln (𝑁S )

2.2.2

Energy systems performance

We evaluated the environmental performance of future
energy systems per scenario with two key environmental
variables. The first consists in the greenhouse gas
emissions per unit of area associated to construction and
operation of buildings and energy infrastructure (CO2-E).
The second consists in the primary energy per unit of area
used for the production and delivery of energy to all

(1 )

In Eq. (1), 𝑘S is the category (e.g. residential, working and
leisure) a descriptive variable 𝑖 under analysis (e.g. land

Table 2
Possible values of 𝑘 and 𝑡 per spatial heterogeneity indicator. In this table the number assigned to every category k of the BTMI
indicator reads: 2: building construction period 1920 – 1970, 5: building construction period 2005-2020, 11: building retrofitted period
2005-2020.
LUMI
UMI
TGMI
BTMI
BIMI
MMI
(-)
(-)
(-)
(-)
(-)
(-)
𝑘
Residential
Residential
Expats
ADM2
IND2
0 <BI<=0.5
Auto
Commercial
Commercial
Students
ADM5
MDU11
0.5 <BI<=1
Moto
Institutional
Institutional
Families
COM11
MDU2
1 <BI<=1.5
Bus
Industry
Industry
Visitors
COM5
PUB5
1.5 <BI<=2
Train
EDU11
REST5
2 <BI<=2.5
Tram
EDU5
RESTS5
2.5 <BI<=3
Bicycle
HEALTH5
SDU5
3.5 <BI<=4
By foot
HOT11
SUPER11
4 <BI<= 4.5
Flights
IND11
BI > 5
Other
2
2
2
𝑡
Built area per Users
Users
Built area per typology (m )
BI (m /m )
Distance per
2
use (m )
(-)
(-)
mode (km/yr)
33
The MXI consist in the percentage of residential area on site.
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Table 4
Environmental performance indicators and targets for energy and transportation systems.
* based on [8], [23], [27], [29] , ** based on [30], *** based on [31], ****extracted from [32]
Energy related variables****
Transport related variables
2
CO2-E
PE-E (MJ/m )
CO2-T
PE-T
ONE
ONEEIEI- Ldn
2
2
2
(kg/m )
(kg/m )
(MJ /m )
-Ld
Ln
Ld
(%)
(%)
(%)
(%)
SQ
47.8
1756
41
645
27
29
8
0
BAU
28.5
1283
43
684
24
25
25
16
CAMP
22.6
900
16
260
27
28
29
13
HEB
22.4
978
45
710
21
22
32
14
UC
29.1
1117
12
196
25
26
31
15
Target
39.6**
1210**
16.2**
290**
25*
25*
25*
25*

buildings on site (PE-E). All these indicators are presented
in Table 4.
2.2.3

QA
(%)

EO
(%)

45
51
49
56
50
50*

27
24
27
21
25
25*

RHALdn
(%)
0
4
4
4
3
5*

plausible ability to reflect and measure the effect of this
major pollutant in a certain urban layout.
We calculated each indicator in energy terms through
the equivalent continuous sound pressure level value (Leq)
(Eq. (2)) [29]. For this, we obtained the average sound
pressure level over the day (Ld) (6:00 to 22:00), over the
night (Ln) (22:00 to 6:00), and during day and night (Ldn).
The last is the equivalent to a 24 hour sound level period
with an additional 10dB imposed on the equivalent sound
level for nighttime hours [29]. The results of this analysis
are presented in Table 4.

Transportation systems performance

We evaluated the environmental performance of the
transportation system in terms of GWP, noise pollution,
and efficiency. GWP and efficiency are evaluated through
the expected GHGE (CO2-T) and primary energy
consumption (PE-T) due to mobility in the area. For this,
we expanded the results of emissions and primary energy
consumption due to business flights for each scenario [24]
and added on top those of daily commuting and leisure
activities. For these, we followed the recommendations of
[25] and aggregated the burdens of different modes of
transportation, including a penetration of 20% of electric
vehicles (see section 2.2.4). The results of this analysis
are presented in Table 4.
To assess noise pollution, we address indicators such
as outdoor noise exposure, indoor exposure due to traffic,
and noise annoyance. Here, two groups of indicators are
included: noise exposure and noise annoyance among
people. For this, we produced a series of noise maps
using the software SoundPLAN v7.3 following the
recommendations and noise limit values of [23].
For a more detailed analysis, we divided noise
exposure and noise annoyance in a total of seven subindicators. Noise exposure is represented with four: share
of outdoor area exposed to noise during day (ONE-Ld) and
during night (ONE-Ln), share of all inhabitants exposed to
road and railway noise during the day at indoors (IE-Ld)
and share of only residents exposed to road and railway
noise during the day at indoors (IE-Ldn) [24]. On the other
hand, three sub-indicators represent noise annoyance:
share of presence of quiet public areas as opportunities to
restore from noise exposure (QA) [25]–[27], share of
people exposed to outdoor noise during day at public
spaces (EO), and share of residents highly annoyed
(RHA-Ldn)[28]. These indicators were chosen due to their

L§ƒî,Ü.îÜ = 10 ∙ log8F

2.2.4

1
15 10„ä/8F + 9 10„º™8F/8F
24

(2)

Energy systems resilience

We used the framework of [15] to assess the resilience of
energy systems in terms of their capacity to absorb a
disruption and adapt during time. Following current trends
of decentralization of energy systems, we evaluated the
capacity of the energy system per scenario to maintain its
performance after being disconnected from the local grid.
In order to consider possible synergies with future
electro-mobility in the area (i.e. source of energy storage)
we modeled the energy system of every scenario
presented in Table 6 into the simulation environment
EnergyPro v4.1. The software allows optimizing the
operation of energy infrastructure together with electromobility.
During the analysis, we considered a penetration of
20% of V2G (vehicle-to-grid) electro-mobility in the private
sector (Table 5), storage capacities of 50 kWh/veh,
maximum
discharge
rates
of
50%
and
charging/discharging capacities of 10 kW/veh. For
dynamic modeling purposes, we considered time
availability between 9:00 - 18:00 (weekdays) of vehicles in
the services and industrial sector, and between 22:00 -

Table 5
Factors for analysis of electro-mobility and results of RM-E indicator.
* based on a density of 0.30 total private vehicles per resident. [33], ** based on a density of 0.25 total private vehicles per person [33],
*** based on a density of 0.10 total private vehicles per worker/visitor/resident [33] and 0.05 per student

SQ
BAU
CAMP
HEB
UC

Residential
sector
0
20*
35***
125*
55***

V2G mobility
Industrial
Commercial
and
sector
institutional sector***
4**
0
4**
350
4***
170
10**
465
10***
115

Minimum
29
73
90
32
39

76

RM-E (%)
10th percentile
Average
44
123
178
68
78

121
470
600
487
209

At peak hour
29
166
174
283
84
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Table 6
Configuration of energy system per scenario (incl. electro-mobility). Results extracted from [32].
Property
SQ
BAU
CAMP
Energy consumption (GWh/yr)
Heating
13.5
13.2
16.7
Cooling
4.6
5.5
3.9
Electricity (incl. Heat pumps and lake17.9
22.1 (26.3)
15.2 (17.3)
water pumps)
Power capacity per energy service (MW)
Heating
NG-boiler
10.2
12.7
Heat pumps
6.8
5.2
PVT
14.6
11.1
Cooling
Lake water pumps
0.3
0.4
0.3
Electricity
PV panels
0.4
PVT panels
3.68
2.8
Local grid (step-down transformer)
10
15
15
Maximum storage capacity (MWh)
Hot thermal storage
9.3
7211
5939
Cold thermal storage
5.8
5.8
5.8
Back-up Diesel
1.3
1.3
1.3
electrical battery
0.5
0.5
0.5
Electro-mobility batteries
0
18.7
10.7
PV Generation (GWh)
Generated
3.0
2.8
Potential available
5.8
1.6
3.9

9:00 (weekdays and Saturday), and 00:00– 24:00
(Sundays) for residential users. With this model, we
evaluated two resilience indicators: minimum reserve
margin (RM-E) [7] and minimum potential resource margin
(PM-E). The last, introduced as part of this research.
The RM-E indicator addresses the absorptive capacity
of the energy system and represents the average
available hourly power capacity of the system (including
electricity storage, back-up capacities and interaction with
batteries in V2G electro-mobility) as percentage of the
hourly demand of electricity.
The PM-E indicator addresses the adaptive capacity
and represents a relation of the availability of local
resources to the portion of the non-attended electrical
demand after disruption. This margin acts as an indicator
of the alternatives that users have to change their energy
supply and subsequently adapt to a distributed generation
scheme over time. If the possibility of using fossil fuels is
neglected for this end (with the exception of emergency
systems), the un-exploited solar potential is included as
the only source that feasibly can be used to produce
electricity in the Zug area after a disruption. For scenarios

SQ
BAU
CAMP
HEB
UC
Target

RM-E
(Percent.) (%)
44
123
178
68
78
50*

RM-E
(Peak) (%)
29
166
174
283
84
80*

UC

16.9
6.1
24.4
(27.1)

14.3
5.1
16.4 (19.9)

6.2
14.2

11.5
6.5
8.4

0.5

0.4

3.29
15

2.2
15

7470
5.8
30

5309
5.8
9

3.6
0.8

2.2
4.2

with already existing PV and PV/T installations this
unexploited potential refers to the fraction of solar energy
produced in site that is sold to the grid and that could be
otherwise stored for resilience purposes. The results of the
analysis and estimated target values are presented in
Table 5.
2.2.5

Transportation systems resilience

We assessed the resilience of transportation systems by
addressing the internalization of transportation costs due
to noise pollution [34]. For this, monetary reserves
inversely proportional to the incurred social costs of noise
pollution are included as a metric of absorptive and
adaptive capacity. In this sense, a reduction in the
population exposed to noise would translate into a
reduction in social costs, leading to a more robust and
adaptable economic system. Hereafter we present three
different monetary costs related to the acoustic
environment due to the transportation system.
First, based on the work of [34], [35] we monetized the
absorptive capacity of the transportation system with two

Table 7
Resilience indicators and targets for energy and transportation systems.
* Own estimations.
Energy related variables
Absorptive capacity

HEB

Transport related variables

Adaptive capacity

Adaptive
capacity

Absorptive capacity

PM-E (%)

RM-C (%)

RM-L (%)

RM-P (%)

PM-L(%)

32.4
6.8
26.8
3.4
23.7
20*

0
25
23
28
29
25*

10
10
11
12
11
10*

0
1,9
1,3
3
4,3
0*

18
17
18
18
19
0*
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Fig. 3 6X4 matrix: Comparison of indicators for energy systems performance, resilience and spatial heterogeneity. Indicators increase
from left to right and from bottom to top.

indicators: the reserve margin of costs due to residents
noise exposure (RM-C) and the reserve margin of housing
devaluation (RM-P). In the RM-C calculation process, a
top-down approach is implemented, and costs consist of
annoyance and health costs due to noise levels above 55
dBA. Values were treated to increase the cost factor
(128€/px) according to the Swiss GDP per capita growth
[23]. On the other hand, the RM-P indicator relates the
estimated depreciation of housing to the total building
stock value assuming a 0.5% of value loss per dBA above
55 Ldn [29].
In a novel approach, we complemented this vision of
absorptive capacity with a third indicator addressing the
social costs due to noise-induced land use restrictions.
Land use restrictions are applicable to zones whose high
noise levels inhibit their urban development. The reserve
margin of land use restriction (RM-L) describes a
percentage of the area where such a restriction applies
and is an inherent measure of depreciation of socioeconomic value.
In order to study the adaptive capacity of the
transportation system, we consider a plausible
readjustment in national Swiss legislation, which states a
decrease in today’s admissible noise levels by 5 dBA.
Under this condition, we assessed the availability margin
of land use (PM-L), which states a relative change in area
restriction in comparison to that obtained in the indicator
RM-L. The results of this analysis are presented along
with targets in Table 7.

2.3

Indicators mapping

We developed a two-axis matrix to identify relations and
trends among the different indicators. The matrix
juxtaposes indicators and targets for every scenario into a
series of plots. The intersection of every column and row
in the matrix is called a cell. Each cell represents a
comparison between two indicators, where a marker
represents every scenario, and a dotted line, represents a
trend34. Each cell is divided into four quadrants delimited
by each variable’s target values. We have normalized all
data to facilitate this delimitation to the centroid of the cell.
Each quadrant represents a region relating every scenario
to qualities such as efficiency, robustness, adaptability,
diversity,
mono-functionality,
fragility,
stiffness,
environmental friendliness (Green), pollution, etc. For the
sake of legibility, the matrix represents variables were a
trend or a relevant interaction was found.
3.
3.1

Results and discussion
Scenario characterization

According to the matrices of Fig. 3 and Fig. 5, the SQ
scenario (today’s situation) is classified as a monofunctional and high-polluted area in the case of CO2
emissions but good performing in terms of noise, as the
population exposed in this scenario is the lowest. Its
absorptive capacity is the lowest, still above the fragility
34

This trend is presented for illustrative purposes and lacks of any
statistical significance.
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threshold. In terms of the energy system, its capacity for
adaptation is the highest, giving it potential for long-term
resilience building. In terms of the transportation system,
its adaptive capacity remains between the average but at
a level below the target value. If we assume this target to
be less strict (i.e. equal to 20% instead 0%) the adaptive
capacity of both transportation and energy systems will be
diminished as its absorptive capacity increases.
Two conclusions can be drawn from this analysis for
the SQ scenario. First, there is a contrast between
absorptive and adaptive capacity of underlying
infrastructures and it is highly influenced on target levels.
Second, a low diversification of land use provides a
general high adaptation capacity at the cost of low
performance and absorptive capacity.
In terms of energy systems variables, the UC and
CAMP are the most heterogeneous and green trajectories
of development. Their absorptive capacity is higher than
the SQ scenario but their adaptive capacity is lower. High
heterogeneity in these scenarios is related to a high
robustness and environmental performance at the cost of
adaptive capacity. Opposite to this, in the transportation
system analysis, the UC has the lowest absorptive
capacity in terms of RM-P, while holding a similar behavior
as the rest of the scenarios in terms of RM-C and RM-L.
In terms of absorptive capacity, both transportation
and energy systems indicators can present different
behavior. In this order of ideas, the short-term resilience
building (adaptive capacity) of underlying infrastructures
might be more dependent on the kind of environmental
stressor and building intensity (BI in Fig. 3 and Fig. 5)
rather than on the diversity of functions (LUMI).
Nonetheless, we can highlight how high spatial
heterogeneity together with increased density is
enhancing the qualities of these scenarios.
The HEB scenario counts with lower performance and
diversification than the UC and CAMP scenarios. The high
availability of electro-mobility and related storage capacity
in site (Table 5), is strongly related to its high absorptive
capacity at peak hours. This explains the trend of Fig. 3 in
column three and row two, where a strong shift of the HEB
scenario in terms of RM-E indicator is observed
independently of its low diversity. If we consider the typical
th
absorptive capacity of the energy system (10 percentile
in Table 5) instead of the peak, such shift is not observed
anymore as diversity seems to affect the average
absorptive capacity of the system instead. Other urban
variables such as density (described by BI factor) seem to
affect the absorptive capacity more at peak times. A
probable reason is that all scenarios starting from the
CAMPUS will not have industrial production in site, factor
that strongly affects the amount of back-up capacity on
site (close to 1.3MW), and thus its constant capacity to
absorb a disturbance. However, while considering the
average, the diversity of land-uses together with a high
share of commercial uses and private electric car
ownership seems to enhance resilience. From this we can
conclude that the absorptive capacity of the energy
system can be highly constrained to the type of activities
on site, but still be enhanced by factors such as spatial
heterogeneity and densification. These factors seem to
enhance the environmental performance of the area for all
scenarios.

For the transportation system, in general lines, the
HEB behaves in the limits of resilient and performing
behavior.
Finally, the BAU scenario is characterized for being the
most balanced option when addressing spatial
heterogeneity, resilience, and environmental performance
targets in the energy system analysis. The mediumdiversity value of this scenario goes in line with a medium
(targeted) environmental performance, adaptive and
absorptive capacity. One more time, the behavior is quite
different in the transportation system. This scenario is
characterized as a fragile one in the resilience analysis. In
the environmental performance analysis is considered as
a highly fluctuating scenario in terms of its characteristics,
being green for most of the interactions but highly polluted
in terms of i.e. indoor exposure (mainly to its physical
layout, keeping housing buildings at the outskirts of the
area).
3.2

Trends and relations of performance and
resilience of energy systems

From the scenario characterization of section 3.1 a first set
of conclusions can be withdrawn regarding the relation
between spatial heterogeneity, performance and
resilience. First, mono-functionality helps to deliver higher
adaptation capacities from unexploited potential options.
However high levels of it may cause a quite fragile
behavior such in the SQ scenario. Second, for all
scenarios, adaptive capacities of underlying infrastructures
are in inverse proportion to their absorptive capacity.
Finally, besides the positive effects of spatial
heterogeneity on the absorptive capacity on underlying
infrastructures, the interaction with electro-mobility and the
existence of industrial uses represents a key factor to
guarantee robustness of the energy system without an
extra effort.
Regarding these first conclusions, we can find an
immediate long-term tradeoff when increasing the
robustness of an area by using all local potentials for
performance purposes. This is the case of scenarios
CAMP, HEB and UC, which are highly robust after the
urban transformation takes place, however its capacity to
adapt to further changes is highly limited as their
potentials to do it so are too (in this case, renewable
energy sources).
LUMI and BI are the most influential indicators of the
resilience and environmental performance of energy
systems in the area. These indicators present an almost
linear relation for resilience and environmental
performance indicators of energy systems. This trend
cannot be taken for granted, as, the most diverse scenario
is not the most robust (CAMP). Resilience seems to be
closely related to the existence of key land uses (e.g.,
industry, offices), which enhance robustness, not due to
the mix of use itself. This is the case of the CAMP
scenario, where a mix of use able to attract electric
vehicles at different times of the day plus a back-up
capacity due to industrial uses, high-energy efficiency and
penetration of renewables helps to achieve maximum
robustness. It is, in fact, the connection to all these factors,
not only diversity, or density that make possible such a
resilient state. Contrary to common knowledge, enhancing
the environmental performance of an area can also
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Fig. 4 5x6 matrix: Comparison of indicators for transportation systems performance and spatial heterogeneity

increase its absorptive capacity, what we see as a kind of
“short-term resilience”. Spatial heterogeneity makes
possible the co-existence of land-uses fostering a highperforming and resilient landscape. This is the case of
electro-mobility enhanced by private ownership of
commercial uses.
3.3

scenarios perform below the target in concordance with
high values of BI-MI, being efficient and preventive
scenarios.
The presence of quiet public areas (QA) is above 50%
of the land in all scenarios, except SQ with 45% and a
very low BI value, leading to a more fragile situation, while
keeping the rest in an efficient and preventive
performance, allowing inhabitants to use around half of the
public places as restoration places from noise.
On the other hand, in the comparison among
performance indicators, a higher density does not relate
with a higher percentage of noise exposition. UC scenario
has a higher percentage of people exposed to noise than
the campus one with a higher users’ density.
In relation to the amount of quiet areas, UC has the
best performance, with more than half of the public areas
categorized as quiet where a high demand of residents
can enjoy these areas. UC also holds the best
performance in terms of adaptability and efficiency with a
high density of residents, while keeping the percentage of
residents annoyed by noise at the lowest level of all the
scenarios with a residential population.
In the CO2 emissions, the density of users is not
related to a certain tendency in the emissions. Here,
CAMP perform in an adaptive and efficient way, while
HEB and BAU have a fragile behavior due to its elevated
CO2 pollution. Performance in terms of CO2 emissions
does not hold a straight relation with noise exposition
outdoors. Different factors related to the urban layout
might be influencing these environmental performances.

Trends and relations of transportation systems
performance

There is no correlation between land-use diversity (LUMI)
and people exposed to noise outdoors as both high
(CAMP, UC) and low (SQ) levels of functional diversity
(LUMI) translate into similar levels of EO (usually in
between performance targets). In contrast, LUMI seems to
influence the people exposed to noise coming from road
and railway traffic when they are located indoors (EI-Ldn)
as values of LUMI higher than 0.48 translate into higher
values of EI-Ldn (lower performance). In this context, SQ
has an efficient performance mainly due to its lack of
users, CAMP and HEB are diverse but low-performing
scenarios. However, while considering the CO2-T
indicator and contrasting it with LUMI and BI-MI, CAMP
and HEB are the best performing scenarios. Those values
are still very close to the other scenarios. What we can
infer here is that spatial heterogeneity does not have a
clear effect on the performance of the acoustic
environment and emissions due to transport.
In the analysis of the environmental performance on
people highly annoyed due to noise (RHA-Ldn), all
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Fig. 5 6x6 matrix: Comparison of indicators for transportation systems resilience and spatial heterogeneity

But this affirmation has to be filtered through the
differences in calculation, as emissions usually account for
global effects happening outside of the area of interest,
whereas noise pollution is treated locally.
3.4

position in the urban layout as the UC has the highest
level of people exposed to noise.
The first conclusion is that if the urban planning
process demands high-density levels in the areas, a
careful spatial distribution of dwellings shall be studied in
order to reduce noise exposure. In addition, the inclusion
of a quiet access from every dwelling gives some
interrelations; here the analysis of the dwellings is crucial
in order to achieve the correct geometry and disposition of
rooms.
On the other hand, the adaptive capacity of every
scenario remains similarly low with not clear correlation to
other variables (Difference of just 1% between results). In
this case, the UC is the more adaptable scenario and the
HEB the stiffest.
In terms of MMI, all scenarios have a similar value
towards a diverse, yet robust behavior, even the SQ.
Either way, in this analysis the predominant transport
mode (public, private, etc.) is not reflected, where
differences in percentage of people traveling by private
vehicle is different, with CAMP holding 60% of people

Trends and relations of transportation systems
resilience

We found scenario UC to have the most fragile
behavior in terms of elevated costs due to noise exposure
(RM-C) and housing depreciation (RM-P) while having the
higher diversity of land use (LUMI). However, scenarios
with equally high diversity (CAMP) present on the other
hand a robust behavior instead of fragile (lower housing
price loss [1.3%] in contrast to the highest [4.3%] in UC
scenario). Diversity of land use seems to not clearly
influence the absorptive capacity of the scenarios. Instead,
other characteristics such as BI and RD directly related to
the densification in site present a higher correlation with
this value of resilience (especially with RM-P) of the
transport system.
This also applies to other
characteristics such as number of residents and their
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traveling by private vehicle, UC with 65% and SQ, HEB
and BAU with 70%.
The interaction with the MMI and GHGE is not clear
due to the small difference between the two trends. In this
sense, other indicators and behaviors can give the answer
to less emissions in CO2, i.e. diversity in services (LUMI)
allocated in the area that enables people to use other
means of transport as walking or biking, contrary to the
HEB.
We furthermore analyzed the interaction between two
reserve margins, the housing price loss interacting with
the cost per year and the land use restrictions due to high
noise levels.
In the first case, a higher housing price loss (RM-P)
would imply a slightly more social cost (RM-C). This trend
will be maintained in time as the yearly depreciation rate
accumulates.
An interesting analysis for all the scenarios is that it will
not be possible to extract significantly more profit from the
area due to densification constraints, meaning that there
are no opportunities to compensate the losses in price
with the construction of new buildings. In general terms,
the best scenario out of the interactions analyzed
identified above is the CAMP scenario, followed by the UC
and the HEB in third place.
Plausible ways to recover the absorptive capacity of
transportation systems in terms of housing price loss,
social costs and land use restrictions would require
redistributing the traffic in the area and surroundings,
reducing the number of vehicles and speed limits. Another
way of improving this capacity deals directly with
increasing spatial heterogeneity, with the possibility of
protecting residential and public areas with service
buildings, while offering them access to places to restore
from noise exposure.
4.

activities foster, from one way or the other, the
sustainability and livability of the area. However, the
effects of resource intensive users such as industry or
high-level management in commercial uses could have a
major role both positively (i.e. case of back-up capacity)
and negatively (case of high emissions due to private
transportation) in performance.
4.1

Recommendations and further work

Spatial heterogeneity is not a separate design issue but a
productive
interplay
between
urban
form
and
infrastructure. This is important especially for urban
planners and designers, who need to be able to relate
morphological patterns of urban development to
environmental and performance-related issues, very often
left to engineers in later stages of design. The
diversification of urban form is one of the several
instruments accessible to both designers and engineers of
urban systems. In the previous sections we presented a
set of results that can contribute to a critical discussion on
possible improvements and opportunities of the tension
between diversification, resilience and performance, still
the availability of local resources (renewables) and
functions (commerce and industry) seem to play a major
role on the enhancement of those qualities.
The general methodology of this research paper has a
low complexity and it is found to be quite beneficial to
qualifying behaviors out of advanced quantitative
approaches. However, the approach presented up to now
needs to be challenged in a process where stakeholders
negotiate both variables and target values playing a major
role into the performance and resilience of those
infrastructures. For example, land-ownership is a flag
variable in this context as in several occasions we would
see it either constraining or using urban resources (i.e.
skills, political mandate, natural resources and capital) to
satisfy the needs of a particular set of individuals. For
instance, a diverse set of landowners of the Siemens area
may increase the access to different urban resources,
such as skills, political mandate, and capital that in turn
may lead to a wider spectrum of public spaces, building
typologies, or tenants. In a similar way, differentiated plot
sizes related to a larger number of individual owners may
increase the spatiotemporal development of the area,
leading to a differentiation of uses, socio-economic
groups, stakeholders etc. and, in consequence, diversity
of urban functions. These functions and services can in
turn open up more possibilities to transform urban
resources into different services that again can produce
new resources, goods, skills and so on. The UC and
CAMP scenarios seem to adopt this approach with their
increased spatial heterogeneity. On the other hand, single
ownership could facilitate the integration of a district
heating network and benefit from a mix of land uses. So,
low diversity in some perspectives may also catalyze
diversity in other, and more importantly, constrain or
benefit the selection of infrastructure and the performance
and resilience of it.
We found a strong need to include these variables and
spatial processes into further research together with a
spatial characterization of spatial heterogeneity. This
characterization involves considering changes on scale
and function during the assessment of resilience and

Conclusion

This study presented a general method for the
assessment of spatial heterogeneity, environmental
performance and resilience of energy and transportation
infrastructures. During this approach, we found Indicator
mapping to be a useful technique to correlate urban
qualities either enhanced or diminished by an urban
transformation. The level at which those properties are
influenced by key performance indicators remains part of
future work. A probabilistic approach could provide a
detailed understanding of plausible levels of the absorptive
capacity of infrastructure systems, which in this research
is penalized with a selection of RM-E.
Today’s urban development strategies aim at
increasing the spatial heterogeneity of urban areas in an
attempt to intensify the offer of services, reduce travel
distances, and provide a more livable urban environment.
In terms of resilience building, this idea remains in partial
synergy with the beneficial effects of diversity in the
environmental performance of energy and transportation
systems. Does
spatial
heterogeneity
improve
performance? We cannot affirm this statement, but what
we can conclude is that increasing the spatial
heterogeneity of an area does not go against a good
performance or resilience of infrastructure systems, but it
trends to facilitate improvement as it is the key to
coexistence of different users and activities. Such
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performance of entire cities or territories. In terms of scale
for instance, a city can be very diverse even though it is
composed of mono-functional neighborhoods. On the
other hand, specific functions found at one scale (e.g. a
campus at the neighborhood scale) can lead to a
reproduction of different functions and amenities
influencing the diversity of functions of bigger scales (e.g.
peripheral dormitory neighborhoods, public spaces, new
transportation nodes etc.).
With all this, we suggest new approaches to urban
form analysis and interactions with overlapping structures
in urban planning frameworks shall be studied. This may
be in terms of their performance and the enhancing or
hindering of other indicators that result in more robust and
adaptive scenarios. Here, the socio-technical perspective
aligned with systems’ performance shall interact with the
socio-ecological perspective supported by systems’
diversity.
In future approaches, the potential for spatial
heterogeneity needs to be realized and sustained by a
flexible urban design that allows for different functions to
occur and users to interact. This transformation may, as
stated above, be of conflict to current use and short term
problem solving, but may lead to a more livable and
sustainable future in the long term.
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1.

criteria analysis, and life cycle assessment. In addition, the
framework expanded the 4D visualization technique of
Chapter 3 to facilitate the analysis of resource options and
the physical configuration of systems.
For the case study of Chapter 3, the framework
analyzed the integration of local energy sources and
infrastructure retrofits in the area. The simulations
depicted Pareto-optimal interventions consisting of a
penetration of up to 50% of solar and ambient heat and a
customer’s connectivity ratio of 50% to 80%. In addition,
these interventions presented a combination of distributed
generation
options
at
building
(roof-top
photovoltaic/thermal) and district scale (lake water and
sewage heat pumps with seasonal storage) with utility size
alternatives (electricity and natural gas grids). This aspect
reflected the need of a multi-scale approach to study
infrastructure retrofits in urban areas. It also presented the
key role of seasonal thermal storage on facilitating the
penetration of local thermal sources.
Chapter 4 introduced the promising benefits that
changes in urban form might bring to energy efficiency.
For the case study of Chapter 3, these changes reached
energy and economic savings close to 20% on top of the
30% reached by optimal infrastructure retrofits.
With current building technology, Chapter 4 identified
the environmental performance of the area to be
constrained by the mobility patterns of their prospect users
rather than to building operation, especially in urban
scenarios with a high share of high-end management and
thus high business flights. However, as efficiencies of
building technology increase, especially in regard to solar
technology, a more efficient operation of buildings remains
the primary alternative to attain the sustainability targets of
the area even for urban scenarios fostering pedestrian
mobility.
Chapter 5 presented a synthesis of the relationship
between urban form, and the performance and resilience
of the energy systems of Chapter 4. By introducing
interactions with electro-mobility, the study found that
certain building typologies and land uses such as
industrial and office space might indirectly contribute to
enhance the performance and resilience of energy
systems. The first, by providing back-up energy systems,
and the second by attracting major amounts of V2G
vehicles. These energy storage options play an important
role in increasing the penetration of local energy sources
and enhancing absorption capacity of the system.
However, the mobility patterns of users of office space
(e.g., high-end management) can have negative effects on
environmental performance (see Chapter 4.) Such
rebound effects can be only identified through a holistic
approach to community energy systems analysis.

Summary

This
thesis
presented
a
methodology
and
computational model for the study of energy efficiency
strategies in urban communities.
Chapter 1 introduced the scope and the theoretical
framework of this thesis.
Chapter 2 presented the study of a novel community
energy system. The study reflected the need of a holistic
approach for the analysis of energy efficiency in urban
communities. Such an approach aims at integrating
qualities of space (the architecture and urban form) and
time (the dynamics of demand and supply) together with
the end-user perspective (its ingenuity and expectation) to
identify efficient and plausible technical interventions. The
study furthermore identified energy storage and
stakeholder’s commitment as relevant aspects for the
feasibility of distributed energy generation in urban
communities.
Chapter 3 departed from the idea of this holistic
approach to introduce a new computational model of
building energy demand in neighborhoods and city
districts. Such computational model introduced a novel 4D
visualization technique which facilitates the recognition of
the intensity and quality of energy services in buildings in
time and space. The framework was used to study the
effects of building and infrastructure retrofits into the future
performance of an industrial area.
The study included a series of urban design scenarios
representing potential trajectories of development for the
area. These scenarios were developed in conjunction with
various specialists who engaged with local residents,
governmental entities and landowners to shape local
visions into concrete urban design alternatives. The
integration of this case study into this research work
consisted a method to deal with complexity while modeling
interactions between the urban fabric, its users, and its
underlying infrastructures.
Each scenario presented a unique urban form with
different land uses, building typologies and street patterns.
The simulations found building retrofits (i.e. envelope
improvement, upgrade of appliances and technical
systems) to save more energy than sources of waste heat
(respectively up to 80% and up to 15%). In addition,
changes in urban form were identified to affect the load
diversity of buildings, and thus affect the power capacity
and investment costs when the last are connected to a
community energy system (from 5% to 50%). In a broader
sense, the study introduced the interdependencies of
urban form, capacity planning and the investment costs of
future community energy systems.
Chapter 4 presented the expansion of the framework
of Chapter 3 into an optimization model of future
community energy systems. The framework combined
models for the dynamic simulation of local energy
potentials and conversion technologies at the district scale
with techniques for multi-objective optimization, multi-

2.

Discussion and Conclusions

This
thesis
presented
a
methodology
and
computational model for the study of energy efficiency
strategies in urban communities. The framework was

84

CHAPTER VI: Conclusions

used to evaluate the integration of local energy sources,
building and infrastructure retrofits in a downtown area in
Switzerland. The framework is useful for three main
purposes: a) to determine patterns of energy supply and
demand in future urban communities, (b) to evaluate
plausible opportunities to increase their energy efficiency,
and (c) to identify interdependencies between plans of
urban development and the performance of energy
systems.
This research addressed current challenges in urban
and energy systems planning in relation to holistic
approaches for the analysis of energy efficiency in urban
areas. The proposed approach generates new knowledge
on interdependencies and synergies between urban
design decisions and the configuration, performance and
resilience of future community energy systems. These
interactions uncover both negative and positive effects of
future patterns of development on the overall sustainability
of cities. The results of this research presented energy
storage as a fundamental component to foster the
integration of local energy sources and thus increase the
performance and resilience of energy infrastructure.
On a broader sense, this study provided an insight to
urban planners as “directors of spatial rules” of the
potentials and constraints that energy infrastructure can
provide to their design. For energy systems engineers, this
research contributed to the state-of-the art in modeling
techniques of community energy systems.
In addition, this research contributed to the general
understanding of the ways that energy is distributed and
becomes available in the built environment, which
synergies exist, which impact it has on both urban design
and energy planning practices, and which alternatives
exists towards increasing the sustainability and resilience
of urban communities.
Further contributions and limitations of the framework
are grouped in the areas of modeling, analysis and
assessment methods of community energy systems.
2.1

models the layout of thermal networks accounting for timedependent load, pressure drops and mass flow rates
variations and energy transfer phenomena.
The approach is limited to a determined number of
technologies, and a single energy systems set-up (three
energy networks [heating, cooling and electrical, one
central plant per neighborhood with seasonal storage and
distributed generation per building).
This system set-up does not consider electricity
storage during the optimization process, allowing for net
exchanges with the local utility at a fixed night and day
tariff. This aspect might influence the operational
optimization of the electrical network and thus affect the
economics of photovoltaic technology and cogeneration.
The modeling approach is also restricted to a single
operating temperature per network which could constrain
the ability of the system to improve its exergetic efficiency
though heat cascading. In addition, the model does not
consider the marginal costs of existing infrastructure on
site, nor the costs related to their replacement. This aspect
might be over-fitting the real investment costs in energy
infrastructure.
2.2

Analysis methods

The framework introduced a series of new analysis
techniques that facilitate the assessment of energy
efficiency options in community energy systems. A 4D
analysis technique for instance facilitated the recognition
of changes in patterns of demand in space and time.
Together with spatial clustering techniques, the framework
allows to assemble priority zones in districts for application
of energy efficiency strategies.
The approach analyzes each zone separately and it is
constrained to the resource available within its boundaries.
Such restricted view gives little understanding on the scale
where an optimal intervention should be fostered (e.g. the
neighborhood, the district or the city).
The sensitivity analysis included in the framework
helps to rapidly depict robust options to changes in fuel
prices. The approach does not address changes in a
medium-term horizon of efficiencies and technology
prices. This is critical as technologies such as PV
decrease their cost at a quite fast rate while their efficiency
increases. The current approach could lead under certain
circumstances to still quite conservative results.

Modeling methods

The proposed framework builds upon current approaches
of urban building energy systems modeling and drastically
improves the detail without increasing its complexity. It
integrates dynamic physical models which allows to
produce a more detailed techno-economical analysis of
building and infrastructure retrofits in community energy
systems. Such level of detail allows to identify more
effectively time-dependent interdependencies between
these systems, users and other infrastructures such as
electro-mobility.
In the nascent realm of urban building energy
simulation, the approach contributed to a detailed
simulation of the most common HVAC systems, building
typologies, energy resources and end-uses found typical
in urban areas of central Europe. Such a level of detail
was possible with a minimum number of independent
variables and mean errors below the current state of the
art. Despite of this, the mean error at the building scale
critically reduces the reliability of the entire framework,
especially for sizing the layouts of distribution networks.
In the realm of district energy systems optimization, the
framework improves current approaches for modelling
hydraulic networks. The proposed hydraulic optimization

2.3

Assessment methods

The framework introduced a holistic view to the life cycle
assessment of building energy infrastructure. Such view
integrates shares of construction, operation and
dismantling of buildings with those of mobility. This allows
to get a better comparison of the environmental impact of
both infrastructures in the future of the built environment.
The approach is based on historical data and is quite
approximated to the Swiss average. This aspect limits the
reliability of such predictions for future developments with
distinct modes of transportation and/or building
technology.
The multi-criteria decision analysis (MCDA) method of
the framework makes a weighted comparison of
emissions, energy consumption and the carbon footprint of
infrastructure options. This comparison still lacks and
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overview over key variables for future decision making
such as budget availability, payback time, robustness and
reliability.
The resilience assessment of energy and mobility
infrastructure allows to identify strategies which could
simultaneously contribute to increase the sustainability
and security of energy systems. Such process lacks
statistically significant results which validate the synergies
observed between energy and mobility infrastructure. The
approach does not consider the restorative capacity of the
system and neglects any measure of the likelihood of
disaster.
3.
3.1

time. Real-time simulation goes in hand with less
computational time. In the future, the modules of the CEA
Toolbox could be coupled to reduce simulation time (i.e., 5
days for 24 generations containing 1500 individuals and
90 buildings). 35 For this, clustering algorithms and rolling
horizon approaches could help to reduce the number of
demand points of analysis or improve the optimization
routine. The latter has the advantage of not reducing the
level of detail. Despite this, cloud-computing services
could play a major role in this context as new advances in
big-data management and hybrid computing could
drastically reduce the computational time – user side.
Practitioners might find the CEA Toolbox useful to
improve the energy efficiency of an urban energy system.
This process requires a new concept of operation that
exploits the integration of urban and energy systems
decisions in real practice. This aspect might even require
a new generation of professionals with adequate
knowledge in these areas.

Prospects
The City Energy Analyst

Further work lies partly on the translation of the
research framework into a computational tool currently
under construction at ETH Zurich under the name of The
City Energy Analyst Toolbox (CEA Toolbox). A formal
software application could empower teams of urban
planners/designers and energy engineers to find the
energy, carbon and financial benefits of multiple urban
scenarios, to evaluate options of building and
infrastructure retrofit, and to plan the capacity and
operation of optimal schemes of energy supply (both
centralized, decentralized or combinations of them). 4dimensional representations of the results could serve as
a catalyst of inter and intra discussions between teams
and stakeholders.
For further research purposes, such a software
application could work as a medium to collect sample data
of present and future projects of urbanization. In a longterm perspective, new analytical approaches based on
confirmatory analysis, and multilevel structural equation
model could provide a better understanding of how
different patterns of urbanization constrain the
performance and resilience of urban infrastructure.
To reach such a level of usability, the tool should
overcome the main limitations of the framework discussed
in section 2 and addressed aspects related to uncertainty
management, user experience and workflow compatibility.
In terms of uncertainty management, the tool could
incorporate a module of calibration which uses metered
data for calibration prior full simulation, or uses a more
detailed simulation engine. The last alternative is highly
subjected to data availability. On the other hand, a multiperiod analysis model could be whole new way to deal
with the uncertainty of long-term energy infrastructure
investments. It offers the possibility of creating models that
self update to either stochastic or linear variability of key
variables in a time horizon of years to decades. These
variables include but are not restricted to technology
prices and efficiencies, urban design decisions (program,
typology of buildings, phase development and related
action plan). This theory could help to forecast the
performance and reliability of urban infrastructure as it is
more likely to be implemented, leading to represent
changes in buildings and its infrastructure towards
supporting financial models for risk mitigation.
In terms of user experience, the decision-making
process could be improved by allowing planners and
engineers to jointly analyze multiple design options in real-

3.2

Performance-based Urban Design

Whether this new generation of professionals arises or
not, there is an opportunity for planning teams to analyze
the impacts of their designs in the overall performance of
an urban area. It is in the hands of these teams that
variables highly influencing the demand of services (i.e.,
building typology, building use and street patterns, etc.)
also be optimized to prove feasibility of local infrastructure.
Future users of approaches such as the CEA Toolbox
could relate the trade-offs of different urban forms to the
energy and carbon foot print of the area as well as to the
costs, size, and location of energy infrastructure. This last
factor empowers these users to cross-check whether this
infrastructure is subjected to any land restrictions, as well
as better means to improve its layout. A new idea of
performance based-urban design is extracted from the
potential capabilities of the framework presented in this
dissertation.
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The oil crisis of the late 1970s raised energy efficiency
literacy worldwide. Energy conservation and distributed
generation were by then key elements in the agenda of
urban and energy planning authorities. A recent awareness
in climate change drives a new wave of initiatives to
improve the energy efficiency of urban communities.
This thesis presents a methodology and computational
model for the study of energy efficiency strategies in urban
communities on the neighborhood and district scale (i.e.,
on-site energy generation, building and infrastructure
retro-fits, and modifications to urban form and spatial
program). Such an approach consists of evaluating the
energy, carbon and financial benefits of these strategies
in plausible scenarios of urban development. For this, a
computational model was created to simulate and visualize
hourly flows of energy in neighborhoods and city districts
and to optimize the configuration of future community
energy systems. The model was applied to study the
future performance and resilience of a downtown area in
Switzerland.
The method is useful for three main purposes: (a) to
determine patterns of energy supply and demand in future
urban communities, (b) to evaluate plausible opportunities
to increase the energy efficiency of these communities, and
(c) to identify interdependencies between plans of urban
development and the performance of energy systems.
This research provides a better understanding of how
energy is distributed and becomes available in the
built environment. It generates new knowledge about
alternatives to increase the sustainability and resilience of
cities. Moreover, it provides urban designers and energy
systems engineers with a new approach to integrate plans
for energy efficiency in urban communities. Future work
proposes the development of software application for
performance-based urban design.
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