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a b s t r a c t

We introduce an integrated model for characterization of spatiotemporal building energy consumption
patterns 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 transfor-
mation. 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. In a novel approach we integrated existing methods in urban and energy planning domains such
as spatial analysis, dynamic building energy modeling and energy mapping to provide a comprehensive,
multi-scale and multi-dimensional model of analysis. The model is part of a geographic information sys-
tem (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. In this
context, we present practical applications in the analysis of energy efficiency measures in buildings and
urban zoning. We furthermore discuss potential applications in educational, urban and energy planning
practices.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cities are hubs of social, cultural and economic activity, but also
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 sec-
tor provides the highest potential leverage at the lowest invest-
ment cost [4].
Recent studies (i.e. [5–7]) expose 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 sin-
gle 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]).

Today’s most commonly practiced energy efficiency measures
in neighborhoods consist in the implementation of building retro-
fits, advanced conversion and storage technologies, endogenous
energy resources, and distributed generation schemes [12]. Plan-
ning to integrate one or more of these alternatives requires a
detailed characterization of energy services in buildings and a
diagnosis of their building performance. Whereas an understand-
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Nomenclature

Abbreviations
GIS geographic information system
DB database
HVAC heating, ventilation and air conditioning
TABS thermo activated building surfaces
R–C resistance–capacitance network
MDU multiple dwelling unit
SDU single dwelling unit
HOT hotel
HEALTH health facilities
INDUS industrial
DEPO deposits and parking spaces
SWIM swimming hall
SPORT sport halls/fitness studio
COM retail
SR server rooms
CR cooling rooms
ICE ice hockey rings
RESTS restaurant (self-service)
REST restaurant
EDU educational
ADMIN offices
PUBLIC public
SUPER supermarket
GHGE green house gas emissions
EP non-renewable primary energy
DF diversity factor
PF performance factor

Symbols (unit)
/ energy flow (W h)
Q yearly thermal consumption (MW h/yr)
E yearly electrical consumption (MW h/yr)
q specific thermal consumption value (kW h/m2 yr)
e specific electricity consumption values (kW h/m2 yr)
w linear thermal transmittance W/m K
U thermal Transmittance coefficient W/m2 K
_mcp capacity mass flow rate (Wh/K)

T temperature (�C)
I irradiance (Wh/m2)
Ak area of element (m2)
Ae conditioned floor area (m2)
W moisture content (kg/kg)
_m mass flow rate (kg/s)

h enthalpy (kJ/kg)
_V volumetric flow rate (m3/h)
Cm internal heat capacity (J/K)
t time (s)
L length (m)
%error percentage error (%)
w weight (–)
u specific thermal heat (Wh/m2 p)
C class (–)
F factor (–)
Cpa volumetric heat capacity of air (Wh/m3 K)
H thermal transmittance (W/K)
_v specific volumetric flow rate (m3/h m2)
Cpw volumetric heat capacity of water (Wh/m3 K)
Cpv specific heat capacity of water vapor (J/kg K)
TR thermal response (s)
nc number of groups (–)
Fstat F-statistic (–)
dc critical distance (m)

Zscore Z-score (–)
Gi Getis-ord statistic (–)
S standard deviation
R2 coefficient of determination (–)

Superscript
0 nominal value

Subscript
hs space heating and humidification
ww domestic hot water
cs space cooling and dehumidification
cp process cooling
hp process heat
cice ice rink refrigeration
cr cold-room refrigeration
cdata server-room cooling
sen sensible
lat latent
app appliances
lig lighting
aux auxiliary equipment
pro process equipment
ve ventilation
t time
w Water
k k-esimo attribute
i i-esimo attribute
j j-esimo attribute
l losses
gen generation
e emission
dis distribution
fw fresh water
sol solar
T transmission
occ occupancy
d density
sup supply
re return
b basement
sto storage
a air
max maximum
circ circulation circuit
tp tapping
hs/cs space heating or space cooling
in indoor
out outdoor
sh shade
data server room
r recoverable
nr non-recoverable
dev electronic devices
gl glazed surface
ex exhaust
int internal
inf infiltration
Sys system
disc distribution circuit
m thermal mass
ff frame fraction
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ing of building performance is a key factor to address retrofit strat-
egies, a detailed characterization of energy services focused on the
understanding of spatiotemporal patterns of power and tempera-
ture requirements is especially necessary to assess technologies
such as heat pumps, combined heat and power, and thermal stor-
age, whose efficiencies are temperature-dependent and whose
economic feasibility depends on correct sizing and operational
strategies [12–14]. In a similar way, the 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 imple-
mentation of these schemes is highly constrained to spatiotempo-
ral 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 iden-
tified through the study of power and temperature requirements of
energy services such as process heat, process cooling, and datacen-
ter cooling.

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 macro-
economic 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 mod-
els 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].

During the last decade, a significant number of bottom-up mod-
els have been developed for the spatiotemporal characterization of
energy services in buildings at the urban scale.1 The most relevant
(i.e. [12,16–30]) are based on statistical, analytical or hybrid meth-
ods of calculation. Statistical methods are simple and robust. Based
on historical data, they forecast the energy consumption of buildings
as a function of variables such as appliance ownership, building
typology and occupancy. They require relatively small amounts of
information, and present a natural ‘‘inertia’’ while predicting energy
consumption at the city scale [14]. However, their limited character-
ization of energy services (e.g. [17,18,21]) combined with coarse spa-
tial and temporal resolutions of analysis (e.g. [19–21]) makes
difficult their use for the study of concrete energy efficiency mea-
sures in neighborhoods.

On the other hand, analytical methods are based on physical
approaches describing the dynamic exchanges of energy and mat-
ter among buildings, users, and the surrounding environment.
These methods generally achieve a comprehensive characteriza-
tion 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 com-
plexity [14,31,32]. In order to overcome these issues and arrive to
significant results at an appropriate computational time, current
analytical models adapt either third party software (e.g. [23,33])
or simplified simulation models (e.g. [22,34,35]) 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 [31].

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 fur-
thermore constitute building archetypes for their use in analytical
procedures. For instance, Yamaguchi et al. [26] generated a database
of more than 600 archetypes for the city of Osaka and implemented a
1 Refs. [14,31,32] provide a detailed review of the state of the art.
simple building dynamic model to analyze energy efficiency
measures for space heating applications in the commercial sector.
Heiple et al. [27] implemented close to 30 archetypes in the com-
mercial 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 data-
base 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 geom-
etry 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, Reinhart 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 iden-
tify a reduced amount of energy services in buildings (i.e. space heat-
ing, space cooling, domestic hot water and electricity), and focus
their approach only on the description of power requirements (i.e.
[16,26,27]). 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 fail to address parameters such as solar radiation and
self-shading phenomena, building thermal envelope, HVAC system
performances (i.e. [12,26]), and building real geometry (i.e.
[26,27]), 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. tempera-
ture) and quantity (i.e. power) of energy services supplied to resi-
dential, 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 radi-
ation on building surfaces, self-shading phenomena, the interac-
tion of the building with the surrounding environment and the
specific characteristics of their geometry and their envelope. This
last aspect allows also for the evaluation of building components
performance. In addition, the model integrates spatial clustering
algorithms to facilitate the analysis of patterns of energy consump-
tion at 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.

In order to demonstrate the practical application of the model,
we conduct a preliminary analysis of energy efficiency measures
and urban zoning for a neighborhood. For generalization purposes,
we conduct the study in a heterogeneous city district in the city of
Zug2 in Switzerland. The city district comprises a total of 1392 build-
2 As of 31 December 2013 the city of Zug had a total population of 27,961
inhabitants [87].



Fig. 1. Model framework, 1. Statistical model, 2. Analytical model, 3. Aggregation, 4. Statistical clustering and visualization.

3 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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ings in the residential, commercial and industrial sectors, for which
we have identified a wide variety of occupancy types and construc-
tion periods. We obtain measured and simulated building data from
the area and use it as a basis for our validation process.

2. Methodology

2.1. 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 plat-
form are used to store, analyze and visualize information at spatial
and temporal scales.

The framework of the model described in Fig. 1 uses as inputs
geo-referenced data of existing or foreseeable urban 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 arche-
types and distributions is the basis for analytical and statistical
methods of calculation. We integrate clustering algorithms to facil-
itate the analysis of patterns of consumption at the neighborhood
scale. In addition, we use a 4D interface to facilitate the interpreta-
tion 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.

2.2. 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 pos-
sible. 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. Weather database (WDB)
The weather database stores time-series data of ambient tem-

perature, relative humidity, and solar transmissivity obtained with
the software Meteonorm 7.0 [40].

2.2.2. 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 includes 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. The surrounding environ-
ment is described by a digital elevation model of the area.

2.2.3. Archetypes database (ADB)
The archetypes database is the core of statistical and analytical

methods. It describes the standard properties of the regional build-
ing stock classified according to sixteen occupancy types,3 six con-
struction periods and six renovation periods, for a total of 172
building archetypes or building classes. For every building class, this
database contains typical characteristics of building envelopes
(Table 2), HVAC systems (Table 3) and values of specific annual con-
sumption (e.g. yearly space heating consumption per square meter
of conditioned floor area) (Table 4). The database is based on statis-
tical data gathered for buildings constructed before 2005 [38,42–49].
Values for further periods are obtained from linear interpolation and
local building regulations.

2.2.4. Distributions database (DDB)
The distributions database contains standard time-series 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-rooms. It also con-
tains volumetric flow rates requirements of fresh and hot water
services. These data are gathered from local building standards
and complemented with the work of Blatter et al. [51] for domestic
hot water usage in residential areas.

2.2.5. Measurements database (MDB)
The measurements database is a complementary dataset con-

taining measured data of the area of study. These data are neces-
sary 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 1
Variables calculated by statistical and analytical approaches.

Energy service Statistical method Analytical method Measured data

Space heating (incl. humidification) Q /; T; _mcp
Domestic hot water Q /; T; _mcp
Space cooling (incl. Dehumidification) Q /; T; _mcp
Server-room cooling Q /; T; _mcp
Cold-room refrigeration Q /; T; _mcp
Process heat Q _mcp /; T
Process cooling _mcp /; T
Ice rink refrigeration Q _mcp /; T
Appliances + lighting + auxiliary E /
Appliances /
Lighting /
Auxiliary /
Server-room equipment E /
Process equipment E /

Table 2
Abstracts of archetypes database: characteristics of building envelope for multiple
dwelling unit classes. ⁄Renovation periods. In this table is the ratio of heated space of
the building area. The value of is equal to: one (1) for light weight construction
equivalent 110 kJ/m2, two (2) for medium weight construction equivalent to 165 kJ/
m2, three (3) for Heavy weight construction equivalent to 280 kJ/m2. Uwall, Uwin,
Uroof, Ubase are respectively the thermal transmittance coefficients of typical walls,
windows, roof, and slabs/floor in contact with the ground in W/m2 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].

Class Period HS Cm Uwall Uwin Uroof Ubase

MDU1 1920 0.82 3 0.30 1.50 0.30 0.35
MDU2 1920–1970 0.82 2 0.30 1.50 0.30 0.35
MDU3 1970–1980 0.82 2 0.30 1.50 0.30 0.35
MDU4 1980–2005 0.82 2 0.30 1.50 0.30 0.35
MDU5 2005–2020 0.82 2 0.20 1.30 0.20 0.28
MDU6 2020–2030 0.82 2 0.11 0.90 0.09 0.15
MDU7 1920⁄ 0.82 2 0.30 1.50 0.30 0.35
MDU8 1920–1970⁄ 0.82 2 0.30 1.50 0.30 0.35
MDU9 1970–1980⁄ 0.82 2 0.30 1.50 0.30 0.35
MDU10 1980–2005⁄ 0.82 2 0.30 1.50 0.30 0.35
MDU11 2005–2020⁄ 0.82 2 0.25 1.30 0.25 0.30
MDU12 2020–2030⁄ 0.82 2 0.15 0.90 0.15 0.20

Table 3
Abstracts of archetypes database: characteristics of HVAC systems for Industrial
classes. ⁄Renovation periods. In this table, Syshs is equal to 1 for free-convection
radiation systems, 2 for floor heating system and 3 for air condition heating system.
Syscs is equal to one (1) for floor cooling system, two (2) for ceiling cooling system and
three (3) for air conditioning cooling system. T0

sh and T0
rh are the nominal temperatures

of supply and return of the heating system. T0
sc and T0

rc are the nominal temperatures
of supply and return of the cooling system.

Class Period Syshs T0
sup;hs T0

re;hs
Syscs T0

sup;cc T0
re;cs

INDUS1 1920 1 65 50 3 6 12
INDUS2 1920–1970 1 65 50 3 6 12
INDUS3 1970–1980 1 65 50 3 6 12
INDUS4 1980–2005 1 65 50 3 6 12
INDUS5 2005–2020 3 41.5 33.9 3 6 12
INDUS6 2020–2030 3 39.6 32.3 3 6 12
INDUS7 1920⁄ 1 54.4 44.1 3 6 12
INDUS8 1920–1970⁄ 1 54.4 44.1 3 6 12
INDUS9 1970–1980⁄ 1 53.8 43.8 3 6 12
INDUS10 1980–2005⁄ 3 56.3 45.3 3 6 12
INDUS11 2005–2020⁄ 3 41.5 33.9 3 6 12
INDUS12 2020–2030⁄ 3 39.6 32.3 3 6 12

Table 4
Abstracts of archetypes database: Specific energy services values for administrative
classes. ⁄Renovation periods. In this table qhs, qww, qcs, qcd, are the specific thermal
annual consumption values of space heating + humidification, domestic hot water,
space cooling + dehumidification, and server-room cooling. eapp+lig+aux, edata are the
specific electrical annual consumption values of appliances + lighting + ventila-
tion + auxiliary equipment and d server-room equipment.

Class Period qhs qww qcs qcd eapp+lig+aux edata

ADMIN1 1920 119 11 0.0 0 104 0
ADMIN2 1920–1970 119 11 15.3 15 99 15
ADMIN3 1970–1980 123 11 15.3 15 99 15
ADMIN4 1980–2005 106 11 13.9 15 119 15
ADMIN5 2005–2020 53 11 18.5 15 117 15
ADMIN6 2020–2030 32 11 20.4 15 63 15
ADMIN7 1920⁄ 55 11 18.9 15 95 15
ADMIN8 1920–1970⁄ 72 11 18.9 15 95 15
ADMIN9 1970–1980⁄ 67 11 20.0 15 95 15
ADMIN10 1980–2005⁄ 74 11 18.5 15 95 15
ADMIN11 2005–2020⁄ 65 11 18.5 15 63 15
ADMIN12 2020–2030⁄ 52 11 20.4 15 63 15
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2.3. Statistical model

The statistical model relates specific annual consumption val-
ues 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].

qk ¼
HDDsite

HDDoriginal location

� �
� qk;original ½kW h=m2� ð1Þ

For a building i with total conditioned floor area Aei, the annual
consumption of the k-esimo energy service (Ek,i or Qk,i) is calculated
by first relating the building to a class Cj,i according to its construc-
tion/renovation year and occupancy type. This class is then associ-
ated to a specific consumption value (qk or ek) 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 con-
ditioned floor area of each class AeðCj;iÞ. Eqs. (2) and (3) are then
used to calculate the annual requirements of energy services of
every building in the area.

Ek;i ¼ Aei �
Xn

j¼1

ðekÞðCj;iÞ �
AeðCj;iÞ

Aei
½kW h=yr� ð2Þ

Qk;i ¼ Aei �
Xn

j¼1

ðqkÞðCj;iÞ �
AeðCj;iÞ

Aei
½kW h=yr� ð3Þ
2.4. Analytical model

The analytical model consists of a physical approach to compute
the hourly power and temperature requirements for space condi-
tioning, domestic hot water and electricity in buildings. The model
is based on the integration of the simple hourly dynamic method of



Fig. 2. Simplified heating supply chain, this figure presents a generalization of the subsystems and heat flows of the heating supply chain in buildings. /ve and /T are the heat
losses due to ventilation and transmission. /occ, /sol, /app, and /lig are the so-called internal heat gains in the building due to occupancy, solar radiation, appliances and
lighting. /hs, /cs and /ww are respectively the net space heating, cooling and domestic hot water demands. /hs,gen, /cs,gen and /ww,gen are respectively the output of space
heating, cooling and domestic hot water generation sub-systems. /sys,l,nr, /sys,l,r are respectively non-recoverable and recoverable total system losses. /H,f, /C,f, and /E,f are
respectively the final heating, cooling and electricity requirements of buildings supplied by local utilities.

6 We assume that all energy consumed due to appliances and lighting is
transformed into useful heat in the building.

7 Net-domestic hot water needs (/ww) and auxiliary loads (/aux) 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).

8 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-
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the ECS [53–55], the simplified model of air-conditioning systems
of Kaempf [37], the quasi-steady state model of emission sub-sys-
tems4 of Holst [56], and the recommendations for thermo activated
building surfaces (TABS)5 of the SIA [57].

2.4.1. Building prototype and supply chain
The analytical method uses an exemplary building and a simpli-

fied 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, adi-
abatic 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 sup-
ply chain is divided in several subsystems ranging from generation
to building envelope. The subsystems of generation, storage, distri-
bution 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 aux-
iliary equipment (e.g. pumps and fans).

2.3.2. Electrical loads
The electricity demand due to appliances, and lighting is calcu-

lated according to Eqs. (4) and (5).

/app ¼ ðudev þupro þudataÞ � Ae ½W h� ð4Þ
/lig ¼ ulig � Ae ½W h� ð5Þ

where udev, ulig, uPro and udata respectively are the specific hourly
electricity consumption of electronic devices, lighting appliances,
industrial equipment and servers in W h/m2. 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.

On the other hand, we calculate the auxiliary electrical loads
(Eq. (6)) according to the recommendations of [54] for the supply
lines of SH, SC, DHW and fresh water (FW). Auxiliary electricity
4 TABS, radiators and fan coils.
5 Refers to surfaces with embedded emission subsystems such as floor heating,

ceiling heating and cooling surfaces.
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%).

/aux ¼ /hs;aux þ /cs;aux þ /ww;aux þ /fw;aux þ /ve;aux ½W h� ð6Þ
2.4.3. Thermal loads
In buildings, most heat losses occur due to the processes of ven-

tilation and transmission. Heat gains due to occupancy, solar radi-
ation, appliances and lighting6 form part of the energy necessary to
balance these losses.7 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
(/hs) or net space cooling (/cs) 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. Similarly to net space heating
and net space cooling loads, non-recoverable and recoverable
losses are performance indicators of building systems and are usu-
ally 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 gener-
ation or transfer processes per supply line.8 The resulting heat
fluxes described in Eqs. (7)–(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).9
March) and space cooling needs are considered zero outside of cooling season (mid-
March to mid-September).

9 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.



Fig. 3. Resistance–capacitance model. The three nodes of the thermal model
network, Ta,in, Ts and Tm 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 /ia, /st, /m. 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 HT,1 and HT,2 are equivalent heat transfer coefficients due to
transmittance in the nodes Ts and Tm respectively. The terms HTABS and TTABS,sup

represent the heat transfer coefficient and temperature of supply in thermo
activated surfaces (In this context, TABS refers to slab-embedded HVAC systems
such as floor heating or ceiling cooling systems (when existent).
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/hs;gen ¼ /hs þ /hs;l;nr � /hs;l;r ½W h� ð7Þ
/cs;gen ¼ /cs þ /cs;l;nr � /cs;l;r ½W h� ð8Þ
/ww;gen ¼ /ww þ /ww;l;nr � /ww;l;nr ½W h� ð9Þ

The set of net heating and cooling demands as well as system
losses presented in Eqs. (7)–(9) are determined for every building
in the area of study following the procedures of Sections 2.4.3.1-
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. In order to attain a com-
fortable 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)).

/hs=cs ¼ /hs=cs;sen þ /hs=cs;lat

where : /hs ¼
/hs=cs; /hs=cs > 0
0; /hs=cs ¼ 0

(

/cs ¼
j/hs=csj; /hs=cs < 0
0; /hs=cs ¼ 0

( ð10Þ

In Eq. (10) the amount of sensible heat supplied or removed
from conditioned rooms is calculated according to the simple
hourly dynamic method of the ECS [53–55].10 The method is based
on an implicit solution to Eq. (11), which represents the energy bal-
ance between nodes of temperature of the resistance–capacitance
model of Fig. 3. This model assumes an air temperature control strat-
egy where space conditioning loads are estimated depending on a
specific set-point of indoor air temperature (Ta,in). 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
the solution method is outside of the scope of this paper and can
be found in [53].

f ð/hs=cs;senÞ ¼ ð/T þ /veÞ � ð/occ;sen þ /app þ /lig þ /solÞ þ /hs
cs;sen

� /mt�1
½W h� ð11Þ

In Eq. (11) /mt�1
is the heat stored in the mass of the building

from a previous time step.
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 consid-
ered 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-con-
ditioning system model of Kaempf [37] in Eq. (12). The model
assumes a temperature and humidity control strategy. In this strat-
egy, latent heat is either supplied or removed in order to reach an
indoor set-point of air temperature and moisture content
(Ta,in, Wa,in). 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 Kaempf [37] is based on
the application of the principles of mass and enthalpy conservation
among the states of temperature and moisture content (Tk, Wk)
described in the simple air conditioning system of Fig. 4. The solu-
tion accounts for the moisture content either added or removed by
10 Net-domestic hot water needs (/ww) and auxiliary loads (/aux) 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).
fresh air (Wa,sup) and occupancy (Wocc),11 and the heat flows neces-
sary to attain any indoor condition at a certain mass flow rate of air
( _ma). A detailed description of the solution method is outside of the
scope of this paper and can be found in [37].

/hs=cs;lat ¼ Cpv � _ma � ðWa;in �Wa;supÞ ½W h�
where : Wa;sup ¼ f ðWa;ex;Wa;re;Wa;out;Wa;r; eoÞ
Wa;in ¼ f /occ;lat;Wa;supt�1

� � ð12Þ

_ma¼max
/hs=cs;sen

hðTa;in ;Wa;supÞ �hðTa;sup ;Wa;supÞ
;ð _vveþ _v inf Þ �Ae:3600

 !
½kg=s�

ð13Þ

In Eqs. (12) and (13), Cpv is the specific heat capacity of water
vapor at a temperature Ta,in in J/kg K eo = 0.65 is the efficiency of
heat recovery units. hk is the enthalpy content for a state of tem-
perature and moisture content Tk, Wk. _vve is the specific volumetric
flow of fresh air required for air quality reasons in m3/h m2. This
value depends on the type of occupancy and its schedule. _v inf is
the specific infiltration flow rate of outside air in m3/h m2, 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, Ta,sup is the tem-
perature of the air supply system, assumed as 30 �C during winter
and 15 �C during summer. For all other cases, Ta,sup is equal to Ta,out.
2.4.3.1.1. Transmission losses. The rate of transmission losses from
conditioned spaces is calculated according to Eq. (14) [53].

/T ¼ HT � ðTa;in � Ta;outÞ ½W h�

where : HT ¼
Xn

k¼1

Fk � Uk � Ak ½W=K�
ð14Þ
11 Values obtained from the WDB and DDB respectively in terms of relative
humidity.



Fig. 4. Simplified single zone air-conditioning model of Kaempf [37]. The six states
of the air injected and extracted from the zone (Ta,out, Wa,out), (Ta,r, Wa,r), (Ta,sup, Xa,-

sup), (Ta,in, Wa,in), (Ta,re, Wr), (Ta,ex, Wa,ex) 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. /occ,lat is the heat flow
due to the moisture content added by the building occupancy. The air-handling unit
(AHU) represents all the systems for air conditioning modeled such as heating and
cooling coils, humidifiers and dehumidifiers.

12 Louvers, rollo, venetian blinds, curtains, solar control glass.
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where Ak is the area of every k-esimo surface of the building enve-
lope (i.e. roof, ground floor, external walls and external windows)
obtained from the UGDB. Uk is the corresponding heat transmit-
tance coefficient obtained from ADB according to the predominant
building class. Finally, Fk is the temperature correction factor calcu-
lated for surfaces in contact with the ground according to [58]. For
any other surface the value of Fk is equal to 1.
2.4.3.1.2. Ventilation losses. The rate of thermal losses due to ven-
tilation is calculated according to Eq. (15) [53].

/ve ¼ Hve � ðTa;in � Ta;supÞ ½W h�
where : Hve ¼ Cpa � Ae � ð _vve þ _v inf Þ ½Wh=K�

ð15Þ

where Cpa = 0.38 is the volumetric heat capacity of air in W h/m3K.
2.4.3.1.3. Occupancy heat gains. Occupancy heat gains relate to the
amount of sensible and latent heat released by users in the build-
ing. This heat flux is calculated according to Eq. (16).

/occ ¼ /occ;sen þ /occ;lat ½W h�

Where : /occ;sen ¼ uocc;sen � Ae ½W h�

/occ;lat ¼ uocc;lat � Ae ½W h�

ð16Þ

where uocc,sen and uocc,lat respectively represent the sensible and
latent specific hourly heat gain due to occupancy in W h/m2. These
values are gathered from the ADB and DDB according to the pre-
dominant building class. In buildings without air-conditioning sys-
tem, latent heat is generally exhausted by natural ventilation and
considered zero in this equation (i.e. /occ,lat = /occ,lat = 0).
2.4.3.1.4. Appliances and lighting heat gains. For the sake of simplic-
ity, heat gains due to appliances and lighting are assumed to be
equal to the electricity needs calculated back in Eqs. (4) and (5)
[53].
2.4.3.1.5. Solar heat gains. Solar heat gains are estimated according
to Eq. (17). In this equation, the hourly solar radiation (Isolk ) in
W h/m2 incident in the k-esimo glazed surface of area Aglk is calcu-
lated with the hemispherical view-shed algorithm of Fu et al. [59],
implemented in ArcGIS 10.2.1 [39]. The algorithm calculates
hourly values of Isolk 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 trans-
missivity, level of cloudiness and daylight saving periods to the
values contained in the WDB.

/sol ¼
Xn

k¼1

ðIsolk � Aglk Þ � ggl � Fsh;gl � Fff ½W h� ð17Þ
In Eq. (17) the reduction factors of solar transmittance in glazed
surfaces (ggl) and frame area fraction (Fff) are set to 0.8 and 0.75
according to the recommendations of [53]. The reduction factor
due to movable shading devices (Fsh;gl) is a function of Isolk and
the type of shading device in the building. Five types of shading
devices12 are implemented according to [53] and included in the cal-
culation process through the inputs of the UGDB.

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

/ww ¼ Cpw � _vww � Ae � ðTww;sup � Tfw;supÞ ½W h� ð18Þ

where Cpw = 1161 is the volumetric heat capacity of water in
W h/m3 K, _vww is the specific volumetric flow rate of hot water con-
sumption per unit of conditioned floor area in m3/h m2, Tww,sup and
Tfw,sup are the hourly temperatures of hot water and fresh water
supply. Tww,sup and _vww are obtained from the ADB and DDB accord-
ing to the predominant building class. is assumed to be equal to
10 �C during heating season and 14 �C during cooling season [54].

2.4.3.3. Non-recoverable system losses. 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)–(21).

/hs;l;nr ¼ /hs;l;sto;nr þ /hs;l;dis;nr þ /hs;l;e;nr ½W h� ð19Þ
/cs;l;nr ¼ /cs;l;sto;nr þ /cs;l;dis;nr þ /cs;l;e;nr ½W h� ð20Þ
/ww;l;nr ¼ /ww;l;sto;nr þ /ww;l;dis;nr ½W h� ð21Þ

In Eqs. (19) and (20), /hs,l,e and /cs,l,e 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 con-
trol strategy (e.g. thermostatic radiation valve, P-controller etc.).
Standard values are used according to [54,57].

Non-recoverable system losses due to distribution of DHW (Eq.
(22)) are calculated separately for circulation and distribution cir-
cuits in Eqs. (23) and (24).

/ww;l;dis;nr ¼ /ww;l;circ;nr þ /ww;l;disc;nr ½W h� ð22Þ

/ww;l;circ;nr ¼ www;circ � Lww;circ � ðTww;sup � Ta;inÞ �
/ww

/ww;max
½W h� ð23Þ

/ww;l;disc;nr ¼ Cpw � _Vww;disc � ðTww;sup � TxÞ ½W h� ð24Þ

where : Tx ¼ Ta;in þ ðTww;sup � Ta;inÞ � exp
� TR

3600ð
www;disc �Lww;disc
3600�Cpw � _Vww;disc

Þ

TRðxÞ ¼ 3600 � _Vtp�ttp
_vww �Ae ; x < 3600

3600; x P 3600

(

In Eqs. (23) and (24), Lww,circ and Lww,disc are respectively the
equivalent lengths of circulation and distribution circuits. These
lengths are calculated according to building geometry and building
class [50]. www,circ and www,disc are respectively the linear thermal
transmittances of circulation and distribution networks. _Vww;disc is
the volume of water accumulated in those networks assuming an
equivalent diameter of 0.015 m. In Eq. (24) we consider the ther-
mal response of insulated piping (TR) to be a function of the num-
ber of tapings possible for a volumetric flow rate of
_Vtp ¼ 0:72 m3=h and a mean duration per hour per tapping of



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.
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ttp = 0.05 [54]. Non-recoverable system losses of distribution sub-
systems of HS and CS supply lines are calculated according to
Eqs. (25) and (26).

/hs;l;dis;nr ¼
Te;hs;sup þ Te;hs;re

2

� �
� Tb

� �
� /hs

/hs;max
½W h�

Where : Tb ¼ Ta;in � Fb � ðTa;in � Ta;outÞ
ð25Þ

/cs;l;dis;nr ¼
Te;cs;sup þ Te;cs;re

2

� �
� Tb

� �
� /cs

/cs;max
½W h� ð26Þ

where /hs,max and /cs,max are the peak demands of net heating and
cooling services respectively, is the temperature correction factor
for spaces in contact with the ground calculated according to [58].
Te,hs,sup and Te,hs,re are the temperatures of supply and return of
the HS supply line and Te,cs,sup and Te,cs,re 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 (/ww,l,sto,nr)
are calculated according to [54]. It is assumed that HS and CS
supply lines do not count with a thermal storage (i.e.
/hs,l,sto,nr = /cs,l,sto,nr = 0).

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 (/hs,l,r) are obtained from non-recoverable losses
in the circulation and distribution circuits of the supply line of
DHW for conditioned areas [54]. These losses are calculated fol-
lowing 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 tempera-
tures 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).

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 taking place in the
interface between the emission subsystem and its environment.13

Supply (Te,hs,sup) and return (Te,hs,re) temperatures of this subsystem
are then calculated by solving the non-linear system of Eqs. (27)–
(29). For this, we assumed a constant capacity mass flow rate
(m _cpw) calculated according to Eq. (28) under a nominal operation
condition. The nominal operation condition is obtained for the max-
imum sensible heating load of each building and the data of nominal
operating emission sub-system temperatures related in the ADB.

/ ¼ m _cpa � ðTa;sup � Ta;reÞ ½W h� ð27Þ

/ ¼ m _cpw � ðTe;hs;sup � Te;hs;reÞ ½W h� ð28Þ

/ ¼ /0 � DTm

DT0
m

 !n

½W h� ð29Þ

where DTm ¼
ðTe;hs;sup � Ta;supÞ � ðTe;hs;re � Ta;reÞ

ln Te;hs;up�Ta;sup

Te;hs;re�Ta;re

� �
13 Indoor air in the case of radiators, floor heating, ceiling heating/cooling and
supply air in the case of fan coils (air conditioning systems).
For buildings without air-conditioning systems, both Ta,sup and
Ta,re are approximated to Ta,in. 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 DTm is the hourly logarithmic temperature of
the emission subsystem and DT0

m is the logarithmic temperature
of this subsystem at nominal conditions. n is the exponential coef-
ficient of the emission subsystem. Its value is equal to 1.33 for radi-
ators, 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 tem-
peratures of the emission subsystem of the CS supply line (cooling
coils). In this case n is considered as 1.00.

2.5. Aggregation

We take the individual results of both statistical (Section 2.3)
and analytical (Section 2.4) methods for the services of space heat-
ing, space cooling, domestic hot and electricity, and calculate a
yearly mean value per every energy service. As presented in Sec-
tion 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 recal-
culated while maintaining the original time-dependent propor-
tionality 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 aggre-
gated to the data of the MDB. For heating and cooling demands,
the temperatures of emission subsystems are recalculated.

2.6. Statistical zoning

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 infra-
structure. This discretization process aims at classifying target
areas of building and infrastructure retrofits [5,60,61]. The process
is carried out with the use of spatial statistics for clustering of
buildings. Fazlollahi et al. [62] have identified the suitability of
these tools of analysis to aggregate groups of buildings while main-
taining a reliable representation of energy interactions at the urban
scale.

Under this premise, we applied the Getis-ord Gi
⁄ spatial statistic

[63,64] 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 (Zscore) (Eq. (30)) and its probability of occurrence
(Pvalue) for every variable of interest in buildings (i.e. infrastructure
types [performance factor], yearly energy demand per energy ser-
vice and associated nominal temperature requirements). The



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.
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results of the spatial statistic are then grouped to identify associa-
tions with high (Pvalue) and (Zscore) (Fig. 6a). These associations or
groups are identified with the use of the k-means algorithm, which
is explained in detail in [62]. Based on the results of the analysis,
we juxtapose topological and administrative boundaries to facili-
tate the division in homogenous groups (Fig. 6b).

Zscore ¼
G�i � N½G�i �ffiffiffiffiffiffiffiffiffiffi

V ½G�
p ½�� ð30Þ

where : N½G�i � ¼
Pn

i¼1

Pn
j¼1wi;jðdcÞ

nðn� 1Þ

V ½G�i � ¼ N½G�2i � � N½G�i �
2

G�i ¼
Pn

x¼1wi;jðdcÞxj � �x
Pn

j¼1wi;jðdcÞ

S �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
Pn

j¼1
w2

i;jðdcÞxj�
Pn

j¼1
wi;jðdcÞ

� �2
	 


n�1

vuut
½�� ð31Þ

In Eqs. (30) and (31), wi,j(dc) is a binary weighting factor between
pairs of buildings within a critical distance (dc). is the total number
of buildings analyzed, xj is the variable of interest and is the stan-
dard deviation of the sample.

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 vari-
able 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 50 m to 200 m (neighborhood
scale). According to Getis et al. [65], a suitable critical distance is
found when the overall Z-score peaks. As in Fig. 7 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 Calinski-Harabasz pseudo
F-statistic [66]. As in Eq. (32), the F-statistic Fstat) reflects
within-group similarity and between-group differences based on
the coefficient of determination (R2) of the variables of interest
and the number of groups (nc). The higher the F-statistic is, the
higher is the group similarity for a certain nc. We perform the
calculation of the F-statistic in the range of 2–20 groups for
every variable of interest. As in Fig. 7 the optimal number of groups
is 20.
Fstat ¼
R2

nc�1

� �
1�R2

k�nc

� � ½�� ð32Þ
2.7. Spatiotemporal energy mapping

In relation to current 2D and 3D energy mapping techniques
(e.g. [5,61,67,68]), we developed a 4D interface to facilitate the spa-
tiotemporal analysis of energy consumption patterns in neighbor-
hoods and city districts. In Fig. 8 and Fig. 9, we present the
continuous representation of power and temperature require-
ments for space heating in buildings for 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 anal-
ysis of distributed energy schemes (i.e. smart grids, district heating
and cooling networks), the identification of outliers to these
schemes, and the location of anchor loads and reciprocal potential
sources of waste heat.

In an attempt to identify potential low, medium or high temper-
ature networks, the visual interface helps us to depict zones with a
similar nominal temperature, and groups of nearby zones where a
heat cascade network could be physically developed (Zones 10 and
13). A current practice in the district heating systems realm
[69,70]. The interface provides us with 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 could be quite valuable to
understand the direct effects of a possible infrastructural interven-
tion (potential heat-cascade network) in the existing building stock
and related users.
3. Results

3.1. 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 con-
sumption of energy services for 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 con-
sist in a data center (building 16) requiring close to 1.6 GWh/yr of



Fig. 7. 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 110–120 m respectively.
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Fig. 8. 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 consumers 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. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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electricity and 1.55 GW h/yr of refrigeration. The second consist in
a metal-mechanic industry located in buildings 17 and 17 h requir-
ing compression work (0.4 GW h/yr) and process cooling
(0.75 GW h/yr). Waste heat can in principle be recovered from ser-
ver 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 [71]. 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 [72].

By using all these techniques, 2.1 GW h of waste heat can be
used for space heating purposes. This provides in addition a total
saving of close to 2.25 GW h of cooling energy every year.

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 in an ice-hockey ring located towards
the southwest direction from the zone of interest. Based on our cal-
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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. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

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

258 J.A. Fonseca, A. Schlueter / Applied Energy 142 (2015) 247–265
culation of its refrigeration load and hot water and space heating
needs, we estimate that a heat recovery system with a efficiency
of 80% and composed by a heat pump whose evaporator is
connected to the cooling circuit, could generate 0.4 GW h of
surplus heat and savings of up to 2.2 GW h in refrigeration every
year.

3.2. Potential building retrofits

A straightforward application of the model constitutes the eval-
uation 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 estimate the potential energy savings of each strategy by com-
paring the current energy consumption with a hypothetical sce-
nario where all buildings attain the retrofit requirements of the
local building standard. These requirements define a maximum
consumption of net-space heating (Eq. (33)), a maximum amount
of non-recoverable thermal losses of the space cooling system
(Eq. (34)) and a maximum consumption of electricity of appliances
and lighting (Eq. (35)).



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 and (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 and (c) buildings in the zone of interest
(zone 10).

Fig. 13. Energy reduction potential due to upgrade of electrical appliances, (a) zones in the area of study, (b) buildings in the area of study and (c) buildings in the zone of
interest (zone 10).
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Q hs ¼ F1C þ
Athi

Aei
� F2C

� �
� Aei ½MW h=yr� ð33Þ

Q cs;sys;l;nr ¼ 0:15 � Q cs ½MW h=yr� ð34Þ
Ealþaux ¼ ðFalC þ FauxCÞ � Aei ½MW h=yr� ð35Þ

In Eqs. (33) and (35), F1ci and F2ci are standard factors of specific
energy consumption depending on the building class in kW
h/m2 yr. Athi is the heated area of the building in contact with
the exterior and the ground in m2. Falc and Fauxc are limit values
of electricity consumption due to lighting and auxiliary loads (fans
and pumps) depending on the building class in kW h/m2 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 fac-
tors, anchor loads, and heat densities of the area of study.
The diversity factor (DF), described in Eq. (36) reflects the fore-
seen 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 [73]. As in Fig. 16a and b, 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
a reduction in 17% and 27% of the power capacities for hypothetical
district heating and cooling networks.

R ¼ ð1� DFÞ � 100 ½%�

where DF ¼ Sum of peak of the system of costumers
Sum of peaks of individual costumers

ð36Þ

In a district energy system scheme, an anchor load is depicted
as a customer with a significant and continuous energy consump-
tion throughout the year [73], 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



Fig. 14. Anchor loads for heating services, (a) zones in the area of study, (b) buildings in the area of study and (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 and (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.

14 A more plausible alternative to supply process heat remains a decentralized
natural-gas boiler.
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energy consumed per customer in a zone basis (Figs. 14a and 15a)
is a direct indicator of areas with the highest amount of possible
anchor loads. By zooming into these areas (Figs. 14b and 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 ser-
vices (Figs. 14c and 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 costs of generation and distribu-
tion networks, assuming their proportionality to the area. In this
context, district heating schemes are feasible in zones with a heat
density of more than 10 kW h/m2 when the generation source is
natural gas, [73], and 50 kW h/m2 [74] 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 kW h/m2 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. [38,75]).
3.4. Potential integration of endogenous resources

An interesting application of the model consists in the analysis
of the integration of endogenous energy sources into the area of
study. For this we estimate the potential reduction of GHG emis-
sions and primary energy when all the area is connected to a
new generation scheme dependent on ambient and waste heat.

For this we assume an expansion of the original heating and
cooling networks of zones 6 and 10 to the whole area of study.
The original networks use respectively natural gas and ambient
heat (lake water) for heating and cooling purposes. We consider
that 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 together with
waste heat available in the area (see Section 3.1) to provide its own
heating requirements, except for process heat.14

For the calculation process we use the indicative performance
factors of Table 5 [76] for the existing and foreseen infrastructure
systems in the area. In this calculation process, we include all elec-
tricity demands and assume that each infrastructure system



Table 5
Performance factors for different generation systems. In this table PFEP is the
performance factor of non-renewable primary energy consumption in MJ/MJ. PFGHGE

is the performance factor of GHGE in kg/MJ.

Generation system PFEP PFGHGE

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
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requires 0.010 kW h of electricity (auxiliary energy) per each kW h
of thermal energy produced.

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.
Fig. 17. Non-renewable primary energy reduction, (a) zones in the area of study, (b)

Fig. 18. GHGE reduction potential, (a) zones in the area of study, (b) building

Fig. 19. Occupancy type in buildings in the zone of interest, (a) today’s situa
3.5. Analysis of urban zoning

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 distribu-
tion schemes can be more suitable. It creates a direct connection
between the goals of urban and energy planners in the context of
urban transformation.

For this analysis we created four scenarios for the zone 10 of the
area of study (Fig. 19). Each scenario represents a plausible urban
development scheme with a different level of heterogeneity
(Fig. 20). The scenarios have been created in cooperation with an
interdisciplinary team composed by architects, urban planners,
social science specialists, engineers and local stakeholders. A
description of the scenarios realization is outside of the scope of
this article and can be found in [77].

We used the model to calculate the dynamic patterns of energy
consumption of every scenario. We calculated their diversity fac-
tors for hypothetical district energy networks (i.e. heating, cooling
and electricity) and deduced the expected reduction in power
capacity (Fig. 21). The diversity of use in buildings (mix of residen-
buildings in the area of study and (c) buildings in the zone of interest (zone 10).

s in the area of study and (c) buildings in the zone of interest (zone 10).

tion, (b) scenario S1, (c) scenario S2, (d) scenario S3 and (e) scenario S4.



Fig. 20. Share of building occupancy types per scenario.

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

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.

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.

15 Outliers are assumed as those values located outside 1.5 times of the 1st and the
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tial, commercial and industrial areas) generates a significant bene-
fit in terms of power capacity reduction in all possible scenarios.
The highest benefit foreseen is for district heating and cooling
schemes, which can attain a reduction in power capacity of up to
48% and 26% respectively. In relation to urban zoning, this benefi-
cial 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 complete synergy with
the beneficial effects of diversity on the energy supply system
[77]. The integrated model presented in this article allows for the
understanding and visualization of this phenomenon.

4. Validation

For validation purposes, we calculate the energy services of the
zone of interest and compare the results with empirical data [78]
and the output of a peer model (CLM [33] – EnergyPlus [36]). Both
types of comparisons constitute validation methods widely
accepted in the building modeling realm [79]. The peer-model
based method is in addition a suitable way to benchmark our
model to the state of the art.

For the comparison of our results with either empirical data or
the peer-model, we calculate the percentage of error (Eq. (37)) for
the most energy intensive services in a building basis.

%error ¼ Approximate-measured
measured

½%� ð37Þ
As in Fig. 22, the percentage of error of electricity consumption
(neglecting outliers 26, 6, E, F and A),15 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%.

As in Fig. 23, the percentage of error of space heating consump-
tion in buildings (neglecting outliers 6, 17 and 19) ranges from 9%
up to 66%. 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 1970–1980 and 19% to 66% for those con-
structed in the period 1920–1970.

As in Fig. 24, for the case of space cooling consumption in build-
ings (neglecting outliers 2, 26, and 3), the percentage of error of the
sample ranges from 13% to 65%. For buildings constructed after
2005, this error ranges from 28% to 47%, 44% to 59% for those build-
ings constructed in the period 1970–1980 and 13% to 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. This high order of
magnitude is attributed to a limitation of our model to accurately
estimate values of infiltration and ventilation rates, temperature
set points and efficiencies of buildings systems in a building basis.
Despite this drawback, as in Fig. 25, we observe a decrease in the
percentage of error when employing the model for the analysis
of a whole zone. In this context, we have identified a percentage
of error between 1% and 19% at the neighborhood and city district
scale. We attribute this to the combination of both statistical and
analytical methods of calculation and statistical zoning techniques.
In a similar scale of analysis Rager et al. [24] has found a percent-
age of error from 33% up to 103% while using other analytical (i.e.
Robinson et al. [22], Girardin et al. [38]) methods of calculation.

In addition, we compare the results of our energy model with those
of the simulation platform CLM (City Life Management Tool) [33].
3rd quartile of the sample.



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.

Fig. 26. Percentage of error of aggregated annual energy consumption for electric-
ity, 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.
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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.
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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 build-
ings of the zone of interest in this platform and compare the results
with our 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 99% for aggregated heating, cooling, and electrical
demands in a building basis.
16 Computer specs: 3.2 GHz quad-core Intel Core i5. 8 GB (two 4 GB) memory. 1 TB
hard drive1. NVIDIA GeForce GT 755 M with 1 GB video memory.
5. Discussion

In this section we discuss possible benefits of our model in edu-
cation, urban planning, and energy planning practices.
5.1. Education practice

The model described in this manuscript offers parametric
design capabilities and a comprehensive mapping interface. Para-
metric design capabilities make possible the study of different con-
figurations 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
more easily the effects of building types, occupancy and thermal
properties to 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 visualiza-
tion allows a more intuitive description of energy related phenom-
ena 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. 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 sto-
chastic patterns of demand. The model presented in this manu-
script 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. [62,80–82]), 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 his findings in an intu-
itive visual interface. The low complexity of the model and simula-
tion time, (approx. 20 s per building)16 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 frame-
work and its visual interface as a catalyst of discussions with local
stakeholders, architects and urban planners. GIS results in an useful
cognitive tool to analyze and gather spatial data with other areas of
expertise (i.e. [12,22,24,83]),

Similarly to specialized infrastructure management software
(e.g. Termis [84]) 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. Urban planning practice

From the urban planning perspective, there is a high opportu-
nity 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 appli-
cations 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 use and street
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patterns, etc.) be also optimized to prove feasibility of local
infrastructure.

The model described in this manuscript allows for the spatio-
temporal simulation of energy services in buildings for a wide vari-
ety of building typologies and building uses. These features allow
urban planners to preliminary relate the trade-offs of different
urban forms in comparison to the generation capacity and invest-
ment costs of infrastructure. In the future of our model, a more
detailed analysis including network layout, resource allocation
and transportation optimizations (i.e. [85,86]), could lead to a
greater overview of those trade-offs, contributing to the analysis
of sustainable forms of development. We see this type of develop-
ment as such where the diversification of the built environment go
hand by hand with a better offer of services, reduced travel dis-
tances, more livable urban environment and the beneficial effects
of building diversity on the energy supply system.
6. Conclusions

We have introduced an integrated model for the characteriza-
tion of spatiotemporal patterns of energy consumption in neigh-
borhoods and city districts. The model calculates the power and
temperature requirements of energy services in residential, com-
mercial and industrial sectors under spatial (building location)
and temporal (hourly) dimensions of analysis. The model is opti-
mized 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 con-
stitutes 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 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 simu-
lated data. In this context, the percentage of error of our model
ranges from 4% up to 66% for prediction of energy services in a
building basis. Despite this, we have identified a percentage of
error between 1% and 19% at the neighborhood and city district
scales. 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 multi-scale and multi-dimensional anal-
ysis of energy efficient strategies in neighborhoods.

We acknowledge the future expansion of our demand model to
a framework of complete modeling and optimization of urban sys-
tems. The analysis of these systems will facilitate the assessment of
retrofit options and to identify more trade-offs between urban
form and energy and/or transport infrastructure.
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