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ABSTRACT
The housing sector has a significant energy savings
potential achievable by retrofitting, however
overheating might become a drawback in summer
especially under the effect of climate change and
urban heat island and should be properly considered
in sustainable urban plans. This study aims at
estimating the combined effect of retrofit measures
on heating energy demand and indoor thermal
comfort of housing stocks at the urban scale. A
bottom-up approach was developed based on
Geographical Information Systems, dynamic thermal
simulation and indoor thermal comfort analysis. The
study provided relevant results for Rotterdam city
(Netherlands) to support sustainable urban planning.

INTRODUCTION
The housing sector is responsible for a large part of
the energy consumption and carbon emissions in
Europe. Thus, it has been identified as one of the
sectors with higher energy savings potential
achievable by implementing retrofit measures. This
aspect is particularly relevant at the city scale, where
Municipalities can act by developing housing
renovation plans to address specific carbon emission
targets.
Bottom-up engineering models have been widely
developed to estimate the energy savings and carbon
emission reduction potential achievable by retrofit
measures for large housing stocks (Swan et al., 2010).
However, while most of the studies at this scale
focused on the energy demand side (Keirstead et al.,
2012), few attention has been drawn on indoor
thermal comfort (Oikonomou et al., 2012; Kavgic et
al., 2012).
Addressing thermal comfort is particularly important
when evaluating the effect of retrofit measures on the
housing stock, as the improvement of thermal
insulation of buildings to reduce energy consumption
for space heating might lead to overheating
phenomena in summer conditions (Stazi et al., 2013).
The risk of overheating might increase in the future
years due to climate change and urban heat island
effect (Oikonomou et al., 2012). As a consequence,

including indoor thermal comfort in building stock
modelling is a step necessary to better evaluate the
effect of retrofit measures further addressing the risk
of overheating in summer to provide decision support
in sustainable urban planning.
The objective of this study is to estimate the
combined effect of retrofit measures on energy
demand and indoor thermal comfort of housing
stocks at the urban scale. To this goal, a bottom-up
approach was developed based on Geographical
Information Systems (GIS), energy simulation in
dynamic state and indoor thermal comfort analysis.
The approach was applied to the test case of
Rotterdam city (Netherlands), including about
300,000 dwellings units.
A statistical analysis based on the GIS data provided
by the city was carried out to characterize the
building stock and to identify a series of prototype
buildings representing typical housing types and
periods of construction. The energy demand and
thermal behavior of prototype buildings both in the
actual and typical renovated state were simulated in
dynamic state using the software EnergyPlus and
results were compared to statistical values to check
their consistency. The adaptive method was then used
to assess the indoor thermal comfort level in summer,
according to relevant European standards (CEN,
2007). The energy savings potential and the variation
in summer comfort level due to retrofit measures
were computed for prototype buildings and
subsequentially extrapolated to the whole housing
stock. Results were finally aggregated and mapped
across the city using GIS to provide decision support
in planning urban retrofit interventions.

MATERIALS AND METHODS
Case study
The methodology was tested on the housing stock of
Rotterdam city, consisting of about 300,000
dwellings. Buildings were chategorised according to
their typology (detached DH, semi-detached SDH,
rowhouse RH and multi-family MFH) and their
period of construction (before 1965, 1965-1974,
1975-1991, after 1991). The Rotterdam building
stock is characterized by an extensive use of natural
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gas for space heating, domestic hot water and hob
cooking. About 17% of the dwellings is served by the
urban heating network. Electricity is mainly used for
lighting and appliances and partly for domestic hot
water.
The GIS dataset of the Municipality was used as main
source for data about buildings and households.
Information are available at the address/building level
including floor surface, number of storeys, dwelling
type, number of rooms, year of construction, number
of occupants and type of urban context. The
compactness of buildings, given by the ratio between
external envelope surface and heated volume, was
estimated using GIS geometrical features of
buildings. Measured yearly energy consumption data
provided by the local energy distribution company
and available at the aggregated post-code area level
were used for validation purposes.
Identification of archetype building
A statistical analysis was carried out to explore the
characteristics of the Rotterdam housing sector and
subsequently identify a series of archetype buildings
representative of the stock. A total of 16 archetype
buildings were defined by the combination of 4
housing types (Fig. 1) and architectural features
based on the period of construction.

we identified recurrent building distance for each
context type to account for the shadowing effect of
neighboring buildings.
The thermal properties of the building envelopes
(Table 2-3) and the technical systems for heating and
domestic hot water were assumed based on national
benchmark values (Agentschap NL, 2011) and expert
advice for both the current state and after retrofitting.
Standard retrofit measures were identified including
insulation of external walls, roof and ground floor
(Table 2), replacement of current windows providing
low-emissivity glazing (Table 3), heating - domestic
hot water system replacement with high efficiency
boilers.
Table 1:
Geometrical features of archetype buildings:
floor surface (SF), number of storeys (NS),
compactness ratio (S/V), glazing percentage on
external walls surface (SG)
HOUSING
TYPE
DH
SDH
RH
MFH

SF
(m2)
130
90
90
560

Ns
(-)

S/V
(m2/m3)
0.89
0.73
0.55
0.44

2
2
2
4

SG
(%)
18
22
34
30

Table 2:
U-values assumed per period of construction and for
the retrofitting of external opaque surfaces: external
walls (UW), roof (UR) and ground floor (UF).
PERIOD OF
CONSTRUCTION
<1965
1965-74
1975-91
>1991
Retrofitting

UW
(W/m2K)
1.61
1.45
0.64
0.36
0.36

UR
(W/m2K)
1.54
0.89
0.64
0.36
0.36

UF
(W/m2K)
1.72
2.33
1.28
0.36
0.36

Table 3:
U-values of glazing (UG) assumed per type of
building, period of construction and for retrofitting.

Figure 1:
Rendering of the models for different archetypes in
Rotterdam: detached (DH), semi-detached (SDH),
row-house (RH) and multi-family building (MFH).
The geometrical features of archetypes were varied
according to the housing type (Table 1) and were
identified by GIS data analysis, taking into account
typical floor surface of dwellings, number of storeys,
roof type, presence of basement and compactness
ratio. Characteristics not available from GIS data,
such as percentage of glazing, were deduced from
national benchmark values (Agentschap NL, 2011)
and direct surveys. A correspondence was found
between the type of urban context and building
typology and period of construction. Consequently

UG (W/m2K)
PERIOD OF
CONSTRUCTION
<1965
1965-74
1975-91
> 1991
Retrofitting

DH
3.40
3.40
3.22
2.20
1.80

HOUSING TYPE
SDH
RH
MFH
3.40
3.40
3.22
2.20
1.80

3.63
3.22
3.22
2.20
1.80

3.63
3.22
3.22
2.20
1.80

Thermal simulation in dynamic state
Archetype buildings were modelled and simulated in
dynamic state using the software EnergyPlus (US
DOE, 2009). Simulations were firstly run for
archetype buildings in the as built state and results
were compared to statistical values obtained from a
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Energy demand for heating and indoor thermal
comfort related parameters were produced in output
from the model all the year round. The energy
consumption for domestic hot water and cooking
were further calculated using national Dutch standard
(NEN, 2011). Primary energy consumption and
associated CO2 emissions were subsequently
computed using proper national conversion factors
and emission coefficients.
Indoor thermal comfort analysis
Indoor thermal comfort analysis in summer was
carried out according to the European Standard EN
15251 (CEN, 2007) based on the results of
simulations for archetype buildings. Category II,
corresponding to a normal level of expectation for
new buildings and renovations, was assumed in the
assessment of comfort levels for buildings both in the
current and renovated state to make the results
comparable. The period selected for the analysis in
summer is 1st June - 31st August for a total of 1017
occupied hours. The adaptive method (CEN, 2007)
was applied as the buildings are expected to be in
free running mode for most of the cases.

Aggregation and mapping across the city
Energy consumption and indoor thermal comfort
results for archetype buildings in the current and
renovated state were attributed to single buildings
across the city based on their typology and period of
construction. Results were aggregated at the level of
sub-neighborhood and mapped across the city using
the software QGIS (QGIS Development Team,
2009).
Aggregated energy consumption values calculated at
the post-code area level were compared with
measured gas consumption data to verify the
consistency of results. A sample of 8200 post-code
areas with valid results and data available,
representing the most part of areas with residential
buildings, was used for this scope.

RESULTS
Heating demand and energy savings potential
Results of heating energy demand simulation per type
of building and period of construction are shown in
Fig. 2. The energy demand for heating increases with
the age of the building due to poorer insulation of the
building envelope. The influence of the compactness
of buildings is visible as the heating demand is higher
for less compact building types, such as detached and
semi-detached houses, due to a larger amount of
envelope surface transferring heat to the exterior in
relation with the volume. In addition, the relative
reduction of heating demand at the changing of
period of construction within the same building type
also changes according to the compactness, being
higher for detached houses and lower for multi-family
buildings.

We adopted the Degree hours criteria of EN 15251 Annex F for long term evaluation of thermal indoor
comfort conditions. This method consists in
computing the number of occupied hours during
which the operative temperature exceeds a specified
range and weighted on how many degrees the range
has been exceeded. The operative temperature range
determined by the adaptive method was used for long
term evaluation during the free running mode period.
In addition, the average operative temperature during
the occupied hours was computed for the different
housing types and periods of construction.
In this paper only the effect of standard retrofit
packages on summer thermal comfort was evaluated
as a first step. However, the occupants’ behavior,
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150

100
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<1965
1965-74
1975-91
1991-2005
<1965
1965-74
1975-91
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<1965
1965-74
1975-91
1991-2005

Occupancy schedule were defined based on relevant
national and European building libraries and
standards (Agentschap NL, 2011; CEN, 2007; NEN.
2011) and other studies (Mastrucci et al., 2014;
Taleghani et al., 2013). The number of occupants for
every type of dwelling was statistically determined
using GIS data and the level of activity set up as
sedentary for residential, corresponding to 1.2 met
(CEN, 2007). For all buildings we assumed that the
cooling system is not present and that the heating
season covers the period 1st October – 30th April
(NEN, 2004). Hourly weather data representative of
Rotterdam were used for the simulations.

mainly the use of shading devices and night
ventilation, has a great impact on reducing
overheating issues and it will be included in the
analysis in a second step.

Energy demand (kWh/m2 a)

previous study (Mastrucci et al., 2014) to check their
consistency. Then the influence of standard retrofit
packages was evaluated by varying the input
parameters accordingly and by running a new set of
simulations.

DH

SDH

RH

MFH

Figure 2: Yearly heating energy demand in the
current and renovated state per type of building and
period of construction.
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The heating energy demand in the renovated state
(Fig. 2) mostly depends on the building geometry,
being the level of insulation similar for all the
categories. Indeed, the demand in the renovated state
progressively gets lower passing from detached to
semi-detached houses and from row-houses to multifamily mainly due to the different compactness of
buildings. The absolute reduction potential given by
the difference between the energy demand in the
current and in the renovated state is also greater in the
case of buildings with low compactness, especially
detached and semi-detahed houses, due to the larger
extension of envelope surface to be insulated.

The compacteness ratio and the percentage of glazed
envelope surface have been also identified among the
most influent parameters. Building characterized by
low compactness and small glazed surface are not
affected by overheating issues due respectively to
higher relative heat losses through the envelope and
lower solar heat gains through the windows. For this
reason, detached houses have a reduced number of
CDH in contrast with the other housing types where
the risk of overheating is higher.
300

Degree Hours (h)

The results of energy saving potential for space
heating and domestic hot water are summarized in
Table 4 for the different housing types and periods of
construction. The greatest energy savings potential is
expected for buildings before 1965, with a reduction
in the range of 55% - 61%. The potential decreases
for more recent buildings, being 53%-57% for the
period 1965-74, 32%-41% for the period 1975-1991
and only 7%-16% for the period 1991-2005.

100

<1965
1965-74
1975-91
>1991
<1965
1965-74
1975-91
>1991
<1965
1965-74
1975-91
>1991
<1965
1965-74
1975-91
>1991
DH

SDH

RH

MFH

Figure 3: Results of summer indoor thermal comfort:
number of degree hours in the current and renovated
state per type of building and period of construction.

PERIOD OF CONSTRUCTION
< 1965 1965197519911974
1991
2005
59%
54%
38%
7%
61%
57%
36%
10%
61%
56%
41%
12%
55%
53%
32%
16%

28

Operative temperature (°C)

Indoor thermal comfort in summer

The number of CDH in the current state is highly
influenced by the period of construction due to
different transmittance of the building envelope.
Buildings after 1991 are more exposed to overheating
drawbacks due to improved thermal insulation of the
envelope leading to excessive heat conservation
within the indoor environment in summer.

After retrofit

26
24
22

DH

SDH

RH

<1965
1965-74
1975-91
>1991

<1965
1965-74
1975-91
>1991

20
<1965
1965-74
1975-91
>1991

The risk of overheating was assessed by calculating
the number of Cooling Degree Hours CDH (Fig. 3)
and the average operative temperature in summer
(Fig. 4) for the different archetype buildings in the
current and renovated state. The users’ behaviour was
assumed equal in all simulations and its impact will
be investigated in a future step. The results of CDH
calculation and average operative temperature during
the occupied hours highlighted significant differences
between the thermal comfort level in the different
housing types, periods of construction and states of
renovation due mainly to envelope thermal
properties, geometry and urban context.

Current state

<1965
1965-74
1975-91
>1991

DH
SDH
RH
MFH

200

0

Table 4:
Energy saving potential for space heating and
domestic hot water per building type and period of
construction.

BUILD.TYPE

Current state
Renovated state

MFH

Figure 4: Results of summer indoor thermal comfort:
average operative temperature in the current and
renovated state per type of building and period of
construction for the occupied hours.
The urban context clearly influences indoor thermal
comfort conditions in summer and it has been
preliminary taken into account by including in the
simulation the effect of shades induced by
neighbouring buildings. In that respect, buildings
placed in a dense urban tissue, such as multi-family
buildings and row-houses, can benefit by additional
shades. The influence of the urban context should be
further investigated, especially in relation to the
urban heat island effects as it might affect thermal
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comfort levels in summer. However, other studies
(Oikonomou et al., 2012) highlighted that the
geometrical and thermal characteristics of buidlings
appear to be of greater importance in overheating
than the location of a building within the urban heat
island.

Operative temperature (°C)

35

Current state
After retrofit
Comfort limits

30

25

20

15

30/8

15/8

31/7

16/7

1/7

16/6

1/6

10

Figure 5: Summer indoor thermal comfort before
and after retrofit in the archetype representing a
typical semi-detached house built before 1965.

Thousands of dwellings

Fig. 6 and Fig. 7 show respectively the distribution of
summer operative temperature in the current state and
the distribution of its potential increase caused by
retrofitting for the whole building stock. For most
part of the dwellings (about 65%) the potential
increase is between 1.0 °C and 2.0 °C. About 17% of
the stock is expected to have an increase in operative
temperature higher then 2.0°C. The remaining 18% is
represented by the most recent buildings where the
retrofitting is not necessary or does not bring
remarkable effects in summer indoor temperature.
In conclusion, whilst retrofitting can increase the risk
of overheating in summer, results indicated that this
issue might be rather limited for the housing stock of
Rotterdam being the amount of degree hours
relatively small. The effect of shading devices and
night ventilation should be further evaluated as they
can leed to significant improvement in indoor
comfort conditions.

140
120

100
80
60

40
20

Aggregation and mapping across the city

0

21

22

23
24
Operative temperature (°C)

25

26

Figure 6: Distribution of average summer indoor
operative temperature simulated for the residential
housing stock of Rotterdam.
140
Thousands of dwellings

The implementation of retrofit measures determines
increased indoor temperature and higher number of
hours exceeding the upper comfort limit, the users
behaviour being assumed equal in all simulations.
The increase in overheating drawbacks is more
noticeable in buildings till 1975, especially semidetached, row-houses and multi-family buildings. As
an example, Fig. 5 reports the trend of operative
temperature in summer before and after retrofitting
the archetype semi-detached house built before 1965.
The effect of retrofitting is notable not just in the
increase of hours over the superior comfort limit but
also in an overall increase in the indoor temperature.

120
100
80
60

40
20
0

0

1

2
3
Operative temperature (°C)

Figure 7: Distribution of potential increase in
average summer indoor operative temperature
caused by retrofitting for the housing stock of
Rotterdam.

Maps were produced to show the results of energy
demand, energy savings and indoor thermal comfort
analysis across the whole city of Rotterdam at the
subneighbourhood level.
The spatial distributions of primary energy
consumption and energy savings potential for
combined space heating and domestic hot water of
residential buildings are displayed in Fig. 8-9. Energy
consumption is higher in the core of the city,
characterized by a dense urban tissue and older flat
blocks. Suburban areas have different energy
consumption patterns depending on density and
period of construction of buildings. The comparison
between calculated and measured gas consumptions
proved a good accuracy of the prediction at the urban
scale, being the total deviation 3.4% (Table 5).

4

Table 5:
Comparison of calculated and measured energy
consumption for the Rotterdam housing stock.
ENERGY
CONSUMP.
Natural gas
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CALC.
(m3)
2.015 ·108

MEAS.
(m3)
1.949 ·108

DIFF.
(%)
+ 3.4%
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The map in Fig. 9 shows that major energy savings
are possible by retrofitting certain areas of the city,
mostly located in the belt around the city center and
in the suburbs. The total yearly energy saving
potential estimated by the model is 1.23 TWh leading
to a potential reduction of 227.7 kton of CO2 for the
retrofit of the whole building stock.

Figure 8: Total primary energy consumption for
space heating and domestic hot water of residential
buildings at the sub-neighborhood level in
Rotterdam.

The map of potential increase in the average summer
indoor operative temperature induced by retrofitting
the housing stock of Rotterdam is shown in Fig. 10.
Retrofitting buildings in the city centre and in
neighbouring areas produces in most cases an average
potential increase between 1.0 °C and 2.0 °C.
Suburban areas characterized by the presence of old
semi-detached, row-houses and flats have the highest
potential increase of indoor temperature in summer
while areas with recent buildings have the lowest
potential.

DISCUSSION
The study presented in this paper represents one of
the first efforts to introduce an indoor thermal
comfort approach in urban housing stock energy
modelling, by integrating it with dynamic thermal
simulation and GIS.
The main added value provided by this integrated
approach is the possibility of evaluating potential
issues connected to the indoor thermal environment
of buildings at an urban scale while estimating the
energy demand and savings potential. In particular,
the risk of overheating in summer can be properly
assessed by analysing the distribution of CDH and
operative temperature across one city.
Figure 9: Energy savings potential for space heating
and domestic hot water of residential buildings at the
sub-neighborhood level in Rotterdam.

Figure 10:
Potential increase in summer indoor operative
temperature of residential buildings at the subneighborhood level in Rotterdam.

The map of potential increase in summer indoor
temperature can be used along with the map of
energy savings potential to determine where the
implementation of retrofit measures might result in
overheating phenomena. This kind of information can
be used to support decision on retrofitting
interventions at an urban scale and preliminary advice
urban planners about potential drawbacks that might
be encountered in certain areas. Specific
requirements to prevent such risks might
consequently be included in urban plans concerning
the urban environment (e.g. plantation of trees) or the
building configuration and fabric (e.g. proper shading
devices, thermal inertia). The exacerbation of urban
heat island effect and climate changes might further
increase the risk of overheating and will be properly
addressed in a future work.
However, this approach has a series of limitations
that should be carefully taken into consideration. The
thermal simulation model relies on a series of
assumptions regarding input parameters that might
affect results, in particular the geometry of buildings,
the thermal properties of the building envelope and
the occupants related parameters and schedules. Even
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thought GIS-data constitute an asset in providing real
information about buildings and households, limiting
the analysis to a series of representative archetype
buildings might not account for the variability of
features in the real stock. In addition, only standard
packages were simulated for retrofitting of residential
buildings. Measures to prevent from overheating risk,
such as shading devices and night ventilation will be
included in a second step.

housing stock at the urban scale based not only on
energy savings and CO2 emissions but also on indoor
thermal comfort criteria and therefore on the health of
citizens. Results can be used by city planners to
support decision regarding sustainable urban plans
and to further address the risk of overheating in
buildings.
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CONCLUSIONS
A dynamic thermal simulation model integrated with
GIS was developed to analyse the combined effect of
retrofit measures on the energy demand and indoor
thermal comfort of building stocks at the urban scale.
The approach has been tested on the housing stock of
the whole Rotterdam, however it can be generically
applied to other cities.
The integration of GIS, thermal simulation and
indoor thermal comfort analysis of archetype
buildings representative of the stock made it possible
to estimate the energy savings potential achievable by
implementing typical retrofit measures, assess the risk
of overheating in summer and further display results
as maps for the entire city.
Results generated for the housing stock of Rotterdam
showed that the energy saving potential of retrofitting
is expected to be 1.23 TWh per year and the CO2
reduction 227.7 kton. The risk of overheating in
summer appears to be limited in the current state of
buildings according to the results of thermal comfort
analysis. Nonetheless, implementing retrofit measures
can determine an increase in indoor operative
temperature levels in summer that might become
critical under the effect of urban heat island and
climate change.
The model provided by this study appears a valuable
support tool to promote and prioritize the retrofit of
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