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ABSTRACT
In the setting of this paper, a building is represented
by a simple model consisting of two thermal masses.
Generic values were obtained for two unknown
parameters in the model, capable of representing an
office building, a single family dwelling and a
multifamily dwelling, at three levels of thermal
insulation.
The model allows the aggregation of multiple
dwellings into a single aggregated building. The
dynamic thermal behaviour of the aggregated
building closely resembles that of the sum of
individual dwellings.
As a result, dwellings within a residential district can
be modelled with a limited amount of information,
allowing a quick assessment of their dynamic heating
and cooling demands.

INTRODUCTION
In future energy supply systems, the price of energy
(be it electricity, heat or cold) is expected to vary
from hour to hour rather than the flat tariff in use
today. In particular, high prices are expected in times
of scarcity and low prices in times of abundance of
(renewable) energy. Demand Response (DR) systems
using a control mechanism can shift the energy
demand in time in order to match demand and supply.

However, to individually model all buildings in the
district appears to be practically impossible. A
substantial amount of details are required to
characterise a single building and the effort required
to model the whole district is multiplied by the
number of buildings within it.
Some degree of aggregation is required to limit the
effort of configuring the district and to limit the
computational effort required to run the simulation
for a period of typically one year.
In order to calculate the dynamic heating and cooling
demand of the district, a two-step approach is
proposed by:
1.
Representing a single building by a simple
model, consisting of two thermal masses and
2.
Aggregating multiple buildings of similar
thermal behaviour into a single aggregated building.

STEP 1 REPRESENTING A SINGLE
BUILDING BY A TWO-MASS MODEL
A variety of simple models consisting of two thermal
masses to represent a single building have been
studied under different names (two node model,
1R2C model, 3R2C model etc.) (Nielsen, 2005),
(Koene, 2005), (Kämpf, 2007), (Robinson, 2009),
(Ramirez, 2012), some of them using Modelica
(Underwood, 2004), (Elci, 2013).

The main thermal energy consumers in a district are
the buildings. As long as the indoor temperature e in
a building remains between predefined boundaries,
the space heating demand and space cooling demand
of the building have some degree of flexibility that
can be used to match the supply and demand of
thermal energy.

Models differ in the kind of thermal inertia that the
two masses represent. For instance, some models
consider the thermal capacity of the air and furniture
as one of the two masses. Models also differ in the
amount of physical processes taken into account such
as radiative and convective heat losses of the external
skin.

With DR systems, the energy demand profile of
buildings not only depends on weather conditions and
user preferences but also on the dynamics of the DR
system. So in order to simulate the dynamic heating
and cooling demand of buildings e.g. on district level,
regular building simulation platforms such as
TRNSYS or EPS-r cannot be used. Instead, a
simulation platform should be used that allows the
implementation of a DR system.

The basic idea in our model is that of the total
thermal mass of a building, only a relatively small
part (typically 25%) is able to effectively exchange
heat with the indoor environment to affect diurnal
variations in indoor temperature. This part of the total
thermal mass typically consists of the indoor walls,
floor, roof etc., with a thickness of up to a few cm of
material plus most of the furniture. This part of the
thermal mass is called the ‘indoor mass’, Cmass,in.
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The remaining part of the thermal mass of the
building is called the ‘outdoor mass’, Cmass,out,
exchanging heat with the indoor mass through a heat
resistance Rexch. The magnitude of Rexch is hard to
determine on physical grounds.
The thermal capacity of the air is not taken into
account as it is negligible compared to the capacity of
a few cm of indoor wall material. For the sake of
simplicity, we further neglect the difference between
indoor air temperature and indoor wall temperature.
The model, representing the building by the two
thermal masses is illustrated in Figure 1.

generic relations between total building mass C and
building volume V of the kind C = a•Vb.
That leaves two unknown parameters to be
determined. One is the ratio of indoor mass and total
mass, expressed as fC = Cmass,in/(Cmass,in + Cmass,out ).
The other is the value of the thermal resistance Rexch
between Cmass,in and Cmass,out, expressed as a fraction
of total conduction losses: fR = Rexch/(Rexch + Rcond).
The equations in the model are solved using a feed
forward method with a time step of six minutes.
Validation of the building model using TRNSYS
The model was validated against TRNSYS
calculations of three different buildings: an office
building, a single family dwelling and a multifamily
dwelling, each with three levels of thermal insulation.
These buildings were modelled as multi-zone
buildings, with one thermal zone per storey.

Figure 1: Simplified model of a building, consisting
of two thermal masses connected by a heat resistance
and thermal resistances to the ambient
The model has three temperature nodes: temperatures
of the indoor and outdoor masses T mass,in and Tmass,out,
and the ambient temperature Tamb. Solar gains and
internal heat gains will tend to raise the indoor mass
temperature, while heat losses, through ventilation,
infiltration and conduction losses will lower it.

The office building is a six storey building, with a
20x13 m rectangular cross section, a height of 24 m
and a floor area of 1560 m2. The glazed area consists
of 96 m2 on the South façade and 62 m2 on the West
façade. We used a simplified internal heat gains
schedule of 26 W/m2 (6 W/m2 of sensible heat from
occupants plus 10 W/m2 for lighting and 10 W/m2 for
plug loads) from Monday to Friday, 9 a.m. to 5 p.m.
The total thermal mass of the materials that form the
building, plus an additional value to account for
furniture and equipment, equals 1130 MJ/K.
Details on the three levels of thermal insulation are
shown in Table 1.
Table 1: Characteristics of the office building
Insul
level
low
med
high

Conduction losses to the ambient are represented by
the sum of the thermal resistances Rexch and Rcond.
They are calculated by taking the reciprocal of the
summed product of U-value and surface of building
skin elements 1/∑(UA), expressed in K/W.
Ventilation and infiltration losses of the building are
represented by the thermal resistance Rvent+infil. It is
calculated as the reciprocal of ventilation and
infiltration air flow rates and thermal capacity of air
1/(Φ·Cp), also expressed in K/W. Heat recovery,
when applied, is translated into a reduced ventilation
flow rate.
Unlike in parametric models, these values are not
optimised for a best fit using intermodel calculations
or experimentally determined profiles of indoor
temperature.
In calculating solar gains, a factor of 0.9 is used to
account for the fact that solar radiation is not always
perpendicular to the window.
The total thermal mass of the building is calculated
from the volume and density of building materials.
For ease of calculation, we are studying simplified

a

U glazing
[W/m2K]
5.87
3.44
3.44

g-value
U walls vent+infilt
glazing[-] [W/m2K] rate [ach]
0.89
1.48
1
0.76
0.79
1
0.76
0.36
0.25a

to model application of heat recovery with 75% efficiency

The single-family building has two storeys, with a
7x7 m cross section, a height of 7 m and a floor area
of 98 m2. The glazed area consists of 7.4 m2 on the
Southeast, 3.7 m2 on the Northeast and 3.7 m2 on the
Northwest façades.
Internal heat gains used are typical for residential
buildings, ranging from 3 W/m2 to 11 W/m2,
depending on the time of the day (average 4.5 W/m2).
The total thermal mass of the materials that form the
building, plus an additional value to account for
furniture and equipment equals 125 MJ/K.
Details on the three levels of thermal insulation are
shown in Table 2.
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Table 2: Characteristics of the single-family building
Insul
level
low
med
high
a

U glazing
[W/m2K]
3.44
3.44
3.44

g-value
U walls vent+infilt
glazing[-] [W/m2K] rate [ach]
0.76
1
0.5
0.76
0.33
0.5
0.76
0.15
0.2a

both profiles was calculated. As an illustration, the
surface plot of Figure 2 shows the average
temperature difference for the cases of the three
buildings with medium thermal insulation.

to model application of heat recovery with 60% efficiency

The multi-family building is a four storey building,
with a 30x20 m rectangular cross section, a height of
12 m and a floor area of 2400 m2.
The glazed area consists of 72 m2 for South and
North facades and 48 m2 for East and West façades
(20% of the gross wall area). Internal heat gains used
are the same as for the single-family building. The
total thermal mass of building, plus furniture and
equipment, equals 1060 MJ/K.
Details on the three levels of thermal insulation are
shown in Table 3.
Table 3: Characteristics of the multi-family building
Insul
level
low
med
high
a
b

U glazing
[W/m2K]
3.44
3.44
3.44

g-value
U walls vent+infilt
glazing[-] [W/m2K] rate [ach]
0.76
1.48
1
0.76
0.78
0.5a
0.76
0.30
0.3 b

to model application of heat recovery with 50% efficiency
to model application of heat recovery with 70% efficiency

In the TRNSYS simulations we assume that the
buildings have neither interior nor exterior sun
shading and that glazing is flush with the outside
surface. In order to simplify the ground coupling
problem, we assume that the bottom floors of the
buildings are in direct contact with outside air, as if
the building were suspended on pillars.
Solar absorption of the opaque envelope was taken
into account using a solar absorption factor of 0.6.
Long wave radiation exchange with the sky
accounted for, using a view factor of 1 for the roof
and 0.5 for the walls.
Although some assumptions in the TRNSYS models
may be questioned, it allows an assessment of the
potential and limits of the simplified two mass model.
Determination of unknown parameters fR and fC
The parameters fR and fC were found by comparing
the indoor temperature profile generated by TRNSYS
(average of multiple zones) with that of the two-mass
model over the course of one year. The climate used
for the simulations is that of Amsterdam, The
Netherlands.
Both parameters fR and fC were varied between 2%
and 98% and, for each combination of fR and fC, the
average (absolute) temperature difference between

Figure 2: Average (absolute) difference between
indoor temperatures calculated by TRNSYS and the
two mass model over a period of 1 year vs. fC and. fR
Top: office building, middle: single family building
and bottom: multifamily building, all with medium
thermal insulation in the Amsterdam climate
Taking for instance the case of the office building
(top graph in Figure 2), the smallest average
differences of approx. 0.3 C are found at values of fC
between 15% and 35% and fR between 8% and 25%.
We call these the least error values. Note that there is
some room for varying the values of fC and fR without
affecting too much the results of the two mass model.
As a least error does not guarantee that the thermal
behaviour of the building is well described, the
indoor temperatures calculated by TRNSYS and the
simple model were always compared in a timeline
graph. This is discussed further below.
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An attempt was made to produce generic values for fC
and fR, capable of capturing the dynamic thermal
behaviour of all nine buildings.
The range of least error values of fR and for fC found
for the different buildings are summarized in Table 4.
Table 4: Range of values of fC, fR and Rexch*Afloor that
give the best agreement with the TRNSYS
calculations for the nine different buildings.
Build
type
office

Insul
level
low
med
high

fC least error
[-]
20-30%
15-35%
20-35%

fR least error
[-]
15-35%
8-25%
6-12%

Rexch*Afloor
[m2K/W]
0.06-0.14
0.06-0.19
0.06-0.12

Single
fam
build

low

15-25%
15-25%
15-35%

35-55%

med
high

35-55%
15-55%

0.11-0.17
0.24-0.38
0.16-0.58

multi
fam
build

low

18-35%

25-45%

0.15-0.27

med

20-40%
15-40%

25-45%

0.24-0.43
0.24-0.57

generic
value

high

20-25%

15-35%

In addition, the value of Rexch is expected to vary
inversely proportional with the surface area of the
indoor walls, floors and roofs. This suggests that the
product of Rexch and the floor area (as a measure of
the indoor surface area) may yield a more or less
constant value, independent of the size of the
building. The least error values of fR from Table 4
were converted into a range of Rexch*Afloor values.
Their values are shown in the rightmost column of
Table 4 and in Figure 4 below.

Rexch*Afloor [m2K/W]

Generic values for fC and fR

0.10-0.25

Figure 4: Least error values of .Rexch*Afloor for the
nine cases in the Amsterdam climate. The dark blue
bar indicates the minimum value, the light blue bar
indicates the least error range

The least error range of values for fC is also shown
graphically in Figure 3 below.

fC = Cin/(Cin+Cout) [%]

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

Unlike fC, Rexch*Afloor, does not yield consistent
values. The four case studies shown in the left of
Figure 4 suggest a generic value of about 0.10, while
those in the right suggest a generic value of about
0.25 m2K/W. Possibly, other parameters than
Rexch*Afloor may yield more consistent values across
the nine cases.
As the focus in our modelling work is on residential
districts, we are inclined to weigh the results of the
single and multifamily buildings higher than those of
the office buildings. Consequently, we propose to use
a generic value for Rexch*Afloor of 0.20 m2K/W.

Figure 3: Least error values of fC for the nine cases
in the Amsterdam climate. The dark blue bar
indicates the minimum value, the light blue bar
indicates the least error range
As Figure 3 shows, most values fC are in the range of
20-25%, showing that only a relatively small part of
the total mass plays a direct role in the diurnal
variations of the indoor temperature. The inertial
effect of the remainder of the mass Cmass,out is
dampened by the thermal resistance Rexch.
Note that the least error values of fR decrease with
higher thermal insulation levels (higher Rtotal),
suggesting a more or less constant value for Rexch.

As remarked before, there is some freedom in the
selection of fC and fR without compromising too much
the results. To demonstrate that it is indeed possible
to model different kinds of buildings with the two
mass model using generic values for fC and
Rexch*Afloor, temperature profiles as well as heating
and cooling demands calculated by the two mass
model and TRNSYS are compared in the next
paragraphs.
Temperature profiles with generic values of fC and
Rexch*Afloor
The temperature profiles of the nine case studies were
calculated using the generic values of fC = 22% and
Rexch*Afloor = 0.2 m2K/W and compared to the
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TRNSYS profiles (average of multiple zones). The
results of the three buildings of medium thermal
insulation are shown in Figure 5.

climates: Athens, Amsterdam and
representing three different climate zones.

Helsinki,

office building, medium insulation
20
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simple model

energy demand [kWh/m2a]

Indoor Temperature
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350
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14
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10
8
6
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time (days)

130
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TRNSYS, heating
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2-mass model,
heating
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TRNSYS, cooling

100
2-mass model,
cooling
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0
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Indoor Temperature
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140
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TRNSYS, heating

150
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14
12
10
110

ATHENS

multifamily building, medium insulation

16

energy demand [kWh/m2a]

Indoor Temperature
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200

115

120

125
time (days)

130

135
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Figure 5: Free evolution of indoor temperatures
calculated by TRNSYS (solid line) and the two mass
model (dotted line) using generic values of fC and
Rexch*Afloor for a period of one month
Top: office building, middle: single family building
and bottom: multifamily building, all with medium
thermal insulation in the Amsterdam climate

140
TRNSYS, heating

120
100
80

2-mass model,
heating

60

TRNSYS, cooling

40

2-mass model,
cooling

20
0
AMST

Annual heating and cooling demands of the buildings
were calculated with TRNSYS and the simple model
using generic values for fC and Rexch*Afloor. Figure 6
shows the results for the three types of buildings with
medium thermal insulation, using three different

HELSINKI

Figure 6: Annual heating and cooling demand in the
Amsterdam, Athens and Helsinki climates calculated
by TRNSYS (dark bars) and the two mass model
(light bars) using generic values of fC and Rexch*Afloor
Top: office building, middle: single family building
and bottom: multifamily building, all with medium
thermal insulation

The results show that the two mass model appears to
be able to capture the dynamics of the thermal
behaviour of a number of buildings, using generic
values for fC and Rexch*Afloor, even when the thermal
behaviour is not exactly reproduced.
Heating and cooling demand with generic values
of fC and Rexch*Afloor

ATHENS

In addition to reproducing the thermal behaviour, the
two mass model, using generic values of fC and
Rexch*Afloor, appears to be able to yield a good
estimation of the annual heating demand of the
buildings (within 10% of TRNSYS calculations).
Cooling demand is mostly overestimated by the two
mass model but results are still acceptable. These
results pave the way for the second step, which is to
aggregate individual buildings.
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STEP 2 AGGREGATING INDIVIDUAL
BUILDINGS
When using a dedicated simulation platform to assess
an advanced energy management algorithm on
district level, it is impractical to model each
individual dwelling.
The idea of reducing input effort and computational
cost in simulating districts has been pursued before.
In the Citysim model (Robinson, 2009) subspaces
within a building were linked via the air nodes of
each zone. However, this approach applies only to
subspaces within a single building block, requiring
separate modelling of separately located buildings.
The approach in this paper is to group or aggregate
individual buildings of similar thermal behaviour. To
see if the approach is valid, a comparison was made
between a simulation of 200 individual dwellings and
a single aggregated building representing them. The
buildings were modelled using existing C# software.

In order to represent differences between individual
dwellings, the values of a number of parameters for
each dwelling were randomly varied according to a
normal distribution. To explore the limitations of our
approach of aggregating buildings, the standard
deviation of the normal distribution was varied
between 10% and 30% of the average.
Parameters thus varied are the resistances Rcond and
Rvent+infilt representing thermal losses of the dwelling,
the thermal mass of the building, the glazed areas on
all four orientations, heating power and internal gains.
Aggregated building
The aggregated building model was created by
summing the values of the thermal masses and taking
the reciprocal of the summed reciprocals of the heat
resistances of 200 buildings. The set point
temperature schedule for the aggregated building was
produced by averaging the individual set point
temperature schedules, as shown in Figure 7.
23

Temperature control in the dwellings

Comparing 200 buildings with an aggregated
building
The individual buildings modelled are terraced
dwellings of medium thermal insulation. Each
building is represented by a network as the one in
Figure 1 with values of fC and Rexch*Afloor fixed to the
generic value of 22% and 0.2 m2K/W respectively.

Set point temperatures [oC]

22

As mentioned in the introduction, we assume that a
DR (Demand Response) system controls the indoor
temperature in each dwelling. In our simulation, an
agent representing the building offers to the central
control system a bid curve, reflecting how much heat
the building is willing to consume at different prices.
Whenever the temperature inside a building drops to
values near the lower boundary (typically 20 C), the
agent will shift the bid curve towards consumption at
higher prices, aiming to increase heat consumption.
Vice versa, when the indoor temperature rises
towards the upper boundary (22.5 C in our case), the
bid curve will shift towards consumption at lower
prices.

21
20
19
18
17
Tset min
Tset max

16
15

0

5

10
15
time (hours)

20

25

Figure 7: Minimum and maximum temperatures in
the aggregated building set point schedule
The bid curve for the aggregated building heating
demand depends on the internal temperature identical
to the bid curve used for the individual buildings.
Time step in the simulations is one hour.
Figure 8 below shows the heating power, summed for
the 200 individual dwellings and of the aggregated
building during an Amsterdam winter week.

On average, the acceptable temperature in each of the
200 dwellings ranges from 20 to 22.5 °C during the
daytime (between 7 a.m. and 10 p.m.), while during
the night the temperature is allowed to drop to 16 °C.
Between 11 a.m. and 3 p.m. there is also a lower
thermostat setting due to assumed absence of tenants.
However, to take differences between occupants’
behaviour into account, the temperature set points
mentioned are randomly varied, assuming a normal
distribution with a standard deviation of 1 °C. Wake
up hours, bedtime hours and absence hours are also
randomly varied, using a normal distribution with a
standard deviation of 1.5 hours.
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In this simulation we assumed a 10% variation in
building characteristics but no variation in occupant
behaviour in the 200 dwellings. Figure 8, shows that
the heating power of the aggregated building very
closely resembles that of the 200 individual
dwellings. Note the large peaks in heating demand in
the morning and afternoon due to similar wake-up
and return home times of the 200 tenants.

In the last run, we maintained the 30% standard
deviation in building characteristics, but we used a
substantial variation in user behaviour. In particular,
standard deviation for the temperature set points was
increased to 3C and standard deviation for wake up
and bedtime hours was increased from 1.5 to 5 hours.

In the next simulation, we maintained the standard
deviation of 10% in building characteristics, but we
assumed a variation in user behaviour as described in
the text above. Figure 9 below shows the results.

Figure 11: Heating power for space heating during a
winter week for 200 buildings (solid line) and
aggregated building (dotted line),
30% standard deviation in building characteristics,
increased variation in user behaviour
Figure 11 shows that with a substantial variation in
user behaviour, heating power peaks in the morning
are much less pronounced. Still, trends in heating
power are reproduced to a reasonable extent.

Figure 9: Heating power for space heating during a
winter week for 200 buildings (solid line) and
aggregated building (dotted line),
10% standard deviation in building characteristics,
variation in user behaviour described in the text
It appears that the increased variation in user
behaviour leads to a more realistic heating power
profile and still yields an acceptable agreement
between individual buildings and aggregated
building. Peaks in heating power appear to be
overestimated by the aggregated building.
Figure 10 below shows the results with the same
variation in user behaviour but with a 30% variation
in building characteristics. Although differences with
the individual buildings have increased, the
aggregated building model still appears to offer a
good prediction of heating power trends.

HEATING DEMAND OF AN
AGGREGATED BUILDING COMPARED
TO MEASUREMENTS
To see if the results from the aggregated building
model are sufficiently accurate - and our assumptions
regarding user behaviour are realistic - the aggregated
building model was applied to part of the Weingarten
district in Freiburg, representing 22 apartment
buildings, totalling 101,170 m2 of floor space.
The measured space heating demand was derived
from the total heating demand, supplied by a district
heating network which includes heating demand for
domestic hot water and heat losses through the
network. The methodology to derive space heating
demand from the total heating profile is described in
detail in (Elci, 2013).
The model was run using actual weather conditions.
External sun shading in the aggregated model was
modelled with a g-value of 0.3. The sun shading is
assumed to go down when the internal temperature
exceeds 25 C and when solar irradiation on the
vertical exceeds 200 W/m2 on each orientation.

Figure 10: Heating power for space heating during a
winter week for 200 buildings (solid line) and
aggregated building (dotted line)
30% standard deviation in building characteristics,
variation in user behaviour described in the text.

Figure 12 shows the comparison between simulated
and measured hourly averaged heating powers for
space heating for a period of approx. 6 days.
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aggregated building. It appears that realistic
assumptions regarding differences in user behaviour
of individual tenants (temperature set points, wake-up
and bedtime hours etc.) are a prerequisite for
achieving realistic results.
The model allows a quick assessment of the dynamic
heating and cooling demands of the buildings in a
district,
enabling
adequate
selection
and
dimensioning of energy supply systems. The model
can also be used in assessing smart control systems
for energy efficient or even energy neutral districts.
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Figure 12: Hourly heating powers of an aggregated
building (solid line) in the Weingarten district in
Freiburg compared to measured data (dotted line)
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