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SUMMARY
A series of experiments were performed in a semi-virtual
environment to investigate the performance of a gas boiler
under dynamic operation conditions. The real condensing
boiler was placed in the laboratory, and connected to thermal
benches which emulate the thermal loads generated by a
virtual building model. The results revealed first that the
boiler efficiency drops when the Domestic Hot Water (DHW)
needs prevail over space heating, due to the start-up losses
provoked by a more frequent switching. The heating curve
control enables to save energy and to reach higher efficiency
levels in spring season, but this was not entirely verified in
winter (full load heating). The impact of an increased thermal
mass and insulation level was also experimented, as a
preliminary step towards investigating energy flexibility in a
nZEB-type building.

INTRODUCTION
In the present study, the performance of a gas boiler is
investigated under experimental dynamic conditions. Gas
boilers are the most widespread residential heating system in
in the Mediterranean area, and more specifically in Spain:
50% of the Spanish households use a conventional gas
boiler for space heating, and 61% for DHW production (IDAE
2011). From this simple statistic stems the relevance of
studying the operation of such systems in details.
Understanding the behaviour of gas boiler units enables to
characterize better the existing building stock of countries
such as Spain. Furthermore, adapted strategies of
refurbishment with more sustainable options like heat pumps
can be derived from such studies.
More precisely, the present work aims at verifying the
functioning and performance of the boiler in a semi-virtual
environment. This means that a real device (a gas boiler
available on the market for residential use) is placed in the
laboratory, and connected to a virtual building model via
thermal emulation benches. Several settings of this model
can be modified (building envelope, boundary climatic
conditions) to reproduce different operating conditions, and
therefore fully characterize the boiler performance.
In particular, the heating curve control of the gas boiler is
investigated. This setting consists in adapting the supply
water temperature in function of the current outdoor
conditions, thus adjusting the delivered heat closer to the
actual heating needs. Heating curve control has become
state of the art in heating systems, and is implemented by
the manufacturers in most boilers available on the market.
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Furthermore, the present study constitutes a first step
towards a more thorough investigation on energy flexibility in
buildings. Making the building loads more flexible presents
interesting advantages for the energy grids, and a lot of
research has focused on these topics in recent years
(Jensen et al., 2017). In the present work, the effects of an
increased thermal mass or insulation of the building on the
heating performance are studied, in particular a building with
nZEB characteristics. This preliminary information will prove
to be useful when implementing flexibility control strategies,
storing thermal energy within the building mass and
releasing it during a subsequent period. The latter effects are
independent of the heating production system, therefore the
results can be generalized (to other systems such as heat
pumps for instance).
The article first details the experimental methods utilized
(notably the semi-virtual environment, the boiler unit and the
building model). The results are then presented, focusing on
the boiler efficiency, the energy use and the thermal comfort,
before the discussion and conclusions.

METHODS
Experimental setup
The experimental study has been carried out in a semi-virtual
environment. The studied boiler (a real physical device) was
installed in the lab facilities, and connected to a virtual
building model, according to the setup presented in Figure 1.
One thermal bench was used to emulate space heating, and
the other to emulate DHW tapping. Water from the mains
was emulated by a 1000 litres tank kept at a temperature of
10°C by the chiller of the lab facilities. The DHW draws follow
the tapping cycle M from standard EN 16147 (CEN 2011),
which starts at 07:00 and ends at 21:30, and is equivalent to
100.2 litres of water tapped at 60°C. DHW production always
has priority; consequently space heating supply is interrupted
in case of hot water tapping.
Experiment plan
Seven different case studies were performed during the
experiment; they are presented in Table 1. The first three
cases correspond to the reference operation under different
seasons: cold, mid-season and warm season. During cold
season, the boiler has to supply heating most of the time,
during mid-season only at part load, and during warm
season it is only used for DHW production. Cases 4 and 5
use the heating curve control respectively with the same
weather conditions than cases 1 and 2, i.e. in cold and midseason. In Case 6, the insulation of the external walls is
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Figure 1. Scheme of the experimental setup.
increased, and in Case 7, the thermal mass of the building is
increased, with the respective values described in the
‘Building model’ section.
Table 1. List of the experimental cases.
Case
nr
1
2
3

Case description
Ref. case – Winter - Full
load heating
Ref. case – Spring - Part
load heating
Ref. case – Summer (only
DHW)

Date
start

Date
end

Set-point
boiler1

14-01

16-01

65°C

27-04

29-04

65°C

19-08

20-08

-

4

Heating curve - Winter

14-01

16-01

5

Heating curve - Spring

28-04

29-04

6
7

Increased insulation level
Increased thermal capacity

14-01
14-01

16-01
16-01

heating
curve
heating
curve
65°C
65°C

Building model
The building model used in the study represents a flat of 109
2
m situated in Terrassa (Barcelona, Spain), within a block of
flats. It corresponds to the building typology BT-8 (Ortiz et al.
2016), built between 1991 and 2007, and occupied by two
adults and two children. The study case is thus
representative of the existing building stock of Catalonia. The
main characteristics of the building are summarized in Table
2, and more details can be found in Ortiz et al. (2014 and
2016).
For selected experimental cases, the values of some
parameters have been modified in the model. In order to
study the influence of an increased insulation level, a
refurbishment is considered, adding 12 cm of EPS insulation
in the external walls and thus bringing down the U-value from
2
0.625 to 0.203 W/m K (experimental case 6, see Table 1).
The influence of the thermal inertia is also investigated, with
an increase of the thermal mass (in experimental case 7, see
Table 1), implemented both in the external walls (+300%)
and in the internal nodes (air and furniture, +50%).
The weather file used is the standard meteorological year for
Barcelona, Spain. It includes ambient temperature, pressure,
relative humidity, solar radiation, wind speed and wind
direction, with a time resolution of 60 min.
1

The apartment is equipped with a gas boiler and a circuit of
eight radiators, controlled by a unique thermostat placed in
the living-room. The set-point is normally fixed to 20°C from
7:00 to 22:00, and 18°C outside this range. Internal gains
from occupants are defined from ISO 7730 (UNE 2006), and
other gains from the Spanish building technical code (CTE
2
2013, ~2.2 W/m ). No active cooling is considered in the
summer operation, only natural ventilation.
The virtual building model utilized in this series of
experiments was created in TRNSYS and previously
validated by cross-checking with data measured in the
apartment (Ortiz et al. 2016). The radiators implemented in
TRNSYS are of Type361, which means they have a dynamic
behaviour: when the water flow stops, the radiator keeps
emitting heat until the water it contains cools down to room
temperature. The connection between the virtual building
model and the real boiler is realized with LabView.
Table 2. Main parameters of the TRNSYS building model.
Parameter

Unit

Location
Building date
Ceiling height
Floor area
Window area
Protected volume
U-value external walls
U-value windows
g-value windows
Ventilation
Thermal capacity

m
2
m
2
m
3
m
2
W/m K
2
W/m K
kJ/kg

Value in the reference
model
Barcelona, Spain
1991-2007
2.45
108.5
19.6
263.6
0.625
2.5 to 5.7
0.5 to 0.76
Natural cross-ventilation
730

Boiler and performance indicators
The heat supply system tested is a condensing boiler with a
maximum capacity of 18 kW for space heating and 24 kW for
DHW production. Its efficiency at 80/60°C varies between 96
and 97.7% according to the constructor’s datasheet
(considering the low heating value of the natural gas fuel).
According to data sent by the natural gas provider for Spring
2014, the supplied gas has an average high heating value of
3
HHV=11.73 kWh/m and low heating value of LHV=10.65
3
kWh/m . The gas flow rate as well as the electricity

The set-point for DHW production is fixed at 45°C.
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consumption of the boiler unit are monitored and recorded
for further analysis of the boiler efficiency.

energy, set to 2.5. Both the HHV and LHV are used in the
calculation of 𝑄𝑓𝑢𝑒𝑙 since a condensing boiler is used.
Regarding the evaluation of comfort, the most common
indicator consists in observing the repartition of the
occupancy time in the different comfort categories I, II, III and
IV described in the standard EN 15251 (CEN 2007). For the
heating configuration, these categories correspond
respectively to an operative temperature above 21°C, 20°C,
18°C and below 18°C. For cooling season (only one
experimental case), categories I to IV correspond
respectively to an operative temperature below 25.5°C,
26°C, 27°C and above 27°C. The average operative
temperature and its standard deviation are also computed:
they give indications on the level and variations of the indoor
temperature.

Figure 2. Heating curves claimed by the boiler manufacturer
and experimental data points (blue line). The circled
numbers represent the heating curve settings set in the
boiler control panel (they approximately correspond to the
slope of the corresponding curve).

RESULTS

In several of the studied experimental cases, a heating curve
control is implemented. It consists in adapting the boiler
supply temperature with regards to the current outside
temperature, i.e. reducing the supply temperature when the
outside weather is warmer (and hence when the heating
needs are reduced). To set up this specific control, two
parameters are set in the control panel of the boiler: the
curve base or offset (in the range 15-25°C) and the curve
slope (in the range 0.2-4.0), as can be seen in Figure 2. The
chosen settings are 20°C for the curve offset and 2.5 for the
curve slope.
In the present experiment, an emulator was needed to
simulate the outdoor temperature for the physical device.
The outdoor temperature sensor of the boiler was therefore
connected to the lab interface which sent a signal
corresponding to the current outdoor temperature of the
TRNSYS simulation.

Experimental results
A sample of the measured time series is plotted in Figure 3
for Case 1. The grey lines show the simulation behaviour,
while the measured experimental output is shown in black
dashed lines. The simulation is run beforehand to reach a
steady-state, and the experiment start at the moment marked
by the vertical red dashed line. From that point, the simulated
water temperature and flow delivered to the virtual radiators
is replaced by the measured output from the boiler.
The experimental data proved to be consistent with the
expected simulated behaviour. The space heating system is
operated for the same amount of times, and for similar
durations. The experimental curve of the radiators’ power
presents frequent drops which are not observed in the
simulations: this is due to the interruption of space heating
for the production of DHW, a configuration not implemented
in the model but only in the experimental part. Because of
the frequent falls of the heating power, the radiators have to
run for slightly longer periods in the semi-virtual experiment
than in the simulation.

To obtain the actual heating curve, successive emulation of
the external temperature from -5 to 20°C (by steps of 5°C)
was set, and the resulting supply temperature of the boiler
was recorded, leading to the experimental heating curve of
Figure 2. The most notable difference is observed for an
external temperature of 20°C: since the external temperature
is supposed to be equal to the supply temperature, heating is
not required, therefore the boiler does not start and the water
stays at the temperature of the mains (hence 10°C instead of
20°C). When overlaying the presumed curve with the
experimental one (Figure 2), it can be observed that the
latter has a more bended shape, but overall a satisfactory fit
is observed.
To evaluate the boiler performance, its efficiency is
2
calculated, according to Eq.1 (European Parliament 2009) :
𝜂𝑤ℎ =

𝑄𝑙𝑜𝑎𝑑
𝑄𝑓𝑢𝑒𝑙 +𝐶𝐶∙𝑄𝑒𝑙𝑒𝑐

=

𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡
𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡

(1)

Where 𝑄𝑙𝑜𝑎𝑑 is the ‘load energy’, i.e. the sum of the useful
energy content of the load profile [kWh], 𝑄𝑓𝑢𝑒𝑙 is the fuel
consumption [kWh], 𝑄𝑒𝑙𝑒𝑐 is the electricity consumption
[kWh], 𝐶𝐶 is a conversion coefficient from final to primary
2

The equation has been simplified considering the absence
of smart control, and the boiler in an isothermal environment.
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Figure 3. Time series of the radiators power (top), room
temperature (middle) and supply temperature (bottom) for
Case 1.
Table 3 presents the calculated results in terms of electricity
and fuel consumption of the boiler, as well as the delivered
heat on the water side. To enable easier comparison, the
daily values are shown, even for the experimental cases
performed during two days.
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Table 3. Daily consumption of natural gas and electricity for
the different studied cases.
𝑄𝑓𝑢𝑒𝑙 (𝐻𝐻𝑉)
[kWh]

𝑄𝑙𝑜𝑎𝑑
[kWh]

3.3
3.2
2.2
2.8
2.0
3.4
3.5
3.0
3.4
3.2
3.3
2.9

63.6
62.2
27.2
50.5
13.7
67.2
72.2
31.2
64.3
60.1
61.9
58.7

61.8
60.2
20.9
45.7
8.1
62.7
67.0
32.5
58.7
56.1
55.9
55.3

1
2
1
2
1
1
2
2
1
2
1
2

1
2
3
4
5
6
7

Boiler efficiency
The values of the boiler efficiency have been calculated in
the different experimental cases and are presented in Figure
4 (both with the low and high heating values). The LHV
efficiencies sometimes rise above 100% given that the
considered system is a condensing boiler (i.e. it recuperates
the heat from condensation, not accounted for by the LHV).
It is first observed that the efficiency drops when the climate
is warmer (Cases 1 to 3), contrary to other systems such as
air source heat pumps. This finding is consistent with
Lazzarin (2012) who demonstrates an efficiency drop when
the part load factor diminishes, and hence the boiler has to
execute more cycles. In particular in summer (Case 3), since
no space heating is required, the boiler only produces hot
water for domestic use. Therefore, the system has to start
and stop at each DHW draw, which produces losses. To
investigate these start-up losses in further details, Figure 5
has been plotted. It shows the fuel energy input 𝑄𝑓𝑢𝑒𝑙 and
the delivered energy 𝑄𝑙𝑜𝑎𝑑 for three specific hot water draws
in the morning of Case 3 (summer season). It is clear that
the energy input has a significantly higher value at the start
of the boiler operation, when all the components and piping
of the boiler system have not been warmed yet. This
difference reduces progressively, reaching close to equality
between input and output after several minutes.
When implementing the heating curve control, the boiler
efficiency remains relatively stable in winter (-4% from Case
1 to Case 4) but increases in mid-season (+18% from Case 2
to Case 5), where the effect of this control is amplified.

80%
60%

0.04
0.02

7:48

7:55

8:02

8:09

8:16

8:24

Time (hour)
Qfuel
Qload

Figure 5. Energy input and output curves for three hot water
draws of Case 3 (summer season).
Heating curve
The operation of the boiler under heating curve setting is
investigated in this section. The time series of the
measurements of Cases 4 and 5 have therefore been plotted
respectively in Figure 6 and Figure 7. In winter (Figure 6), it
is observed that the supply temperature is slightly reduced,
leading to a lower instantaneous heating power (when the
heating system is on), closer to the building needs.
Consequently, the indoor temperature curve is more stable
and stays within the dead band: it results in a prolonged
operation of the boiler, without switching off. In the
corresponding reference case, the boiler provides a higher
heating power, and thus the upper dead band is reached
faster, resulting in an intermittent operation of the system. In
Case 4, this specific configuration results in a higher energy
use, as shown in Table 3: the gas fuel consumption is
increased to a value of 139.4 kWh during the two days of this
experimental case (against 125.8 kWh for the corresponding
reference Case 1). This lengthened operation cancels out
the efficiency improvements gained from supplying water at
a lower temperature.
80
60
40
20
4
2
0
25
Temperature [degC]

100%

0.06

0
7:40

20
15
10
5
0
1

40%
20%
0%
1

2

3

4

5

6

7

Thermostat

Boiler efficiency [%]

120%

0.08
Energy [kWh/10s]

𝐶𝐶 ∙ 𝑄𝑒𝑙𝑒𝑐
[kWh]

Supply temp.
[degC]

Day

Radiators
power [kW]

Case

0

14/1 8:00

14/1 16:00

15/1 0:00

15/1 8:00

15/1 16:00

16/1 0:00

16/1 8:00

Case number
Boiler efficiency LHV Boiler efficiency HHV

Figure 4. Efficiencies of the boiler in the different
experimental cases.
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Figure 6. Comparison between Cases 1 and 4 in terms of
boiler supply temperature, radiators’ power, indoor
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60

Radiators
power [kW]

18
16
322

332

342

352

362

In Figure 9 the results of the increased thermal capacity are
shown. Again the effect of this changed setting in the
building model have little incidence on the behaviour of the
overall heating system. The increased thermal mass enables
to smoothen the temperature curve by absorbing heat and
releasing it during the interruptions of space heating for
punctual DHW production. 𝑄𝑙𝑜𝑎𝑑 in experimental Case 7 is
also decreased by 10% in comparison with the
corresponding reference Case 1.
4

2

2

0
22
Temperature
[degC]

0
25
Temperature
[degC]

20

Figure 8. Time series of the radiators power and the indoor
temperature for Case 1 (reference) and Case 6 (Increased
insulation).

40
20
4

20
15

20
18
16
326

10

336

346

356

366

Figure 9. Time series of the radiators power and the indoor
temperature for Case 1 (reference) and Case 7 (Increased
thermal mass).

5
1
Thermostat

2
0
22

Radiators
power [kW]

Supply temperature
[degC]

80

Radiators
power [kW]

The heating curve setting produces different effects at part
load, during the spring season. In Figure 7, the reduction of
the boiler supply temperature in relation with the evolution of
the outside temperature is clearly visible: for instance it goes
down to around 30°C when 16°C is recorded outdoors, while
the water would have been heated to 65°C in the reference
case. This reduced heating power results both in a lower
indoor temperature and a reduced demand of natural gas
fuel. In fact, the average operative temperature during
occupancy is 0.5°C lower than in the corresponding
reference case, but the comfort conditions are overall
maintained as will be shown later (Figure 10). The daily gas
fuel consumption is reduced from 50.5 to 31.2 kWh (Table
3), which illustrates the benefits of the heating curve control
in this case. Furthermore, as the boiler operates during a
lengthened period, its efficiency is improved (less frequent
switching) and reaches 95.8% (HHV efficiency), which is the
highest observed value among the presented cases.

4

Temperature
[degC]

temperature and thermostat output. Case 4 uses the heating
curve setting of the boiler, in comparison with the reference
Case 1 (in winter season).

Thermal comfort
0
28/4 8:00

28/4 16:00

29/4 0:00

29/4 8:00

Figure 7. Comparison between Cases 2 and 5 in terms of
boiler supply temperature, power of the radiators, indoor
temperature and thermostat output. Case 5 uses the heating
curve setting of the boiler, in comparison with the reference
Case 2 (in spring season).
Thermal insulation and capacity
The impact of an increased thermal insulation or capacity of
the building model is evaluated in this section. Figure 8
presents the results for the improved insulation level: the
temperature curve only slightly differs from the reference
case. On the second day it can be observed that the heating
builds up faster, which leads to an earlier switch off of the
gas boiler. However this effect is limited: a decrease of 6% of
𝑄𝑙𝑜𝑎𝑑 is observed, with similar levels of boiler efficiency than
the reference case.
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The results of the thermal comfort evaluation are presented
in Figure 10, with the percentages of occupancy time spent
within the limits of operative temperature defined in the
standard (CEN 2007). The thermal comfort is globally
maintained in all cases, with around 50% of the time spent
within Category II and almost 100% in Category III, which
represents the limits for an acceptable level of comfort.
The two exceptions are Cases 3 and 5. However, Case 3
emulates the summer period, hence the comfort
requirements there mainly relate to overheating problems
indoors and cooling strategies to keep the temperature below
the upper limit, in which the boiler system can obviously take
no part (tuning of the passive cooling strategies and
accounting for adaptive comfort should then be investigated,
but this is not the object of the present study). In Case 5, the
heating curve control reduces the heating power delivered by
the radiators to the indoor space, resulting in an operative
temperature which stays most of the time slightly below
20°C. For this reason, the time spent in Category II is
reduced from 55% to 11% (Case 1 compared to Case 5), but
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comfort is not jeopardized (100% of the time remains in
Category III). Cases 6 and 7 both provides a slight
improvement of the comfort conditions (time spent in
Category II increased by around 5%).
0%

20%

40%

Cat IV

Cat III

60%

80%

100%

Case number

1
2
3
4
5

agreement (power of the radiators, hysteresis, set-points,
heating curve offset and slope) and avoid such behaviour.
Increasing the insulation level or the thermal capacity of the
building proved to have little influence on the boiler
performance. The former leads to a slightly reduced energy
use, and the latter smoothens the indoor temperature curve,
without other significant effects. These observations will be
useful when designing further parametric analysis on the
building model parameters. Similar experimental work will be
carried out considering a heat pump instead of a gas boiler
system, ultimately implementing flexibility control strategies
for the heating system.

6
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Figure 10. Thermal comfort evaluation in the studied cases,
according to the standard EN15251 categories (CEN 2007).

DISCUSSIONS
This article has highlighted the performance of a gas boiler
under a semi-virtual environment setup. A few selected days
were chosen for the experimental cases because of time and
resource limits (since the experiments are run in real time).
They might not fully represent the range of operation of the
system, but the authors have tried to choose them
adequately, for example to cover different seasons, which is
believed to characterize sufficiently the performance of the
boiler.
The measured data obtained with the heating curve setting
corresponded to the expected behaviour in the spring
season (i.e. reduction of the energy use due to the heating
supply adapted to the actual needs). However, this setting
proved to have the opposite effect during the peak load
period in winter. Associated with the hysteresis control, the
heating curve stabilizes the room temperature evolution,
resulting in less frequent switching of the boiler, and hence
an increase of the energy use (at least in the studied case).
This finding should however not mitigate the overall benefits
of weather compensation control, and only draws attention
on the special care needed in its design.
Finally, the results revealed that the changes implemented in
the building virtual model only have a mild influence on the
output. The impact of the chosen parameters (insulation level
and thermal capacity) within the model might have to be
checked in more thorough details.

CONCLUSIONS
The present study highlighted some aspects of the behaviour
of boiler systems in real operation. It was thus observed as
expected that the boiler efficiency decreases significantly
when the boiler operates at lower load ratio (i.e. in warmer
seasons such as spring and summer). This stems from the
start-up losses which are more important at part-load (more
frequent switching).
The operation under a heating curve control has been
compared in winter (full load heating) and spring season
(part-load heating). If this particular setting effectively leads
to energy savings in spring season by adjusting the boiler
supply temperature, it can also have the opposite effects
(with limited amplitude however) in winter season. It is
therefore recommended to realize an integrated design of
the heating curve control, so as to choose all parameters in
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