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Abstract: In Europe, primary energy consumption in buildings accounts for up to 25–40%, depending
on the climate conditions. Space heating and Domestic Hot Water (DHW) contribute significantly to
this energy consumption. Among the most common sources for heat generation in these appliances
is natural gas. Condensing boilers can surpass the 100% energy performance over the lower heating
value, if the operating conditions enable the water vapor in the exhaust gases to condensate. Con-
sequently, optimizing the operating parameters of condensing boilers is necessary to decrease fuel
consumption without hindering water heating needs. The present work presents an experimental
approach to the operating parameters of a condensing boiler that works with natural gas. The aim is
to develop a theoretical model that relates the energy performance to the water temperature set by
the final user and the excess air set by the maintenance staff.

Keywords: condensing boiler; Domestic Hot Water; space heating; energy performance; excess air

1. Introduction

Given the primary energy consumed in buildings [1], the building stock is a key target
to improve energy use. The substitution of old boilers that use solid or liquid fossil fuels by
condensing boilers fueled by natural gas has noticeably improved the energy performance
in water heating, hence the environmental impact [2].

Although increasing the percentage of hydrogen in the natural gas achieves lower
CO2 emissions [3], its composition is determined by the supplier and thus cannot be
controlled. Condensation of the water vapor in the exhaust gases depends on the water
vapor pressure and the saturation vapor pressure at the cooling temperature. Water vapor
pressure depends on the atmospheric pressure, the composition of the natural gas used
and the excess air in the combustion process. The temperature at which the exhaust gases
cool depends on the DHW set temperature and the supply and return water temperatures
from the heating system. Consequently, set values of these parameters will be determinants
for the boiler performance, hence the fuel consumption. As optimizing the combustion
process minimizes the energy consumed to achieve the required heating and DHW needs,
this work develops an experimental study to validate a theoretical model that enables
identification of the optimal operating parameters. The theoretical model is implemented
in Excel. First, total combustion is considered. Operating conditions are then modified
to compare the results yielded by the theoretical model to the actual experimental values
observed.

2. Materials and Methods

The target natural gas condensing boiler for the experimental tests was a Vaillant
Ecotech PLUS. During the tests, DHW was generated at 45 ◦C set temperature and supply
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water to the heating system was set at 50 ◦C. Temperature was measured at the supply
tap water temperature, actual DHW temperature, supply and return water temperatures
from the heater system and the gas exhaust. Temperature and Relative Humidity were
measured at the air inlet to the combustion process. Further measured variables were the
gas consumption and the amount of water condensed from the exhaust gases. Figure 1
shows the target condensing boiler and the temperature sensors used at some of the
measuring points.
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Figure 1. Views of the (a) condensing boiler, (b) temperature sensors at the water supply and return,
(c) temperature measurement at the gas exhaust.

Temperature sensors were Testo Data Loggers, model 175 T2. Air temperature and
relative humidity were measured with a Testo Data Logger model 175 H1. The measuring
interval and storage cycle was 10s. Figure 2 shows the values registered along a typical day.
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Figure 2. Experimental values registered during one typical day.

During periods of continuous space heating, it could be observed that the exhaust
gas temperature was maintained between the heating system supply and return water
temperatures. This demonstrates that the temperature at which the exhaust gases can get
cooled is always lower than the supply water for space heating. Although the average
temperature of the exhaust gases stays below that water temperature, it can occasionally
exceed it due to the boiler start-up.

Besides, an analysis of combustion was performed to determine the exhaust gases
composition and the excess air in the combustion process. The results are gathered in
Table 1. The analyzer was a TESTO model 330-2 that calculated the boiler performance
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through the Siegert equation. The average fuel consumption was also measured. Wa-
ter condensed during five days was weighted, obtaining an average condensing rate of
840 g/Nm3 of natural gas.

Table 1. Combustion parameters measured.

Parameter Measured Value

Instant exhaust gases temperature 52.5 ◦C
Average variation 30–56.8 ◦C
Air temperature 12.4 ◦C

Performance 99.1%
Excess air 1.27
Losses (%) 0.9%

[CO2] 9.41%
[O2] 4.4%
[CO] 68 ppm

3. Results and Discussion

A theoretical model is developed to calculate the temperature at which condensation
of water vapor in the exhaust gases starts, condensed water mass flow, the condensing
boiler energy performance and the energy recovered in the boiler. Parameters studied are
fuel mass rate and composition, excess air and ambient air psychrometric conditions.

First, the stoichiometric combustion is calculated assuming a non-fixed composition of
the natural gas [4], whose components are: Methane, ethane, propane, n-butane, isobutane,
n-pentane, isopentane, hexane, heptane, nitrogen and carbon dioxide. Assuming no
unburnt combustibles, stoichiometric oxygen is calculated. Excess air is used to calculate
the air rate supplied to the boiler and the composition of the exhaust gases.

Next, an energy balance is constructed in the burner. Provided an adiabatic process,
this energy balance provides the Adiabatic Flame Temperature. Assuming steady flow [5],
this energy balance is given by Equation (1):

.
Q +

.
nr·Cp,r·(Tr − 25)− .

np·Cp,p·
(
Tp − 25

)
−

N

∑
i=1

.
ni·∆H

◦
r,i = 0 (1)

where
.

Q is the heat losses to the environment (equal to zero, provided an adiabatic process),
.
nr is the molar rate of the reactants supplied to the burner, Cp,r is the reactants average
isobaric specific heat, Tr is the temperature of the reactants at the burner inlet,

.
np is the

molar rate of products in the exhaust gases, Cp,p is the products average isobaric specific
heat, Tp is the product temperature (corresponding to the Adiabatic Flame Temperature,
provided an adiabatic process),

.
ni is the molar rate of each reactive component i of the

natural gas and ∆H
◦
r,i is the enthalpy of combustion for each component of the natural gas.

Super index N in the summation denotes the number of reactive components considered
for the supplied natural gas.

Then, a value for the exhaust gases temperature is set. This value may correspond to a
measured, experimental value or rather be an arbitrary temperature. Composition of the
exhaust gases enables calculation of the temperature at which water vapor condensation
starts (dew point temperature): If this temperature is over that of the exhaust gases,
then condensation occurs. Both the dew point temperature and the water molar fraction
in the exhaust gases are calculated from the Raoult–Dalton Law (2) and the Antoine
Equation (3) [6]:

PH2O = yH2O·P = P
◦
H2O (2)

log10

(
P

◦
H2O

)
= A − B

T + C − 273.15
(3)
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In Equation (2), PH2O is the partial water vapor pressure in the exhaust gases, yH2O
is the water molar fraction in the exhaust gases, P is the total pressure and P

◦
H2O is the

saturation vapor pressure of water. Concerning Equation (3), T is the absolute temperature
in Kelvin, whereas A, B and C are constants dependent on the component. It should be
noted that the only possible condensable component considered in the exhaust gases is the
water vapor, which has its molar fraction changed as it condenses. The amount of water
condensed is calculated through Equation (4):

.
nH2O =

.
np·

(
yH2O,p − yH2O,s

)
(4)

where
.
nH2O is the condensed water molar rate,

.
np is the exhaust gases molar rate, yH2O,p is

the water molar fraction in the exhaust gases at the burner outlet, and yH2O,s is the water
molar fraction in the exhaust gases at the boiler outlet.

Finally, the boiler performance is calculated through the sensible heat transferred from
the exhaust gases and the water latent heat (λ):

η =

.
np·Cp,p·

(
Tp − Tp,s

)
+

.
nH2O·λ

.
nNG·LHVNG

(5)

where Tp and Tp,s are the temperatures of the exhaust gases at the burner and at the
chimney outlet, respectively,

.
nNG is the natural gas molar flow and LHVNG is its Lower

Heating Value.
Table 2 gathers and compares the results obtained through the theoretical model and

the experimental measurements. It must be noted that the theoretical model considered
a fixed value of the excess air and composition of the natural gas [4]. The temperature of
exhaust gases at the boiler outlet is fixed at 40 ◦C, considered a more typical value during
the steadiest operating periods of the boiler observed in Figure 2. Results provided in
Table 2 show slight deviations due to differences in the concentration of carbon dioxide in
the exhaust gases, whose cause relies on the unknown actual composition of the natural
gas used.

Table 2. Comparative results obtained through the theoretical model and the experimental study.

Procedure Excess Air Tp,s
(◦C)

[O2]
%vol.

[CO2]
%vol.

Condensed
Water (g/Nm3)

η
(%)

Theoretical model 1.27 40 4.46% 8.56% 864.64 99.58%
Experimental results 1.27 30–56.8 4.4% 9.41% 840 99.10%
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