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17% of CO, emissions in Europe are related to
space heating function of gas- and oll-fired bollers

EU-15 energy-related GHG emissions 2005
by sector [ Total 3367 Mt CO2 eq, ]

CH Boiler space heating:
17%

Ref: ecoboiler.org



Condensing bollers offer potential energy savings
compared to non-condensing boilers

Efficiency improvement due to: Latent heat recovery

Less sensible heat loss
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Return water temperature must be low
enough to have vapour condensation

Chimney

"""" - Combustion
gases

Heat transfer
to the water
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: Condensate

The system has to work in the best operating conditions in order to
maximize thermal efficiency

Validated model of condensing boilers are needed for HVAC programs



Modelling the thermal performances of
condensing bollers

= Model description
= Validation on a gas condensing boiler

= Validation on a fuel oil condensing boller



Modelling the thermal performances of
condensing bollers

= Model description



The model iIs composed of 3 main zones
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The model Is composed of 3 main zones
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The model Is composed of 3 main zones

Heat Exchanger
Gas - Water
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Counterflow heat exchanger

Heat transfer calculated
by e-NTU method

No heat loss considered of the
water jacket to the ambient

Global heat transfer coefficient
defined and evaluated from a
nominal set point:

. 0,67
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The model Is composed of 3 main zones

Condensing * The heat exchanger is modelled
Bt Exclianger by a cooling coil model
L — Tgouthe (Morisot, 2000)
\
Qe ‘n\ * The flue gas is converted into
N v |Twinhe humid air
Tw,our,hx2 Mw
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The cooling coll is divided into smaller parts
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» Heat and mass transfer aggregated in Morisot’s model

In order to use ¢ -NTU method

= Nominal parameters (fluids mass flow rates and heat

transfer coefficients)

» For partially wet regimes, two calculations are done:
completely wet or completely dry. The solution is the
one that gives the largest heat transfer.
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There are six parameters to be
determined experimentally
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Modelling the thermal performances of
condensing bollers

= Validation on a gas condensing boiler



The model has been validated on a
gas fired wall-hung condensing boller
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Tests have been performed varying
the inlet water temperature to the boiler
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Two tests (« dry » and « wet ») have been
performed to determine model parameters

Parameter | Unit Value
M, ke/s | 0.01213
UAmax | WK | 402
M, ke/s | 0.01117
UA,x WK | 371
My ke/s | 0.2650
UAwx W/K | 204.7

* The dew point is
around 52C
If T,2:e,<52TC, the test Is
« wet »

» Tests are performed at full
load in steady-state
conditions and 30% of air
excess



Parameters: Nominal flow rates and
heat transfer coefficients

= Nominal flow rates corresponds to the measured
flow rates in nominal tests conditions

= Heat transfer coefficients are determined
with the optimisation criteria:

Minimum error on useful power determination

Minimum error between measured and calculated
gas temperatures at the stack.



Calculated thermal efficiency Is between
measurement uncertainties
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Calculated thermal efficiency Is between
measurement uncertainties

o | .o 1w Thermal efficiency is
9% Nﬂ I | estimated within 2%
— ma N
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- Good agreement between experimental and calculation



Modelling the thermal performances of
condensing bollers

= Validation on a fuel oil condensing boller



The model has been validated on a
oll fired floor standing condensing boiler

Viessmann Vitoladens 300
22 kW

The condensing heat
exchanger is an inox radial
heat exchanger




Parameters determination

Parameter | Unit Value
M, kg/s | 0,009959
UAwax | WK | 344
M, ke/s | 0.009380
UA.x WK | 51.0

M, keg/s | 0.2901
UAy W/K | 199.7

Same procedure as for the
gas fired boiler

Tests are performed at full
load In steady-state conditions
and 15% of air excess

Possibility to check
temperatures before the
condenser



Nboiler [YoHHV]

Calculated thermal efficiency Is between
measurement uncertainties
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Calculated thermal efficiency Is between
measurement uncertainties
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- Good agreement between experimental and calculation



The thermal performances of condensing
boilers have been modelled

"= Conventionnal boiler model with a
cooling coil model

" Six parameters to determine experimentally
= Validation on two household boilers

=  Thermal efficiency Is estimated within 2%
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Abstract

Nowadays, condensing technology is widely usedpeice heating. This paper presents a model thatcpged
thermal performance of condensing boilers. Thectire of the model is similar to the one of a corianal
boiler model with a dry heat exchanger at whiched meat exchanger is added to simulate the heaweesd by
condensation. Tests have been performed on twoehold 24 kW condensing boilers (gas- and oil-fired
boilers). The experimental results are comparethéosimulated values. According to the results, ritalel
correctly predicts the thermal efficiency of theil&o Indeed, predicted values are in good agreemath
measured values (if one takes into account the uneaents uncertainties).

1. INTRODUCTION

Efficiency improvement of energy appliances remainsissue to achieve the targets in the reductiagreen
house gas emissions for many countries. Condemgingestic boilers offer substantial energy savingsabse
of their high thermal efficiency compared to nomdensing boilers. Conventional boilers are designextder
to avoid flue gas condensation and thus the lowpésature corrosion. Their exit flue gas temperaisre
typically around 180°C. This high exhaust temperateads to energy losses, which is about 16-22% ef
higher heating value of the gas as the latent ¢fe@tural gas exhaust is around 11% of the higkating value
(HHV) of natural gas. Condensing technology cossi$trecovering part of this heat loss by coolimg ¢xhaust
below the dew point (around 57°C for ¢&hd for an overall air excess of 10%). Thus, biegrhal efficiency of
the boiler is significantly increased. After a talaly gradual change in the temperature rangeOe1&0°C of
the flue gas, the boiler thermal efficiency shanpbes at the dew point to low temperatures (upa& on the
higher heating value basis at 25°C). Condensingntgogy is mainly used with gas but fuel oil consieg
boilers also exist. It is less used because ldteat of fuel oil combustion gas is 6% of the higheating value
of fuel oil compared to 11% for natural gas. Ald®e dew point temperature of water vapor in fuefunes is
usually around 47°C.

Nowadays, condensing gas boiler technology is radsta technology for space heating. It is, for epl@mthe
most dominant boiler technology in the Netherlafids However it is not often well used to have thest
working conditions. To ensure continuous condensipgration, heat emitters surfaces must be highigino
and, therefore, the return water temperature tdtiler must be well below the flue gas dew poamperature.
That means that the heating system must be desgmélat its return temperature is low enough ofeoto
have the highest condensing rate. In other woldsheat emitters in the house must be designealter Ithe
temperature of the leaving water from the boilerwéth underfloor heating systems for example.

A simplified model that predicts boiler thermal fsemances and condensing rate in the boiler headianger is
very valuable for building and HVAC simulation tsolThat is the aim of the model developed withia thork.

1
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There has been few published work over the condgnkehaviour of domestic boilers. Some researchers
focused on heat transfer coefficient of vapoursgagures with a large amount of non-condensableagashigh
moisture content [2-4]. Che et al [2, 3] recommdndtake the convective heat transfer coefficienthwi
condensation 1.5 to 2 times the corresponding aiivecheat transfer coefficient without condensatibiang

et al [4] found that convective heat transfer doaffit increases as the gas-vapor mixture flow aatéthe mass
fraction of water vapor increase. In their expentaérange, this coefficient was 1 to 3.5 timed thfaforced
convection without condensation. In a previous wsk the convective heat transfer coefficient with
condensationo) was found to be 1.1 to 2 times the heat trarefficient without condensation, which was in
good agreement with [2-4]. From another pointiefw Hanby [6] presented a general boiler mode thaers
the condensing heat transfer regime using the ldentsi total heat transfer method for cooling caitel using
parameters fitted with manufacturers data. Thahoukilogy was chosen in this paper as the exact geprof
most boilers is generally unknown. The key paramedquired is the overall heat transfer coefficibatween
the combustion products and the water.

2. MODEL OF THERMAL PERFORMANCES
A model that predicts the boiler thermal performesand the condensing rate has been developsdsithilar

to a conventional boiler model with a main courntevfgas-water heat exchanger, at which a conderisiag
exchanger is added [7] (Figure 1).

CxHy Adlabatl.c Heat Exchanger Condensing
. Combustion
My T, Pr Gas - Water Heat Exchanger
o .
3 Mg Tg,in,hxz Tg,out,hx?
N B A
Mair Tair Tadiab \ Tg,outhx1 Y
— ™ . .
Air Qpyr Q2
A A
Tw,out,hx1 \1 ‘1 Tw,in,hx?
y -
Tu,outhxt \ Tw,in,hx1 Tw,out,hx2 My,
A
\ I
C Mg
Conventionnal boiler “Qa"'b

Figure 1: Model structure

The first part of the model is an adiabatic comimmstzone, where the combustion process is congidere
Reactants are fictitiously brought to the referetaaperature at which the heating value of the ifwelefined.
As the chemical reaction between the reactantsstgkace, the heat is released and is used to heat t
combustion products to the final temperatugg.d Knowing the oxygen content in the flue gas anal filel
composition, the energy conservation relationskipgplied and the adiabatic temperature is cakilas well
as the combustion products composition. Noticedh@aimplete combustion is assumed.

After the combustion zone, the combustion prodeatsrs the main heat exchanger at the adiabatioeterture
where the heat transfer takes place by radiatidhcanvection. This heat exchanger is supposed todmeinter-
flow heat exchanger and the heat transfer betweeifile gases and the water is calculated by thesidale-
NTU method. The exact geometry of boilers is gdhetaknown by the users so that the heat trarfsfen the
combustion products cannot be calculated usingerttional radiation and convection relationships sifoplify
the calculation, a global heat transfer coefficigit,x, is defined, that is a function of the injected powand
the global air excess. This coefficient is evalddtem a hominal set point using Eq.(1) [8].

. 067
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Heat transfer in a boiler firebox mainly occursragiation. Considering that combustion gases ghteimain
heat exchanger at adiabatic temperature is a diogpion that could introduce an error as Eq. (13inty

considers convection. This error can be reducadother parameter is introduced on the flame teatper as it
is done in [9]. Bourdhouxhe et al. [7] define am®tary heat exchanger to take into account heatdbshe
water body of the boiler to the ambient. Modernldrsi are very well insulated and experimental eatadm of
this loss is hard to achieve. This secondary hecttamger is neglected in the model developed mwhurk as
this loss is negligible compared to the heat lossifthe flue gas at the chimney.

After the main heat exchanger, the flue gas teniperas typically between 130°C and 180°C. In thadei it is
first converted into equivalent wet air accordimgEq.(2) and Eqg.(3). In this way, the wet heat exger is
simulated by an air conditioning heat exchangee @boling coil), which currently handles latentvasll as
sensible heat transfer.

M oCome = M 2 mweCane (2)
M a,hxza)a,in,hxz =M v,g +M air a)amb (3)

Hanby [6] also presented a method using a cooloigte model the condensing heat exchanger bunthim
difference with Hanby's model lies in the cooliral enodel. Here, the coil is divided into smallerfs and each
part is simulated by a model presented by Mori$06},[which calculates fluids output conditions dhe cooling
coil performances from a nominal set point. Thedamsing heat exchanger can operate either inyaiaj
regime, in totally wet regime, or in partially wetgime. In the case of a partially wet regime, thiferent
calculations are done. The first calculation suppdbat the cooling coil is totally dry and them®t supposes
that the cooling coil is completely wet. The sadutithat is chosen is the one that gives the lafyest transfer.
This hypothesis was proposed by Braun [11] becansmse of combined wet and dry regimes, eitheuragg

a dry or wet regime lowers the actual heat trangféhe dry assumption is taken, the latent hestdfer is not
considered and the calculated heat transfer willrierestimated. If the completely wet assumpsdaken, the
heat transfer is also underestimated. In facthéngart of the coil that is dry, the model "humiehf the air and
the latent heat transfer to the air associated thiih fictitious mass transfer reduces the overaltulated
cooling capacity. Braun mentions that this assuonptintroduces an error smaller than 5%. The boiler
condensing heat exchanger has been divided intopfrts in order to reduce this error. In that whg, point
where condensation appears is located on one eleamehthe other elements work in completely wet or
completely dry conditions. Morisot's model alsousmssd that the Lewis number is equal to the unityisT
assumption has been checked for the equivalentchaini at the inlet conditions of the cooling coilhe
diffusivity coefficient of humid air is evaluatedtiv Chapman-Enskog theory [12]. It is showed that Schmidt
number is approximately equal to the Prandtl nunf@&); so that the Lewis number is around 1.

In short , there are six parameters to be detednix@erimentally. These parameters are mainly nainflow
rates and nominal heat transfer coefficients fothbloeat exchangers (Figure 2). The way that they ar
determined is described in the model validationtfay specific boilers. The inputs and outputs @ thodel are
shown on Figure 2. Knowing the reactants inlet @mns and the water inlet conditions, the boileermal
efficiency is calculated as well as water and fjas temperatures and condensed water flow rate.
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Steady-state tests have been performed on two holdsboilers whose nominal output is 24 kW (a gesdf
boiler and a oil-fired boiler). A plate heat excganhas been installed on the boiler loop in otdesimulate the
emitters of a house and regulate the return waapéerature to the boiler (Figure 3). The useful grow
transferred to the water can be determined eitlithrtive measured data on the boiler closed loogither with
the measured data on the cooling side of the pkae exchanger.
The natural gas composition that was used for #sebgiler is given in Table 1. Its lower heatinguea(LHV) is
45.10 MJ/kg and its higher heating value (HHV) &9 MJ/kg at 25°C. Concerning the fuel oil usedhe
tests, its composition in weight is 13.1% of hydroegand 86.9% of carbon. Its lower heating valud2<L86
MJ/kg and its higher heating value is 45.92 MJ/&g52C.
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Figure 3: Test bench
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Table 1: Natural gas composition

XN2 0.028832
Xco2 0.018899
XcHa 0.87425

Xc2H6 0.06126
Xc3Hs 0.01229
Xc4H10 0.00313
Xc5H12 0.00036
Xc6H14 0.00083
XHe 0.0002

4. RESULTS AND ANALYSIS

4.1. Gas boiler parameters

The first step to apply the model to the boiletdisletermine the nominal parameters. Two tests dene for
this purpose: one test in dry regime and one testeit regime. The conditions to get a wet regingeraet with
the water return temperature to the boiler seD&C3and 6% of oxygen in the flue gas. Another igstone in
dry regime with a water return temperature to thiéeb set at 53°C, the dew point of the water vapouhe flue
gas is 52°C at this excess air. The value of thampaters are listed in Table 2. In this table,rtbminal flue gas
flow rate is the sum of the air flow rate and ttatunal gas flow rate at the nominal firing rateeThumid air
mass flow rate is calculated with Eq.(2) and Eq.{3) water mass flow rate does not vary into thieebloop
and is equal to 0.265 kg/s. To determine the nolhieat transfer coefficients, the error on the potrensferred
to the water is minimized. There are several sohgtito the problem but the one that was chosemisnitork is
the one that minimize the error between the medsang the calculated combustion gas temperaturdseat
chimney. The number of elements in the condensaay bxchanger model has also been varied from1D to
elements. It seems that it is no worth having abemof elements greater than 5.

Once the parameters are fitted, the model behawésr checked by varying the water inlet temperatuom
25°C to 65°C while keeping all other inputs consigaken from the nominal tests conditions). Theuhes are
shown on Figure 4. The boiler thermal efficiencyes as the water temperature decreases. Thershiarg
increase below the dew point. Figure 5 shows tharhl efficiency when the load varies. It can bensen that
figure that the boiler thermal efficiency incressgs the firing rate decreases. This behavior wasated
because the gas mass flow rate decreases sodhatahexchanger works more efficiently (incredsthe flue
gas residence time).

Table 2: Model parameters for the gas-fired boiler

Parameter Value
M [kg/s] 0.01213
UAnan  [WIK] 40.2
M,y [kg/s] 0.01117
UAan [WI/K] 37.1
Muw [kg/s] 0.2650
UAw N [WIK] 204.7




32"TLM - IEA ENERGY CONSERVATION AND EMISSIONS REDUCTN IN COMBUSTION

July 24-29, 2010 — JAPAN (Nara)

95

Sz
93¢

92¢

o1t \
o,
90} \
89+ ..

S

88| —

Nboiler [% HHV]

—_ .
T

87 : : : : : : :
25 30 35 40 45 50 55 60 65
Tw,in,hxz [CC]
Figure 4: Boiler thermal efficiency (on the higherheating value basis) as a function of the boiler lat temperature
for the gas-fired boiler working at full load and 6% of O, in the flue gas
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Figure 5: Boiler thermal efficiency (on the higherheating value basis) as a function of the firing ree for the gas-fired
boiler at 6% of O, in the flue gas and a return water temperature o80°C.

4.2. Fuel oil boiler parameters

The fuel oil boiler parameters were determinedhim $ame way as presented for the gas fired baiidr,one
test in dry regime and one test in wet regime ato8%xygen at the stack. For fuel oil at this aicess, the dew
point temperature of the water vapor in the flus igaaround 47°C. Thus, the return water tempezatwrst be
below 47°C to start to condensate. The main diffegeon the test bench compared to the gas-firddrhisithat
the fuel oil boiler design permits to measure thed$ temperatures before and after the condenséaa)
exchanger. The parameters that were found aesllist Table 3. The boiler thermal efficiency cuhas the
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same shape than Figure 4 when the water inletdeatyre is varied from 25°C to 65°C. The thermétieincy
(on the higher heating value basis) is 97% whenréiigrn water temperature is 25°C and decreas€4%o
when the return water temperature is 65°C. Alse biler thermal efficiency decreases as the olvexakss air
increases. It is equal to 96.5% and 93.5%\fdt.05 andA=2 respectively.

Table 3: Model parameters for the oil-fired boiler

Parameter Value
M, [kg/s] 0.009959
UAman  [WIK] 34.41
M.y [kg/s] 0.009380
UAan [WIK] 51.02
Muw [kg/s] 0.2901
UAwn [WIK] 199.7

4.3. Tests results

The simulated thermal performances have been compared to the exg@ridatanfor both boilers in order to validate
the model. Tests have been performed in steady state condii@ntermal efficiency of each boiler was measured

by varying the return water temperature to the boiler. Moredivergas fired boiler allowed us to vary the firing rate
whereas the oil fired boiler allowed us to vary the overall exags

The uncertainty on the measured thermal efficiency is estimatedwaid 2%. Globally, the model correctly estimates
the boiler efficiency and the predicted values are within the merasmt uncertainties for both boilers (Figure 6).

Moreover, the model underestimates slightly the boiler exlHauesigas temperature; the temperature difference is
between 0°C and 4°C for both boilers.

4 ] =]
:” %I %i #li s :jﬂ t } | ] |
éss— J J %ﬁ%ﬂ% % 590 JJ J‘ JJ“J J I%

35 45 50
Tw,in,hxz [OC] Tw,in,hx2 [QC]

Figure 6: Model boiler thermal efficiency comparedto measured values at different boiler water inletemperatures
Left: for the gas-fired boiler — Right: for the oil-fired boiler

For the gas-fired boiler, the simulated condensate massrdiinis around 20% below the measured flow rate. The
main part of the heat is exchanged by sensible mean in the. Gdiererror on latent heat is compensated in wet

7
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regimes by a reverse error on sensible heat. It seems alsitlthy, regimes, the simulated efficiencies are greater
than the measured ones. The results are mainly sensitive tamaorethe nominal heat transfer coefficient of the heat

exchanger HX1. The geometry of the tested boiler does not alfowo check the water and combustion gas

temperature at this point, before the condensing heat exchanger.

At part load, the difference between the simulated and the meaftiokehcies varies between 0.5% and 2% for a

useful power of 15kW. The error on the flue gas temperatutgsaibad is below 1°C and the condensate mass flow
rate is estimated at 10%. At 10kW, the difference betweenrihdated and the measured efficiencies varies between

0.2% and 2.5%, which is slightly above the measurement aimtgrtThe flue gas temperature is correctly estimated
(below 1°C).

100
A nNboiler,meas 10kw
il 7 2 Nboiler,sim 10kwW
b I B Npoiler,meas 15KW
) p 1 B Nboiler,sim 15kW
. # Nboiler,meas 24kW
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T *
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= *
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86+
84 ‘ ‘ ‘ ‘ | |
Tw,inhx2 [T]

Figure 7: Gas-fired boiler thermal efficiency at vaious firing rates and water inlet temperature — Canparison
between measured and simulated results

For the fuel oil boiler, the simulated condensate mass fédesis around 30% below the measured flow rate. The
design of the boiler allow us to compare the calculated andatadugas temperatures after both heat exchangers. The

simulated gas temperature is on average 5°C above the measutmfaraehe condensing heat exchanger and 2°C
after the condensing heat exchanger (Figure 8).
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Figure 8: Simulated temperature compared to the mesured temperature at different boiler water inlet
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temperatures for the fuel oil boiler
Left: after the first heat exchanger — Right: after the condensing heat exchanger
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It seems that there is no significant thermal efficiency decrebsa e amount of the combustion air increases on

the tested range. In fact, the efficiency difference betwedrn05 and\=1.24 is around 1%, which is lower than the
measurement uncertainty (£2%).
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Figure 9: Oil-fired boiler thermal efficiency at different overall excess air for a return temperatureof 30°C

5. CONCLUSION

A model that simulates the thermal performance in steady-stateeresfia domestic natural gas or fuel oil-fired
condensing boiler has been developed. Six parameters are needegicdtation. These parameters must be fitted
with experimental data. The model was applied to two differenséhold boilers whose nominal output is 24 kW.
According to the experimental results, the model gives the cdresxt for the boiler thermal efficiency. Regarding
the estimation of the steam condensate mass flow rate, it semntisetiatent heat transfer is underestimated and the
sensible heat transfer overestimated in a way that the errorsdalach other in wet regimes.

This model should be integrated into a building and H\&#@ulation tool.
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NOMENCLATURE
c Specific heat Jikg K
CH, Hydrocarbons
CcoO Carbon monoxide concentration ppm
CO, Carbon dioxide concentration %
HHV Higher Heating Value J/kg
HVAC Heating, Ventilation, & Air Conditioning
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LHV Lower Heating Value J/kg
NO Nitrogen monoxide concentration ppm
M Mass flow rate kg/s
NTU Number of Transfer Units

O, Oxygen concentration %

P Pressure Pa

Q Flow rate I’h

Q Power W

RH Relative Humidity %

T Temperature °C
UA Heat transfer coefficient W/K

X

Greeks letters

Molar fraction kmol GH, / kmol fuel

n Boiler thermal efficiency % on HHV basis
A Air fuel equivalence ratio

® Humidity ratio kg water/ kg dry air
Subscripts

1 Cold side of the plate heat exchanger

2 Hot side of the plate heat exchanger

a equivalent wet air

adiab adiabatic

air combustion air

amb ambient

atm atmospheric

cd condensate

f fuel

g combustion gas

hx1 main heat exchanger

hx2 condensing heat exchanger

in inlet conditions

meas measured value

N nominal value

NG Natural Gas

out outlet conditions

PHEX Plate Heat Exchanger

sim Simulated

% water vapour in the combustion products

w water
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