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ENERGY EFFICIENCY ANALYSIS OF WATER HEATING
SYSTEM GAS CONDENSING BOILERS

I Jhyocancoka, I. [Qoauenxo, IO. Beccamvan, O. Tapaciox, 1. Cepeecs. AHani3 eHeporoeeKTHBHOCTI POGOTH TIa30BHX
KOH/JEHCANIfHUX KOTJIB CHCTEMH BOASIHOIO omajieHHs. [IuTaHHS 3acTOCYBaHHS €HEpPro30epirarouMX TEXHOJOTiH CTaloTh Jejani
akTyansHIimuME. Lle moB’s3aHO 13 30LTBIIEHHSM CIOXKHBaHHS GHEPrOHOCIIB, 3amach SIKHX oOMe)keHi. 3HauHy pOJIb CIIOXKHBAHHI Telia B
TeIUIoeHepreTHYHOI obJIacTi 3aliMae cuctemMa TeruionocTadyaHss. OCHOBHUM CIIO)XHBa4YeM TEIUIOBOI €HEprii i3 CHCTEMH TEIUIONOCTa4YaHHs €
CHCTeMa BOJSHOTO OIAICHHS. By/b-sika CHCTeMa OMAJIeHHS CKJIAJA€ThCs 3 TPHOX OCHOBHHX EJIEMEHTIB: JUKEpela TeIia, TPyOOHIpoBOAiB i
HarpiBaJbHUX NPWIAAIB. Y NPUBATHOMY >KUTIOBOMY OYyIMHKY, HalHOULIbII 4acTO BHKOPUCTOBYETHCSI B SIKOCTI JDKEpena TeIla ra30BHH
OTANIOBAIILHUI KOTEJ, Jie BHACHIZIOK CHANIOBAHHS MajHMBa 3IIHCHIOEThCS HArpiBaHHA TEIUIOHOCISA. 3TigHO 3 HOpMaMH, NPHHHATUMH JUTSA
usHadeHHs. KKJ[ koTiB, BBaXKaeThes, IO MaKCHMAlIbHO MOJKIIMBA TEIUIONPOIYKTHBHICTH KOTJIA JOPIBHIOE HYDKYIH TEIUIOTI 3rOpSIHHS
nanuBa. [IpUYMHOI0 TAKOTO MOJIOKEHHsI OyJa BiJICYTHICTh TEXHIYHOI MOKIJIMBOCTI BUKOPUCTAHHS IPHXOBAHOI TEIUIOTH KOHJACHCATy Oe3
LIKOJY JUISl KOHCTPYKUil kKoTia. Y 80-Ti pOKH MHHYJIOIO CTONITTS ITOYaja PO3BUBATHCS KOHZEcalliifHa KOTIOBa TexHika. KoHneHcariiiui
KOTJIM 3IaTHI JI0CATATH J0JAaTKOBOI €(h)eKTMBHOCTI, BUKOPHCTOBYIOUM €HEPrito KOHAEHcalil aTMOc(hepHOi BOJIOTH B TUMOBUX ra3ax. Takum
YMHOM, T105IBa KOH/ICHCAI[IHHOI TEXHIKM BILIMHYJA Ha 3MiHy HopMu po3paxyHKy KKJI i ckinana 6inbie 100%. KoHeTpykilis KoHIeHcaiiHnx
KOTJIIB 13 3aCTOCYBaHHSM JI0IATKOBOTO TEINIOOOMIHHMKA Ta BiIBEJICHHSAM KOHJICHCATY JI03BOJIA€ OTPUMATHU J0JATKOBY TEILUIOBY €HEpTito, 110
BUBIIBHAETBCA TIpU (hazoBoMy mepexofi. Ha BinMiHy Bin 3BHYaifHMX KOTJNIB, B KOHJCHCAILIMHMX arperatax 3aCTOCOBYEThCS OLIBINICTH
MPUXOBAHOI TEIIOTH NMapoyTBOpeHHs. [l eheKTHBHOT pOOOTH BUKOPHCTOBYETHCS HE HMK4Ya, @ HAWBHUIIA TEIJIOTA 3TOPSHHS, SIKA IS Tasy
pume Ha 10...11 %. EdexTHBHICTS BUKOPUCTAHHS NaJIMBa KOHJCHCALIHUMYI KOTJIaMH OyJie BHILOIO ITil Yac poOOTH B KOHJEHCALITHOMY
pexumi. Llel pexxuM MOXIMBHN NpW HarpiBaHHI TEIUIOHOCIA O Temmeparypu He Buiie 57 °C. Slkmo TemmepaTypa TEIIOHOCIA, 10
HarpiBaeTbes, Oy/e BHILOIO, TO BOJSHA Iapa He OyJe KOHACHCYBATHCS 3 IPOXYKTIB 3rOPSIHHA 1 €peKTUBHICT pOOOTH KOHIEHCALIHHOTO
KOTJIa 3HU3UTHCA. TakUM YHHOM, MaKCHManbHa C(EKTHBHICTb pPOOOTH KOHICHCAUIHOTO KOTJIA MJOCSIaeThbCs IPHU  PEXHMI
HU3BbKOTEMIIepaTypHOro omnaieHHs. Ilpu BukopucTaHHI JaHoro koria B pexumi 80...60 °C (HOpMaIbHUN pPEeXHUM BOJSHOTO ONAJCHHS)
mepiox ekcrutyaranii CTaHOBHTH e Tpoxu Oinpme 30% omamoBanpHOro ce3oHy — KKJI 3HAYHO 3HIKYETHCS, TS ITiJBUIICHHS
e(peKTHBHOCTI POOOTH 3aCTOCOBYIOTH OOilyIepH HENPSIMOTo HarpiBy a0 ITACTHHYACTI TEIIOOOMIHHUKH Ta Gaku-akyMyistopu. OnHak, npu
TaKOMy DPEXHMi eKCIUTyaTamii IUIolia MOBEPXHi OMANOBATPHUX MPUIALiB 30UIbIIyeThes y 2 pasu. EKOHOMIs ra30BOro majimBa IIif dac
pO6OTH KOHIEHCATHOTO KOTIA MPOTH TpaiuiiiiHoro Ha 1 kBT Temnmosoi eneprii cranosuts 0,023 M%/rox, mo cTaHOBUTH Ha 19% Menmre
CIIOXKHBAHHS rasy.

Knrouosi crosa: ra30oBUil KOHACHCALIMHMIT KOTEJ, TEIUIOTAa 3rOPSIHHSA NajiuBa, CHCTEMa BOJSHOTrO omaneHHs, migsumieHHs KK/,
€HEeproe)eKTUBHICTh, EHEPro30epeIKEHHS

G. Luzhanska, G. Diachenko, Y. Bessatyan, O. Tarasiuk, |. Sergeiev. Energy efficiency analysis of water heating system gas condensing
boilers. Increasingly relevant is the issue of using energy-saving technologies. This is due to the increase in the consumption of energy carriers, which
reserves are limited. The heat supply system plays a significant role in heat consumption in the heat energy sector. The main consumer of thermal
energy from the heat supply system is the water heating system. Any heating system consists of three main elements: a heat source, pipelines and
heating devices. In a private residential building, a gas heating boiler is most often used as a heat source, where the coolant heating results from the
fuel combustion. According to the standards adopted for determining the efficiency of boilers, admitted is that the boiler’s maximum possible heat
output is equal to the lower heat of fuel combustion. The reason for this situation was the lack of technical possibility to use the latent heat of
condensate without harm to the boiler design. In the 1980s, condensing boiler technology began to develop. Condensing boilers are able to achieve
additional efficiency by using the energy of atmospheric moisture condensation in flue gases. Thus, the emergence of condensing technology
influenced the change in the efficiency calculation rate and amounted to more than 100%. The design of condensing boilers with the use of an
additional heat exchanger and condensate removal allows to obtain additional thermal energy released during the phase transition. Unlike conventional
boilers, condensing units use most of the latent heat of vaporization. For efficient operation, not the lowest, but the highest heat of combustion is used,
which is 10...11% higher for gas. The fuel efficiency in condensing boilers will be higher when operating in condensing mode. This mode is possible
when the coolant is heated to a temperature never exceeding 57 °C. If the heated coolant temperature is higher, the water vapor will not condense from
the combustion products and the condensing boiler efficiency will decrease. Thus, the condensing boiler maximum efficiency is achieved in the low-
temperature heating mode. When this boiler operated in the 80...60 °C mode (normal water heating mode), the operation period is just slightly more
than 30% of this one in the heating season: the efficiency is significantly reduced, to increase the efficiency of operation, indirect heating boilers or
plastic heat exchangers and accumulator tanks are used. However, with this operating mode, the heating devices surface area increases by 2 times. The
gas fuel economy during the operation of a condensing boiler compared to a traditional one per 1 kW of thermal energy is 0.023 m?/h, that is it allows
19% less gas consumption.
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Introduction
The energy conservation problem is becoming increasingly relevant nowadays. With the constant
growth of the population and the development of technologies, energy consumption has increased sig-
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nificantly, but natural resources remain limited. Therefore, effective energy conservation is becoming
an urgent necessity [1, 2, 3]. The main driving factor of modern energy industry throughout the world
is fuel economy, maximum efficiency of energy resources operation and use [4, 5]. A significant role
in heat consumption is played by the heat supply system. Energy conservation in heat supply systems
is the process of optimal use of energy resources in order to minimize losses and reduce energy costs.
The most significant consumer of thermal energy in the heat supply system is the water heating system.

Whichever heating system be, it consists of three main elements: a heat source, pipelines and
heating devices. In private residential buildings, most often a gas heating boiler is used as a heat
source, where the coolant is heated as a result of fuel combustion.

Analysis of reference sources and problem statement

A conventional gas boiler includes the following elements: a burner, a heat exchanger, a heat-
insulated casing, a hydraulic unit, and several safety and control devices. Many modern boilers are
equipped with built-in pumps for forced water circulation. The heat exchanger represents a three-
dimensional structure with tubes, between which plates are located to increase the usable area and ac-
celerate the liquid heating. Water moves inside the tubes, heated up from the walls. The heat exchang-
er is located above the burner, and when the boiler is ignited, it is heated by its flame, transferring
thermal energy to the coolant circulating through it. Inside the metal casing there is a coil through
which water for heating circulates. The heat exchanger can be made of steel, cast iron, copper, because
the reliability and durability of the boiler depends on the material used. Apart of the heat exchanger,
another important element of gas boilers is the burner, designed to burn natural gas and continuously
distributing the energy released to the heat exchange circuit. The hot flue gases removal is provided by
the chimney.

In a traditional gas boiler, the combustion products, which are a mixture of dry flue gases (COy;
N, excess air) and water vapor (from the combustion of hydrogen, from fuel moisture and air supplied
for combustion), coming from the combustion zone, pass through heat exchange surfaces in the fire-
box and the boiler’s convective part, where they give off the main part of the coolant’s thermal energy,
ensuring its heating. After passing through the gas path of the boiler, the flue gases are emitted into the
atmosphere through the chimney. At the same time, some heat is lost with the exhaust gases, since
their temperature is higher than the environmental one; they contain water vapor, formed during the
combustion of hydrogen and the evaporation of moisture contained in the fuel. The boiler water tem-
perature is above the dew point, this is provided so that condensation of water vapor from the exhaust
gases in contact with the heating surfaces of the boiler does not occur, and as a result, protection
against corrosion is provided. The boiler efficiency directly depends on the lower heat of combustion
of the gas, i.e. without taking into account the energy of steam condensation, and it is on this value
that engineering calculations are carried out.

According to the standards adopted for determining the boilers efficiency, the maximum possible
heat output of a boiler is considered equal to the lower heat of the fuel combustion. The efficiency of a
boiler is 100%. Such situation reason was the lack of technical possibility for using the latent heat of
condensate without harm to the boiler design.

In the 1980s condensing boiler technology began to develop. Condensing boilers are able to
achieve additional efficiency by using the energy of atmospheric moisture condensation in exhaust
gases [6, 7, 8]. Thus, the emergence of condensing technology influenced the change in the efficiency
calculation rate, and amounted to more than 100%.

Present time, in a number of European countries (Great Britain, the Netherlands, Belgium, Swit-
zerland, Portugal, etc.) prohibited is the use of any gas boilers except condensing ones, which are able
to obtain the maximum amount of heat from combustion products, that allows reducing fuel consump-
tion and significantly increases the boiler efficiency.

In all cases of condensing heat-generating equipment use, the technical solution energy efficiency is
ensured due to the fuel component in operating costs, despite the increase in capital investments in instal-
lations. Support by many countries at the state level of energy-saving technologies and concern for envi-
ronmental protection contribute to the active introduction of innovative equipment that meets all stand-
ards [9, 10]. The priority task therefore is to increase the efficiency and improve the environmental per-
formance of heat supply systems. Due to that fact, in Europe, gas condensing boilers, specific with high
demanded characteristics, hold leading positions among heating systems equipment [11].
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The design of condensing boilers which includes an additional heat exchanger and condensate
removal allows obtaining additional thermal energy, which is released during the phase transition.

The main difference between a condensing boiler and a conventional one is the combus-
tion technology.

Unlike conventional boilers, condensing units use most of the latent heat of vaporization. For ef-
ficient operation, not the lowest, but the highest heat of combustion is used, which for gas is 10...11%
higher. This amount of additional heat can be obtained if the combustion products temperature is re-
duced to the dew point, using the exhaust gases heat [12, 13].

In a condensing boiler, gas is supplied to the burner from below, during combustion, heat is dis-
tributed through the heat exchanger tubes, which design specific feature is that the input temperature is
near the cold wall and the output temperature is near the hot wall. As a result of fuel combustion, the
water vapor formed passes through the heat exchanger. In this case, heat is removed in the first part of
the heat exchanger, and the not completely cooled vapor passes through the heat exchanger again, in-
cluding through the tubes, going to the exhaust system. In compliance with the laws of physics, the
continuous passage of exhaust gases through the tubes when the supply temperature parameter is 50°C
and the return temperature is 25...30 °C, leads to the formation of condensate, further removed from
the boiler through a special condensate drain. As a result of this boiler design, vapor from the flue gas-
es condenses on the heat exchanger tube, transferring additional heat from the moisture contained in
the gases to the tube. Due to the fact that moisture in the form of condensate returns to the boiler and
gives off its heat, there is an increase in efficiency. Flue gases are also removed through the tube.
Moreover, if in a conventional boiler the exhaust gas temperature is 150...170°C, then in a condensing
boiler it is one hundred degrees lower (Fig. 1) [14].
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Fig. 1. The principle of condensing boiler’s operation

Research objective

Research on the gas condensing boilers energy efficiency in order to identify the optimal long-
term period for ensuring maximum thermal energy economy in water heating systems at different
coolant modes during the heating season, as well as the influence of the condensing and non-
condensing boiler operation modes on the selection of heating devices.

To achieve the goal set, it is necessary to solve the following tasks:

— analyze the influence of the coolant temperature in the heating system return line on the con-
densing boiler efficiency;
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— determine the gas fuel use efficiency assessment;

— investigate the energy-efficient period of operation of the condensing boiler when using differ-
ent coolant temperature modes of the water heating system during the heating season.

Materials and research methods

The use of water vapor condensation heat from combustion products is especially beneficial for
fuels with a high hydrogen content [15] on the fuel mass and fuel moisture.

The possible amount of water vapor condensation heat Q,,, available for use from the volume of

combustion products can be determined by the formula:
Qn,0=24.62(9.84H" +W"), @

where: H"Y — hydrogen content in fuel, W" — water vapor content in fuel.
The total heat obtained by condensation technology is equal to the sum of the lower combustion
heat of combustion QY and the latent condensation heat Q,,, and is called the highest heat of com-

bustion QY :

W =Q +Qupo- 2)

At that, the amount of condensate formed in boilers burning natural gas will be approximately
0.16 kg/kwh. The amount of condensed steam will be determined by the circulating water tempera-
ture, and the increase in efficiency in turn will be determined by the amount of condensate formed.
Thus, the efficiency of condensing boilers at a certain temperature regime is more than 100% and can
even reach up to 111% (Fig. 2) [16].

Highest calorific
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Environmental
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Fig. 2. Increasing the efficiency of a condensing boiler by using waste gas heat

The actual gas temperatures are above the dew point temperature for the combustion products
composition, i.e. the combustion products are not saturated, although there is active condensation of
water vapor in the heating surfaces, at their temperature below the flue gases dew point [17]. This can
be explained by the incompleteness of the process of moisture condensation from the combustion
products and the mixing behind the boiler condensation surfaces (at the outlet) of some of the dried
combustion products deeply cooled to saturation parameters and some of the transit flue gases.

So, the lower the condensing boiler temperature is, the higher is its efficiency. The steam that
turns into moisture releases the energy transferred further to the water inside the heat exchanger, and
thus generating additional efficiency.
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One of the main parameters, key to the effective

operation of condensing boilers and their efficiency 119 - I I
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in Figure 3, it is clearly seen that the maximum effi-
ciency of the condensing boiler is achieved in the
low-temperature heating mode.

When using the boiler in the 80...60 °C mode,
the efficiency makes on average 97%. To increase the operation efficiency, indirect heating boilers or
plastic heat exchangers and accumulator tanks are used.

The boilers effective operation depends on the thermal power. A decrease in power relative to the
nominal value leads to an increase in the boiler’s efficiency, and the lower the coolant temperature, the
more pronounced is this effect. The explanation refers to the fact that when the boiler power decreases,
the volume of combustion products decreases, which, with a constant heat exchange area, allows for
greater cooling of the flue gases.

In real conditions, it is not possible to ensure the maximum possible efficiency throughout the en-
tire boiler operating season, since traditional water heating systems operate on a quality control sched-
ule when 80...60°C, although this temperature regime is achieved only at significantly low outdoor
temperatures, lasting several days or a little more, while to ensure the internal microclimate, heating
devices must have a large heating area.

The efficiency of fuel use in condensing boilers will be higher when operating in condensing
mode. This mode is possible when the coolant is heated to a temperature never exceeding 57 °C. If the
temperature of the heating coolant is higher, then water vapor will not condense from the combustion
products and the efficiency of the condensing boiler will decrease.

The condensing boiler efficiency can be assessed by direct or reverse heat balance. In the first
case, the efficiency of the heat generating unit is determined by direct calculation of the value of the
received useful thermal power in the form of:

Fig. 3. Efficiency of the condensing boiler at
different temperature regimes of the heating system

BQ;
where: Q.m — thermal power; B — fuel consumption; Q' — heat of combustion of the fuel which is

equal to the higher heat of combustion.
Let’s estimate the gas fuel economy of a condensing boiler compared to a conventional one for 1
kW of thermal energy using the formula:

AB=363m_(n ), @

L MNeMe
where: AB — gas fuel economy; n. =1.11 — efficiency of a condensing gas boiler; n, =0.9 — efficien-

cy of a conventional gas boiler; Q" =33.5 MJ/m?— lower calorific value of natural gas.

Gas fuel economy when using a condensing boiler per 1 kW of thermal energy at a maximum ef-
ficiency of 111% will be:

1-(1.11-0.9)
33.5-0.9-1.11

AB=36- =0.023 mé/hour.
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Here, the fuel consumption of a conventional boiler will be 0.119 m*h, and for a condensing boiler —
0.096 m*h. As a result, fuel economy of 0.023 m®h were obtained, which is 19% less that the gas
consumption by a conventional boiler.

Research results

Let us consider the winter period external temperatures’ time intervals when the maximum effi-
ciency of the condensing boiler is achieved. In residential buildings, widely used is the qualitative con-
trol, the regulation type when the temperature of the coolant in the heating system depends on the
temperature of the outside air. Therefore, the lower the outside air temperature is, the higher the tem-
perature of the coolant will be. When developing a heating system, it is namely the coolant parameters
that determine the size of the heating devices, i.e. the heat exchange area.

Now we shall study the operation of a condensing boiler for a building with a rated thermal ca-
pacity of 100 kW, located in the central part of the country. The standard coolant in the heating system
is water with parameters T; =80 °C, T>.=60 °C. The graphical dependence of the coolant parameters
on the outside air temperature is shown in Figure 4.

Analyzing the graph of changes in coolant temperatures with respect to the outside air tempera-
ture, and knowing the effective temperature for the boiler to operate in condensation mode, we can
conclude that the most effective temperature regime is achieved at an outside air temperature of +8 °C
to -5 °C. When the ambient temperature drops below —5 °C it is necessary to exit the condensation
mode of the boiler operation to maintain the pre-set temperature regime in the premises. Another solu-
tion, as already said, is to have a more developed heating surface of heating devices for operation in
condensation mode.

We will determine the duration of standing outside air temperatures using data from regulatory docu-
ments for designing heating systems to determine the boiler operating time in energy-saving mode (Fig. 5).
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Fig. 4. Dependence of the heating system coolant Fig. 5. Number of hours of the corresponding part of
temperature on the ambient temperature the heating period depending on the duration of

outdoor temperatures according to regulatory data

However, the actual duration of outdoor temperatures differs significantly from the regulatory
values, so using meteorological data [18] we calculate the actual duration of outdoor temperatures.

Therefore, according to Figure 6, the actual operating time of the boiler in condensing mode is
significantly higher than the standard values and its use is more efficient practically throughout the
entire heating period.
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Fig. 6. Number of hours of the corresponding part of Fig. 7. Change in heat load depending on the
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outdoor air temperatures according to actual data
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Change in heat load depending on the number of hours with the corresponding outdoor air tem-
perature during the operation of the condensing boiler, while in condensing mode the boiler operates
up to an outdoor temperature of -5 °C:

tin _to

Q=Qun- ‘n-3.6, (%)

where: Q — change in heat load; Q. — calculated heat load; ti» — indoor temperature; t, — outdoor tem-
perature in corresponding temperature period; ts, — standard calculated outdoor air temperature for the
heating system; n — duration of the corresponding temperature period.

According to the graph in Figure 7, it is clearly visible that the total amount of heat produced by
the boiler will be 611981MJ, while in non-condensing mode it works only 33%.

During the conducted research it was established that to ensure the same thermal power of 1 kW
of heat for the calculated external air temperature of —18 °C, for the condensation temperature mode, a
type 22 radiator of size 700x500 h is required, at the same time, to cover heat losses in the mode of
low external air temperatures, for the condensation mode it is necessary to use a type 22 radiator of
size 1400x500 h, respectively, i.e. a 2 times larger heating surface of heating devices is required to
create and maintain the normalized parameters of the premises’ internal air.

Conclusions

During the conducted research of the gas condensing boiler and comparison of its operation with
a conventional boiler, it was obtained the following results:

— when burning 1 m® of natural gas, 2 m® of water vapor (or ~1.6 kg of water) is formed, which,
upon complete condensation, provides heat input of up to 11% of additional thermal energy, thereby
increasing the efficiency of the condensing boiler;

— the condensing boiler efficiency is affected by the temperature of the coolant in the return line,
the lower it is, the higher the efficiency is;

— the economy of gas fuel during the condensing boiler operation compared to the conventional
one per 1 kW of thermal energy is 0.023 m3/year, which renders 19% less gas consumption;

— when operating a condensing boiler for water heating systems in low-temperature mode (fan
coils, underfloor heating), the efficiency of fuel use will be significantly higher, compared to the ci-
pher obtained when this boiler is used for a temperature mode of 80...60 °C (traditional radiator heat-
ing), at which the combustion products condensation will not occur and, accordingly, the efficiency
decreases;

— the operation of the boiler in non-condensing mode will be 33% of the entire heating period;

— the area of heating devices without condensation mode will increase by 2 times.
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