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Abstract: To improve the operational and environmental performance of steam and water-heating gas-fired boilers, is proposed the 

efficient technology  based on an complex heat-recovery system with heating and humidifying the blown air and heating the cold water of the 

chemical water-purification system. The results of studies on the reduction of harmful emissions into the environment by gas-fired boilers 

equipped by deep recovery systems of heat of the exhaust-gases are presented. The efficiency of use for reducing the fuel consumption and 

the level of formation of nitrogen oxides in the boiler furnace of such complex heat-recovery systems is considered. It is shown that the use of 

these systems secures reducing nitrogen oxide emissions by up to 60% by suppressing their formation in the boiler furnace at the 

introduction of moisture with blown air and decrease by 8-12% other harmful emissions from fuel combustion due to a reduction in its 

consumption. 
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1. Introduction 

Problems of environmental protection and energy-saving 

became priority in world practice. The main directions of deciding 

these pressing problems in municipal heat-power engineering is to 

improve the environmental indicators of heating boiler plants and 

increase the efficiency of using fuel in them through the use of 

technologies for deep recovery of the exhaust-gases heat [1-6]. The 

relevance of scientific problems in these directions is increasing due 

to the steady increase in the fuel-energy costs and the amplification 

of requirements to reducing environmental pollution.  

2. Prerequisites and means for solving the problem  

To improve the environmental indicators of boilers, the efficient 

method is to reduce emissions of nitrogen oxides into the 

environment due to the suppression of their formation in the boiler 

furnace by the decrease in the combustion temperature. Reduction 

of this temperature can be achieved, in particular, by injection 

moisture into the combustion zone [5, 6]. Increase of thermal 

efficiency of boiler plants is realized at application of modern heat 

recovery technologies with deep cooling of exhaust-gases [4, 7-9]. 

In these technologies, the condensation mode of the heat-

recovery equipment is realized, when, in addition to the so-called 

apparent heat of these gases, the latent heat of condensation of the 

water vapor contained therein. The implementation of the 

condensation mode also improves the environmental performance 

of the boiler by reducing fuel consumption and dissolving in the 

resulting condensate a part of the harmful emissions generated by 

its combustion. 

In traditional heat-recovery systems, which are used primarily 

for heating boilers and intended only for heating the return heat-

network water entering the boiler, this condensation regime is 

usually realized only in the autumn-spring time of the heating 

season under relatively low boiler load. In order to ensure this 

regime throughout the entire heating period, it is necessary to use 

the recovered heat also for heating the heat-transfer agents more 

coldest than the return heat-network water. Such heat-transfer 

agents can be blown air, cold water of the chemical water-

purification system of the boiler plant, water for technological needs 

and other heat-transfer agents [1-3].  

3. Solution of the examined problem  

This work is devoted to research on the efficiency of using 

complex heat-recovery systems for gas-fired boilers intended for 

heating and humidifying blown air and heating cold water for 

chemical water-purification system. In these systems, the heating 

the blown air and the water of the chemical water-purification 

system is served to increase the efficiency of fuel use in the boiler, 

and its humidification - to reduce the level of formation of nitrogen 

oxides due to a decrease in the combustion temperature in its boiler 

furnace.  

The aim of the investigation is to estimate the levels of 

reduction of harmful emissions into the environment by hot-water 

and steam boilers in different modes of their operation when using 

heat-recovery technologies with humidification of the blown air 

entering the combustion zone.  

The schematic circuit of a complex heat-recovery system with 

heating and humidifying the blown air and heating the cold water of 

the chemical water-purification system is shown in Fig. 1. 

 

 
  

Fig. 1 Schematic circuit of a complex heat-recovery system with 

heating and humidifying the blown air and heating the cold water of 

the chemical water-purification system: AP1 – first air preheater; 

CAH – contact air heater; AP2 – second air preheater; WO – 

water-overheater; SWH – surface water heater; WH CWPS – water 

heater of chemical water-purification system; EGH – exhaust-gas 

heater; WC – water collector; CP – the centrifugal pump. 

 

In this system, by using the heat of the exhaust-gases in the 

surface water heater SWH, the water of the circulation circuit is 

heated, part of which is directed to the contact air heater CAH. In 

the heater CAH through the contact of blown air with heated water 

in a layer of a filling of a certain type, occur heating and 

humidifying the air entering to the combustion in the boiler furnace. 

After the heat-exchanger SWH, the exhaust-gases are aftercooled in 
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the water heater WH CWPS of this complex system. When the 

gases are cooled in the heat-exchangers SWH and WH CWPS, a 

part of the moisture content of exhaust-gases condenses. The water 

collector WC is used to collected condensed formed in the SWH 

and WH CWPS and chilled water from the contact heater CAH. 

Before entering the chimney pipe, the cooled gases are dried in the 

exhaust-gas heater EGH to a level that prevents the condensate 

formation in this pipe. Water-overheater WO is designed to increase 

the thermal potential of water, the use of which is realized in the 

exhaust-gas heater EGH. Heat-exchangersAP1 and AP2 serve to 

preheat the blown air before it enters the contact air heater CAH and 

to heat the humidified air to prevent condensation in the chimney 

ducts. Heated and humidified air is direct to the boiler furnace. An 

increase in air temperature ensures a corresponding reduction in 

fuel consumption, and humidification of this air helps to reduce the 

formation of nitrogen oxides due to a decrease in the combustion 

temperature by using a portion of the thermal potential of the flame 

to heat the introduced moisture. 

When carrying out investigations of the thermal and 

environmental indicators of this system, the load of the water-

heating boiler was accepted in accordance with the temperature 

chart of the boiler with the temperature difference of the heat-

transfer agent of 95-70° C, and the steam one - corresponded to two 

modes of its operation according to the order, namely: 100% and 

50%. The environment temperature tenv changed during the 

operation of boilers during the heating season from minus 20 to plus 

10°C.  

Determination of the thermal characteristics of the complex 

heat-recovery system under investigation was carried out according 

to known methods [10] using the calculated experimental 

dependences for the operation of equipment in the condensation 

modes  obtained at the Institute of Engineering Thermophysics of 

National Academy of Sciences of Ukraine [11]. 

 The volumes of NOx reduction were dependent on the water-

fuel ratio β in the boiler furnace according to the data of [12]. 

Namely, the relative decrease in nitrogen oxides in combustion 

products due to the humidification of the blown air was calculated 

by formulas: 

(1)  

(2)                          β = Gw/Gng, кг/кг                                   

where  is water-fuel ratio; Gng,Gw – mass flows of natural gas 

and moisture introduced into the boiler furnace with blowing air. 

4. Results and discussion 

Calculated data on the thermal efficiency of the use of the 

complex heat-recovery system under consideration for the two types 

of boilers are shown in Fig. 2. 

 

Fig. 2 Dependence on the environment temperature the increase of 

the coefficient the use heat of fuel of boiler  of complex heat-

recovery system with heating and humidifying the blown air and 

heating the cold water of the chemical water-purification system for 

hot-water and steam boilers:1 – water boiler; 2 – steam boiler with 

a power of 100%; 3 – steam boiler of 50% capacity. 

As can be seen from the presented results, the use of the 

proposed complex  heat-recovery system provides for the boilers in 

question a significant increase in the coefficient the use heat of fuel, 

and, consequently, a decrease consumption of natural gas. 

Specifically: the value of the increase in the coefficient the use heat 

of fuel of boiler, depending on the operating mode, is 10.8 ÷ 16.6 % 

for the water-heating boiler, and for the steam boiler it is 

11.1 ÷ 17.5 %. Reduction of fuel consumption ensures a 

corresponding reduction in emissions of harmful substances into the 

environment during the operation of these boilers. 

The results of the investigation carried out to reduce the levels 

of formation of nitrogen oxides are shown in Fig. 3.  

 
Fig. 3 Dependence on the environment temperature the relative 

decrease of nitrogen oxides in the boiler furnace of the water and 

steam boilers in different modes of their operation with the use of a 

complex heat-recovery system under consideration: 1 – water 

boiler; 2, 3 – steam boiler with a capacity of 100 and 50%, 

respectively. 

The obtained data show that for the water-heating boiler, when 

using the proposed heat-recovery system, there is a relative decrease 

in NOx
out /NOx

in volumes of nitrogen oxides formation, from 22 % 

to 63%, depending on the operating mode of the boiler in 

accordance with the environment temperature tenv. The minimum 

value area NOx
out /NOx

in corresponds to the warm period of the 

heating season. This is due to the higher air temperature at the 

entrance to the system, and therefore into the contact heat 

exchanger CAH, and the decrease in its consumption in accordance 

with the operating mode of the boiler. This makes it possible to 

moisten the blown air to a higher level, and, accordingly, to increase 

the water-fuel ratio. This circumstance ensures a reduction in the 

volumes of nitrogen oxides formation in the boiler furnace. 

For a steam boiler, the obtained data show that the range of 

variation of NOx
out /NOx

in also depends on the its operating mode 

and the inlet temperature of the heated air. The more significant 

reduction in the NOx
out /NOx

in ratio corresponds to 50 % of the 

boiler power. This is explained by a decrease in the consumption of 

blown air. So at the given load, the relative levels of reduction in 

the formation of nitrogen oxides vary from 27 % to 63 %, and at a 

load of 100 % – only from 21 % to 54 %. In this case, the larger 

values of this decrease correspond to elevated temperatures tenv, 

which is caused, as noted, to higher levels of air humidification, and 

hence also to the water-fuel ratio.  

The work also assesses the reliability of the results obtained 

when estimating the level of nitrogen oxides emission reduction due 

to the introduction of moisture with blowing air into the boiler 

furnace by comparing the calculation data and experiments. The 

corresponding results are shown in Fig. 4.  

The calculated values of the relative decrease in NOx (curve 5) 

were determined from formula (1). The experimental points 

corresponded to the results of other investigators [6] and personal 

measurements of NOx at the outlet from the complex heat-recovery 

system for heating and humidifying the blown air that is installed in 

the boiler-house of PSC “KYIVENERGO” (Kyiv, Ukraine). 
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Comparison of these results shows a satisfactory coincidence 

between the calculated and experimental data.  

 

 
Fig. 4 Comparative of calculated and experimental data of the 

relative NOx concentration in the exhaust-gases from the boiler 

with air humidification in the contact air heater of the complex 

heat-recovery system, depending on the water-fuel ratio β: 1, 2, 3 – 

experimental data of other researchers [12]; 4 – experimental data 

of personal tests; 5 – theoretical curve. 

5. Conclusion 

Application for gas-fired boilers modern technology with 

complex using recovery heat to heat the boiler water, water of 

chemical water-purification system and combustion air reduces the 

nitrogen oxide emissions to 60% by suppress their formation in the 

combustion chamber of the boiler. The use of this technology also 

ensures the reduction in fuel consumption in boilers by 

10.8% ÷ 17.5 % and the corresponding reduction in other harmful 

emissions from combustion of fuel. 
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