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Rezumat. Gazele de ardere evacuate de cazanele de înc lzire conven ionale con in un procent mare din 
c ldura dezvoltat  prin arderea combustibilului în cazan. Acest lucru a atras aten ia speciali tilor pentru a 
g si tehnologii de recuperarea a c ldurii de nivel termic redus con inut  de gazele de ardere evacuate din 
cazane. Selec ia unui sistem de recuperare a c ldurii pentru un cazan de înc lzire trebuie s  se bazeze pe o 
bun  documentare i un studiu tehnico-economic. Aceast  lucrare prezint  o trecere în revist  a tehnologiilor 
existente pentru recuperarea c ldurii reziduale de la cazane, precum i o analiz  tehnico-economic  a dou  
sisteme de recuperare a c ldurii integrate la un cazan de înc lzire de 2000 kW. Analiza ofer  informa ii 
referitoare la eficien a global  a sistemelor, costul anual total de func ionare, perioada de recuperare a 
investi iei i emisia de gaze cu efect de ser . 
Cuvinte cheie: cazan de înc lzire, c ldur  sensibil  i latent , recuperare c ldur , analiz  tehno-economic  

 
Abstract The flue gas evacuated from classic heating boilers contains a large amount of energy introduced in 
boiler by fuel combustion. This issue has drawn the attention of specialists to investigate the technologies 
needed to recover the low grade heat contained in exhaust gas. Selection of heat recovery system should be 
based on extensive documentation and a techno-economic study. This paper presents a short review of 
available technologies to recover the waste heat from heating boilers and a techno-economic study of two 
heat recovery systems integrated with a 2000 kW boiler, one based on electric heat pump and one based on 
absorption heat pump driven by hot water generated by boiler. The overall system efficiency, total annual 
cost, payback period and the greenhouse gas emission are provided. 
Keywords: heating boiler, sensible and latent heat, heat recovery, techno-economic analysis

1. INTRODUCTION 

Part of the heat released in a boiler by fuel 
burning is lost with combustion gases exhaust at 
temperatures above the ambient temperature. 
Recovery of heat contained in the flue gas leads to 
the increase of thermal efficiency and thus to the 
decrease of boiler fuel consumption and pollutant 
emissions. To recover as much as possible of the 
waste heat, exhaust gas must be cooled deeper to 
recover both sensible heat of the flue gas and latent 
heat of water vapour from flue gas. This can be 
done by using different technologies that cool the 
flue gases below the temperature of dew 
temperature and by using materials resistant to the 
corrosive effects of the acid gas dissolved in the 
condensate. The amount of heat that can be 
recovered from flue gas depends on the technology 
used and the water content in the flue gas (Fig. 1). 
The flue gases from boilers using natural gas and 
wet biomass have the highest water content. The 
waste heat recovery technologies are classified into 
passive and active after the way the recovered heat 
is used: direct at the same temperature or at higher 
temperature [1]. Passive technologies use heat 
exchangers with condensation and active 

technologies use heat pumps to raise the thermal 
level. Heat exchangers with flue gas condensation 
can use as cooling medium the boiler feed water, 
or other coolant having a temperature lower than 
the dew temperature of the flue gas. Condensing 
boilers typically use heat exchangers with large 
areas or two heat exchangers. Heat exchangers 
with condensation can be divided into heat 
exchangers with direct and indirect contact. The 
direct contact heat exchangers have the coefficient 
of heat transfer of about (1.5-3) times higher [2], 
[3] and additionally they allow emissions reduction 
of SOx, NOx, dust and ashes [4] and recovery of 
water [5]. They consist of a chamber in which the 
spray droplets of cooling liquid come in direct 
contact with the flue gas flowing in counter-
current. In order to improve the contact between 
the gas and the sprayed droplets, the condenser 
may be provided with packing medium. 
Condensers with indirect contact can be shell and 
tube, tube in tube, heat pipes or lamellas [3], [5]. 
Condensing boilers can achieve reduction of fuel 
consumption by 5%, CO2 emissions by 4% and 
their capital cost can be recovered between 3 and 
4.5 years [4]. 
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Fig. 1. Flue gas enthalpy. 

 
Typically the temperature of return water of 

heating boiler is in the range (60-40)°C, i.e. around 
the dew temperature of flue gas and therefore the 
use of return water for heat recovery from the flue 
gas does not result in complete condensation of 
water vapour contained in the flue gas and 
therefore the latent heat cannot be fully recovered. 
Another problem that occurs in operation of 
condensers is corrosion. Using corrosion resistant 
materials like stainless steel, aluminium or carbon 
steel coated with polytetrafluoroethylene or 
polypropylene leads to high costs for condenser 
and consequently limits their use [7]. These are the 
reasons it resorted to the use of active systems for 
recovering waste heat from flue gas. They use heat 
pumps with mechanical vapour compression, 
absorption or adsorption heat pumps [8]. 

A heat pump takes sensible and latent heat at 
low thermal level from the exhaust gas and 
reintroduces it into boiler with return water but at 
higher temperature without increasing the boiler 
fuel consumption. Because the operation of heat 
pumps requires additional energy consumption, the 
waste heat recovery technology is called active. 
Absorption heat pumps can operate in open or 
closed cycle. Heat pumps with mechanical vapour 
compression and the closed cycle absorption 
system can use for flue gas cooling a direct-contact 
heat exchanger to ensure a higher heat transfer 
coefficient between the coolant and flue gas [11]. 
In addition, the flue gas quenchers (direct-contact 
exchangers) have the following advantages: the 
corrosion process is less intense than classic 
condensers because the walls are always wet, 
which allows the use of cheaper materials (low 
alloy stainless steel); through the quencher 
circulates a certain water flow which does not 
change quickly when fluctuations in flue gas 
humidity or boiler load occur, which leads to a 
steady state operation of heat pump and allows the 

use of water-to-water heat pumps that are 
commercially available [9]. Absorption and 
adsorption systems can use as driving energy the 
high level heat available at boiler: hot water 
produced by the boiler; flue gas discharged from 
boiler or heat generated by direct burning of part of 
the fuel used by boiler. These systems have higher 
capital costs and require more space. 

An absorption heat pump uses as a working 
fluid a solution with two components: liquid 
absorbent and refrigerant. The most widely used 
solutions are the aqueous solution of lithium 
bromide, ammonia, calcium chloride, lithium 
chloride and lithium nitrate [15], [16], [17]. 
Absorbing solutions have a greater ability to retain 
water and their behaviour depends on the chemical 
composition, temperature and concentration. In the 
operation of absorption systems, temperature and 
concentration of the working fluid are adjusted by 
heating and cooling. A solid adsorbent is 
characterized by a high ratio of internal surface and 
weight and it is able to attract moisture due to 
superficial electric field. The behaviour of a solid 
adsorbent depends on its total surface area, total 
volume and pore diameter [8]. A larger total 
surface area gives a higher adsorption capacity at 
low relative humidity and a higher capillarity 
provides greater capacity at high relative humidity. 
Although the solid adsorbents have lower capacity 
of water vapour retention than liquid absorbents, 
they have the advantage that they adsorb moisture 
even when they are hot and they can be made with 
high accuracy of pore diameter which allows their 
use even for retention of contaminants in flue gas 
[8]. The most commonly used adsorbents are silica 
gel, natural and synthetic zeolites, synthetic 
polymers, activated alumina and activated carbon. 
The lifetime of liquid absorbents used in open 
cycle systems and solid adsorbents depends on the 
amount and type of contaminants in flue gas. 
Liquid absorbents may react chemically with the 
contaminants and solid adsorbents are susceptible 
to clogging of pores [8]. 
 
2. HEAT RECOVERY SYSTEMS WITH 

ABSORPTION AND ADSORPTION 
HEAT PUMPS 
The scheme of an absorption heat pump is 

shown in Figure 2. The thermochemical 
compression of working agent is carried out in a 
system comprising the absorber, circulation pump 
of diluted solution, heat exchanger, lamination 
valve and vapour generator which uses a heat 
source. Concentrated solution formed in absorber 
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by dissolving of cold vapour formed in evaporator 
is pumped into the generator through the heat 
exchanger. The concentrated solution boils in 
generator due to heat input. The resulting vapour, 
having the concentration of working fluid equals to 
the unit, flows to the condenser, and the diluted 
solution collected in generator flows to absorber 
passing through the lamination valve and thus 
closes the circuit that acts as a compressor to raise 
the vapour pressure of working fluid from the 
corresponding value of proper formation in 
evaporator to that corresponding to condensation. 
 

 
Fig. 2. Absorption heat pump. 

 
Systems with open cycle absorption heat pumps 

usually include only absorber, vapour generator 
and condenser. In the absorber, the flue gas comes 
into contact with the absorbent solution, the water 
vapour being absorbed by the solution and so the 
flue gas is dried, cooled and cleaned from 
particulate matter. The diluted solution formed is 
pumped into the generator where, by heating, 
water vapour is separated from the solution. The 
concentrated solution is transported back to the 
absorber, and the vapour is sent to the condenser 
where it transfers the latent heat to the boiler return 
water. 

In a system which combines absorption heat 
pump with direct-contact heat exchanger, the 
cooled water ( 20°C) in evaporator is pumped into 
the heat exchanger with direct contact to cool the 
flue gas below the dew temperature taking the 
physical and latent heat and then transfers it to 
evaporator. About 70% of the water vapour is 
condensed, which means that almost all the 
condensation latent heat is recovered [11]. Boiler 
return water is heated in the heat pump receiving 
the heat generated by fuel combustion to drive the 
heat pump and also the heat recovered from the 
exhaust gas from boiler and heat pump. Since the 
cooling water becomes acidic after an operation 

period, it requires treatment by using alkaline 
material, and in addition, the heat exchanger 
should be made of stainless steel [11]. 

The heat recovery systems by adsorption use an 
adsorbent material in the form of a rotating disc 
disposed on the combustion gas passage so that it 
is successively passed through by the flue gas in 
both directions. The upper part of the rotor adsorbs 
water vapour in flue gas which condenses and 
gives up latent heat to the adsorbent material. The 
adsorbent then rotates and comes into contact with 
the hot gas flowing through the lower channel. 
After the heating, the water evaporation occurs 
from the adsorbent and thus the adsorbent is 
regenerated before coming back into contact with 
the flue gas with high moisture content. After 
passing through the rotor, the flue gas with high 
moisture content enters a heat exchanger where it 
transfers sensible and latent heat to boiler return 
water. 

When the flue gas contains sulphur compounds, 
the capacity of water vapour absorption of 
absorbent solutions or adsorbents decreases in time 
[8]. Chemical treatment of the condensate coming 
from the flue gas involves an annual cost of about 
6% of the capital cost [5]. There are many studies 
on the use of heat pumps for boiler heat recovery 
[1], [2], [4], [5], [8], [9], [10], [11], [12], [13], [14] 
and [18]. 

Hebenstreit B. et al. [9] studied the integration 
of electric driven heat pumps with wood chip and 
wood pellets boilers. The results showed a 
decrease in operating costs between 2% and 13%, 
increase in energy efficiency of (3-21)% and a 
payback time of 2-12 years. 

Qing Qu et al. [4] studied the use of absorption 
heat pumps to recover heat from a natural gas 
boiler. The studied heat pumps have been driven 
by the boiler exhaust gas, hot water produced by 
boiler or natural gas. The results have shown an 
improvements by (5–10)% of boiler efficiency The 
hot water-driven system and the direct-fired system 
achieved the best performance with a 10% 
improvement in boiler thermal efficiency. The 
exhaust gas-driven system provided modest 
efficiency improvements, but it can be added to 
existing boilers and has a relatively quick payback 
of 1.7 years. The hot water-driven system was 
predicted to have a faster payback and the direct-
fired system has the potential for increasing overall 
system capacity and it has the longest payback 
period. 

Kan Zhu [11] combined a natural gas boiler of 
20t with an absorption heat pump and a direct-
contact heat exchanger. The total heat capacity has 
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improved by 12% due to the flue gas cooling 
below 30°C. The absorption heat pump cost 
represents over 70% of the initial cost and the 
payback period is 3850 h. 

Experiments performed by Lars Westerlund et 
al. [14] on a biomass fired boiler supplied with an 
open absorption system have shown a reduction of 
particles in the flue gas by (33–44)% compared to 
the ordinary system and the in same time an 
increased heat production by 40% (when fired with 
wet biofuels).  

Maolin et al. [2] performed a study of using an 
open-cycle absorption heat pump for recovering 
heat from a gas boiler. They found that the 
modelled system has the highest efficiency (15%) 
compared with the systems with electric 
compression heat pump and absorption heat pump.   
 
3. TECHNO-ECONOMIC ANALYSIS OF 

HAT PUMP BASED SYSTEMS TO 
RECOVER HEAT FROM A 2000 kW 
HEATING BOILER 

 
Choosing the waste heat recovery system from 

a boiler must be based on a techno-economic 
study. Below is presented the study for a 2000 kW 
natural gas boiler [19]. The considered heat 
recovery systems use electric compression heat 
pump and hot water-driven absorption heat pump. 
The boiler characteristics are given in Table I.  
 

Table I 
 Operation data of the heating boiler [19]. 

Parameter Value 
Natural gas flow rate 0.0641 Nm3/s 
Combustion air flow rate 0.65 Nm3/s 
Air fan power 4.5 kW 
Feed water pump power 10 kW 
Water pressure 4 bar 
Hot water temperature 95°C 
Return water temperature 65°C 
Excess air  1.15 
Flue gas temperature 140°C 
Number of hours of operation 2186 h 

 
The model for the integrated electric 

compression heat pump with boiler for waste heat 
recovery (HREHP) was developed in paper [19]. 
The absorption heat pump was modelled with 
SorpSim, a design software for absorption systems 
developed based on ABSIM by the Oak Ridge 
National Laboratory [18]. The characteristics and 
performance of a single-stage absorption heat 
pump using LiBr-H2O as working fluid have been 
established through a series of simulations using 
the SorpSim. The inputs of the hot water-driven 

absorption heat pump model include the 
temperature and flow rate of hot water and return 
water, the chilled water supply from the evaporator 
(22°C/29°C, 6 kg/s), the quality of refrigerant 
coming from the generator and evaporator and the 
temperature and flow rate of exhaust gas to be 
cooled. The heat recovery system with hot water-
driven absorption pump (HRAHP) is shown in Fig. 
3. The performance and characteristics of both heat 
recovery systems are given in Table II and Table 
III.  
 

 
Fig. 3. Scheme of the system with hot water-driven absorption 

heat pump. 
 

Table II 
Performance of heat recovery systems. 

System 
Required 
capacity 

(kW) 

Heat 
recovered 

(kW) 

Heat 
provided 

(kW) 

Heat 
input 
(kW) 

Overall 
eff. 
(%) 

Electr.
input 
(kW)

HREHP 308 307.72 2000 2194 91.16 66.5 
HRAHP 206 294.86 1800 2000 90 16.3 

 
Table III 

 Characteristics of HRAHP system. 

Component 
Overall heat 

transfer coeff. 
(W/m2·°C) 

LMTD 
(°C) 

Heat transfer 
(kW) 

Hex1 50 28.07 89.74 
Hex1 60 23.21 205.12 

 
The annual operation cost of heating boiler 

combined with heat recovery system is: 
 

eCO
OMCI

elftot ZZZZCCC
2

  [€/year]   (1) 
 
where: fC  - cost of fuel: BcC ff ;  
 cf – cost per unit of fuel (31 €/MWh 
natural gas); B – fuel consumption (kg); 
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elC  - cost associated with electric power 
consumption (83 €/MWh); 

CIZ  - cost associated with capital investment 
(boiler, heat pump, heat exchangers) recovery: 

i

i
p

CI CRF Z  Z  (2) 

i
pZ  – purchase cost of component i, [€] (Table 

IV); CRF – annual capital recovery factor (CRF = 
18.2% [20]); 

OMZ - cost associated with operation and 
maintenance of heating plant [€]; 

2COZ - cost related to CO2 emission according 
to the proposal for the new Energy Taxation 
Directive to introduce a single minimum rate for 
CO2 emissions (20 €/t CO2) [21].  

 
Table IV 

Capital and O&M costs. 
Component Cost Source

Natural gas boiler 
2000 kW 13000 €  

Electric heat pump 

(66-310) €/kW [22] 
(200-1150) €/kW [23] 
(400-800) €/kW 

(including pipes, construction, 
electrical system) 

[24] 

Absorption heat 
pump 

400 €/kW [4] 
(330–830) €/kW [1] 

266 €/kW 
(Gas Absorption Heat Pumps) [25] 

(350-400) €/kW [24] 

Heat exchangers 

AC 310190  [€] 
A - heat exchange area (m2) 

[26] 

(stainless steel) 
85.04098500 AC  

A - total tube outside heat transfer 
surface area (m2) 

[27] 

cAbC [€] 
b = 342.6 €/m2 (carbon steel); b = 

1284.65 €/m2 (stainless steel); 
c=0.65 

[28] 

Chemical treatment 
of condensate 0.45 €/m3

 [6] 

Maintenance 

6% of total capital cost/year 
(electric heat pump) [6] 

O&M=5% of total capital 
cost/year 

(absorption heat pump) 
[24] 

 
The overall efficiency increases from 87.5% 

(base case) to 91.16% by using the electric heat 
pump and to 90% by using absorption heat pump. 
The results of thermo-economic analysis are shown 
in Table V. The total annual cost is affected by the 
costs of electricity and natural gas and the payback 
period depends greatly on the number of operation 

hours. For 2186 operation hours the payback 
period is 6.82 years for the HREHP system and 
2.39 years for the HRAHP system. The payback 
period decreases to 3.27 years and 1.37 years 
respectively if the number of operation hours 
increases to 4560. The lowest electricity cost is for 
the HRAHP system and the lowest fuel cost is for 
the HREHP system. The HREHP system has the 
highest total annual cost due to the electricity cost 
and capital cost, but it has the lowest greenhouse 
emission. 

 
CONCLUSIONS 
 

The use of heat pumps for heat recovery from 
heating boilers represents a viable technology to 
improve the boiler efficiency, economic and 
environmental performance. The most efficient 
heat pump based heat recovery technology uses 
absorption heat pump and direct-contact heat 
exchangers. The techno-economic analysis of two 
heat recovery systems integrated with a 2000 kW 
heating boiler (electric heat pump and absorption 
heat pump) has shown that the electric heat pump 
system has a higher electricity cost and capital cost 
which leads to a higher total annual cost. The 
payback period of the electric heat pump system is 
over 2 times higher than that of the absorption heat 
pump system. The advantage of electric heat pump 
system consists in the lower greenhouse gas 
emission due to lower fuel consumption.   
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