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Abstract  
  

The use of environmental or waste heat with heat pumps, open absorption cycles or sorption heat pumps is an option 

for low carbon or high efficiency heat supply for industrial use. For one of the mentioned technologies to experience 

wide spread application it must offer economic advantages compared to other technologies. The evaluation of the 

economic viability is strongly dependent on boundary conditions, especially the cost of gas and electricity. 

The scope of this work is to introduce a new methodology, the specific annuity difference method. The developed 

methodology can improve on the one hand the comparison of different heat recovery technologies based solely on 

their cost and coefficient of performance (COP) and, on the other hand, allows for companies and researchers to 

identify if investment cost or efficiency improvement is more important to grant economic viability given a specific 

gas and electricity price. Additionally the maximum amount of heat that can potentially be recovered from the flue 

gas of gas boilers and gas turbines using an active condensing technology is compared for different COPs, temperature 

differences between cooled gas and heated water and different return temperatures, in order to quantify potential 

efficiency improvements for both technologies. 
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1. Introduction 

Due to the many parameters influencing energetic and 

economic feasibility of condensing technologies, it is a 

complex task to adequately compare different technologies, 

which allow for flue gas condensation. [1] analyzes flue gas 

condensation in industrial applications, heat pumps are 

mentioned as feasible but costly option for recovery of latent 

heat at higher return temperatures and investment decision of 

conventional condensing technology is said to be case-

dependent. A net present value analysis is used to evaluate 

between carbon and stainless steel condensers. The use of 

heat recovery technologies is many times evaluated through 

techno-economic case studies, examples are e.g. [2-5]. If 

case studies take into account variable parameters such as 

carbon emission cost, electricity or fuel cost, it is done to find 

an economically feasible application or consider a certain 

risk, but not to account for changing boundary conditions in 

all dimensions, as this would require a variation of all the 

costs and values relating to the case. Technology evaluation 

and comparison limited to specific applications are certainly 

of interest as detailed questions of application are 

investigated, yet their significance and validity, especially 

regarding economic decisions, might be limited to the 

specific case and very similar boundary conditions. In a 

world of ever changing economic and political environment, 

a wrong assumption concerning gas and electricity price 

development or failure to anticipate political decisions, such 

as carbon emission trading and taxation, may diminish the 

relevance of research work, even before publication.  

To address this topic a methodology has been 

developed, which allows comparing different 

technologies for flue gas condensation and heat pump 

usage in general. The approach itself can be altered and 

used for the evaluation of different technologies. It is 

intended for site operator and owner, which seek to 

decide which technology to apply in their specific 

system, as well as for technology developers and 

researchers to make well-founded decisions regarding 

technology development. All the values and ranges for 

which variations are made are intended to represent a 

broad range of relevant data sets, allowing the majority 

of cases to be covered without recalculation effort. 

 

2. Methodology 

The topic of the application of flue gas condensation 

and heat pump usage in general must be divided in two 

parts, which are not completely, yet with regard to 

important decision making criteria, independent. These two 

aspects are firstly the potential for flue gas condensation or 

heat reservoir usage, and secondly, the economic viability 

of a solution. 

 

2.1 Flue gas potential 

The potential of flue gas condensation for natural gas 

application depends mostly on the air ratio of combustion, 

which is technology specific, and temperature levels of flue 

gas and process water. In this work flue gas potential of 

natural gas technologies in general is considered. All 

calculations are performed under the assumption of existing 

technology, which may be upgraded with an active flue gas 

condensation system. Since the temperature level of heat 

during natural gas combustion is high, it is assumed that flue 

gas condensation is used to preheat the return flow before 
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using the existing heat exchanger to heat the water up to 

process temperature.  

For the calculations a model system, represented in 

Figure 1, is used. The fuel input is one MW higher heating 

value (HHV) of pure Methane, no losses other than exhaust 

losses are considered. Fuel and air are supplied at ISO 2533 

conditions at 1.01325 bar and 15 °C, the composition is 

given in Table 1. 

 

 
Figure 1. Model system for flue gas potential evaluation. 

 

Table 1. Composition of combustion air. 
compound N2 O2 Ar CO2 
mass fraction, % 75.53 23.14 1.29 0.04 

 

2.2 Flue Gas Potential 

Methane and air are mixed and burned in a combustion 

chamber. Air is supplied at 1.15 times and four times the 

stoichiometric ratio. These are typical air ratios of two of the 

prevalent natural gas technologies, boiler and gas turbine. To 

account for energy extracted from the exhaust gases in order 

to generate electricity in the case of the gas turbine, a heat 

loss of 350 kW after the combustion chamber is introduced 

in all cases with an air ratio λ of four. In the industry, there 

are many different heat exchanger design configurations and 

temperature differences regarding the heat consumer. To 

estimate the actual design of (non condensing) heat 

exchangers, the approach temperature between flue gas 

exiting and process water entering the heat exchanger ΔThex 

is set to 20 K. A closer approach leads to higher equipment 

cost and pressure drop, while improving possible heat 

recovery from the flue gas. A greater approach temperature 

has the opposite effect. 

 

𝛥𝑇ℎ𝑒𝑥 = 𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡 − 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡   (1)  

 

For the temperature difference between return 

temperature and flow temperature, ΔTcons, two cases, 20 K 

and 40 K, are considered, as these are typical design 

temperature differences of heating networks. Comparing 

results from these two cases enables a quantification of the 

heating networks design temperature difference influence on 

heat recovery potential. 

 

𝛥𝑇𝑐𝑜𝑛𝑠 = 𝑇𝑓𝑙𝑜𝑤 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛  (2) 

 

Active flue gas condensation is represented as a heat loss 

�̇�𝑎ℎ𝑐 in the flue gas after the heat exchanger and as heat 

added to the water stream before entering the heat exchanger. 

The use of an active condensing system implies that 

additional heat enters the process fluid due to work 

performed in the active component (e.g. heat pump). This 

heat �̇�𝐶𝑂𝑃  is calculated as given in (3). 

 

�̇�𝐶𝑂𝑃 = 
�̇�𝑎ℎ𝑐

𝐶𝑂𝑃−1
  (3) 

 

The calculation of flue gas potential is performed in 

EBSILON®Professional (EBSILON) and consists of two 

steps and an iteration as represented by the flow chart in 

Figure 2. 

 
Figure 2. Flow chart of flue gas potential calculation 

 

 First a design calculation of the heat exchanger is 

performed. The heat exchanger area is adjusted while flue 

gas exit and heat consumer return temperature are set to the 

desired values and water mass flow is adjusted in a way, such 

that the desired flow temperature, 20 K or 40 K above the 

return temperature, is reached.  

In a second step, a part load calculation is performed to 

simulate an existing system being upgraded via active flue 

gas condenser technology. To represent the different 

possible configurations different external temperature 

differences ΔText between preheated water and cooled flue 

gas, ranging from 10 K to 80 K, are assumed. The external 

temperature difference is defined as  

 

𝛥𝑇𝑒𝑥𝑡 = 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑒𝑑 .  (4) 

 

The heat flow �̇�𝑡𝑜𝑡𝑎𝑙 resulting from heat transfer from 

flue gas during cooling to water during preheating adjusted 

by a factor to account for energy added due to the power 

supplied to the active condensing technology, is added to the 

water previous to it entering the heat exchanger.

 ̇   

 ̇   

𝑇      

 �̇�return

𝑇    

𝑇preheat

�̇�preheat

𝑇exhaust 𝑇cooled

�̇�ahc

�̇�COP

�̇�turbine

1. Heat exchanger (hex) design calculation

without active heating condenser

Treturn, Tflow,  ̇ 𝑎𝑠and λ according to table 2 

Texhaust = Tpreheat - ΔThex

Tpreheat = Treturn

2. Part load calculation with fixed hex design

ΔText according to table 2

Tcooled = Tpreheat - ΔText

�̇�𝑎ℎ𝑐 = (Texhaust - Tcooled )  ̇flue gas cp,flue gas

�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑎ℎ𝑐

   

   −  

Tpreheat= Treturn + 
�̇�   𝑎 

 ̇ 𝑎       𝑤𝑎𝑡𝑒𝑟

Texhaust = f(hex design, Tpreheat)

�̇�𝑎ℎ𝑐 = (Texhaust - Tcooled )  ̇𝑓𝑙𝑢𝑒  𝑎𝑠 cp,flue gas

 �̇�𝑝𝑟𝑒ℎ𝑒𝑎𝑡  − �̇�𝑟𝑒𝑡𝑢𝑟𝑛 − �̇�𝑎ℎ𝑐  
   

   −  
      

yes

no

flue gas potential identified as �̇�𝑎ℎ𝑐
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�̇�𝑡𝑜𝑡𝑎𝑙 = �̇�𝑎ℎ𝑐  
𝐶𝑂𝑃

𝐶𝑂𝑃−1
= �̇�𝑎ℎ𝑐 + �̇�𝐶𝑂𝑃   (5) 

 

This affects the water temperature after preheating, 

resulting in a higher 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡  and, according to (1) to a lower 

𝑇𝑒𝑥ℎ𝑎𝑢𝑠𝑡. Therefore, �̇�𝑎ℎ𝑐 changes and (5) is used to calculate 

a new �̇�𝑡𝑜𝑡𝑎𝑙 resulting in a new  𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡 . This calculation is 

repeated until the difference between the corrected heat taken 

from the flue gas �̇�𝑡𝑜𝑡𝑎𝑙  and the heat flow difference between 

return flow and preheated flow are small according to (6).  

 

| �̇�𝑝𝑟𝑒ℎ𝑒𝑎𝑡 − �̇�𝑟𝑒𝑡𝑢𝑟𝑛 − �̇�𝑎ℎ𝑐  
𝐶𝑂𝑃

𝐶𝑂𝑃−1
|         (6) 

 

To investigate part load performance, EBSILON specific 

part load calculation of heat transfer for once-through heat 

exchanger is used. Water mass flow in part load is adjusted 

to meet the specific predefined temperature difference 

between return and flow temperature. In the calculation 

rising pressure losses due to rising mass flow are not taken 

into account, but must be kept in mind as they represent an 

important limitation of existing systems. For the process 

water, a constant pressure of 15 bar is assumed. Assumptions 

and ranges of the parameter variations made for the 

evaluation of heat recovery potential and simulation are 

listed in Table 2. 

 

Table 2. Assumptions and variation ranges for flue gas 

potential evaluation. 

 

2.3 Economic Viability 

In the discussion regarding active flue gas condensation 

and ambient heat use, it is important to note, that an 

economically viable application does not primarily depend 

on potential and temperature levels, but on cost and 

performance of the heat pump technology in comparison to 

other solutions. Cost includes four different parameters. 

Investment in the heat pump technology and the cost of an 

alternative technology (typically a gas boiler), maintenance 

spending and the fuel prices for both (gas for the alternative 

gas boiler) as well as the cost of the energy used to power the 

heat pump system (usually gas or electricity). All those 

parameters are influenced by inflation, interest rates and 

changes in the energy market. On the operating and 

thermodynamic side, full load hours and COP of the system 

are the most important aspects. Of course, temperature 

differences, resulting potentials and technology choices 

influence the cost and therefore the economic viability. Yet 

the most important aspects can be considered, regarding only 

economic parameters. 

To consider as many of the parameters at once a novel 

approach based on the specific annuity difference is chosen. 

The annuity [6] combines the variables investment cost, 

interest rate, depreciation period and inflation with 

maintenance spending to a single value which is usually 

given in € a-1. The annuity difference Δa is the difference 

between the annuities of the active condensing system aahc 

and an alternative benchmark system abench (e.g. a 

gas heater). If the installation of an alternative system is 

compulsory for e.g. back up heating or peak loads, the 

second part of equation (7) is zero and the annuity difference 

equals the active condensing technologies annuity.  

 

𝛥𝑎 = 𝑎𝑎ℎ𝑐 − 𝑎𝑏𝑒𝑛𝑐ℎ  (7) 

 

Dividing the annuity difference by the expected yearly 

full load hours flh results in the specific annuity difference 

Δaspec in units of € MW-1 h -1. 

 

Δ𝑎𝑠𝑝𝑒𝑐 =
𝛥𝑎

𝑓𝑙ℎ
  (8) 

 

Since the assumption of fixed energy prices does not 

represent the actual market situation and does not represent 

the risk of losing an investment due to changes in cost or 

politics, a variation of energy costs is performed. The 

assumed electricity costs are listed in Table 3, based on the 

range of European industry prices for electricity [7]. In the 

case of gas not only the price on the international markets 

and additional spending due to energy taxes are important. 

Because of European CO2-emission trading and taxation in 

individual countries the cost of carbon dioxide emissions can 

add substantially to the total cost of gas consumption. 

Whereas the energy and emission taxes on gas are more or 

less stable in most countries even though they depend on 

politics, emission trading can potentially lead to varying 

costs within very short periods. 

To raise awareness for this issue and allow results to be 

applicable in countries with different energy and carbon 

dioxide emission taxation, a combined gas price ccgas as 

defined in (9) has been defined. The cgas price is calculated 

as the sum of the gas price cgas including energy or other 

taxes with the cost of emitting carbon dioxide cCO2 multiplied 

by the emission factor ε. This factor is here set to 0.181 

tons MWhHHV
-1 since in this example pure methane is 

considered. This is close to the emissions caused by burning 

of natural gas with high methane content such as e.g. Russian 

H-gas. 

 

𝑐𝑐 𝑎𝑠 = 𝑐 𝑎𝑠 + ε 𝑐𝐶𝑂2  (9) 

 

Energy to power the benchmark technology 𝑐𝑒𝑛𝑒𝑟 𝑦,𝑏𝑒𝑛𝑐ℎ 

is assumed to be supplied by gas and is calculated according 

to (10) with an assumed HHV-efficiency η of 0.8. 

 

𝑐𝑒𝑛𝑒𝑟 𝑦,𝑏𝑒𝑛𝑐ℎ =
𝑐𝑐𝑔𝑎𝑠

𝜂
  (10) 

 

To evaluate the active condensing technology it is 

necessary to take into account COP and electricity price per 

MWh celec, such that 𝑐𝑒𝑛𝑒𝑟 𝑦,𝑎ℎ𝑐  is the cost of electricity to 

produce one MWh of heat.  

 

𝑐𝑒𝑛𝑒𝑟 𝑦,𝑎ℎ𝑐 =
𝑐   𝑐

𝐶𝑂𝑃
  (11) 

 

If the system is powered by gas, the formulation 

 

𝑐𝑒𝑛𝑒𝑟 𝑦,𝑎ℎ𝑐 =
𝑐𝑐𝑔𝑎𝑠

𝐶𝑂𝑃
,  (12) 

 

results. 

To assess the economic performance of different 

technologies independent of  technological  aspects  (apart 

Variable Name Range Unit 

return temperature Tret 60 - 140 °C 
temperature difference over 

consumer 

ΔTcons 20; 40 K 

external temperature difference of 
active condensing technology 

ΔText 10 - 80 K 

coefficient of performance (COP) COP 1.5 - 99 - 

Temperature difference, gas outlet, 
water inlet of heat exchanger 

ΔThex 20 K 

Air ratio λ 1.15; 4 - 
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from the COP) a formulation (13) is developed. It represents 

the cost difference Δ  per hour and MWinstalled capacity between 

the considered technology and the benchmark and consists 

of the specific annuity difference and the difference in 

energy cost for using both technologies. 

 

𝛥𝑐 = 𝛥𝑎𝑠𝑝𝑒𝑐 + 𝑐𝑒𝑛𝑒𝑟 𝑦,𝑎ℎ𝑐 − 𝑐𝑒𝑛𝑒𝑟 𝑦,𝑏𝑒𝑛𝑐ℎ  (13) 

 

Setting the difference 𝛥𝑐 to zero and reformulating to 

give an expression for ccgas, (14) for an active condensing 

technology powered by electricity and (15) for one powered 

by gas is achieved.  

 

𝑐𝑐 𝑎𝑠 = 𝜂 (Δ𝑎𝑠𝑝𝑒𝑐 + 
𝑐   𝑐

𝐶𝑂𝑃
)  (14) 

 

𝑐𝑐 𝑎𝑠 =
Δ𝑎𝑠𝑝 𝑐

𝜂−1−𝐶𝑂𝑃−1   (15) 

 

If solved for a variety of electricity prices, the result is 

the cgas price, at which cost competitiveness between the 

active condensing technology and the benchmark, depending 

on COP and specific annuity difference, is reached. The 

ranges in which the parameters for the economic evaluation 

are varied and their assumed values are summarized in 

Table 3. 

 

Table 3. Assumptions and ranges for the evaluation of 

economic viability. 

 

3. Results and Discussion 

Results from potential analysis and economic evaluation 

are discussed separately, as one does not directly influence 

the other. 

 

3.1 Flue gas potential 

Heat recovery potential from the flue gas depending on 

return temperature and external temperature lift of the active 

condensing system for a gas heater (λ = 1.15) and a 

temperature difference between flow and return temperature 

of 20 K has been calculated. In order to quantify the 

influence of COP and resulting heat �̇�𝐶𝑂𝑃 on the heat 

recovery potential, four cases are considered. A COP of 1.5 

and two, as extreme cases in which the amount of �̇�𝐶𝑂𝑃 is 

relatively high, seven as an optimistic upper boundary and 

99 in the case of which the influence of �̇�𝐶𝑂𝑃 is negligible, 

are considered. The results are visualized in Figure 3. A COP 

of 99 is not achievable for the here assumed temperatures 

and temperature differences. As the theoretical maximum for 

the COP is the inverse of the Carnot efficiency, also a part of 

the results for a COP of seven will not be reached with the 

proposed temperature differences of up to 80 K. The 

theoretical limit is marked in graph (c) with the dotted line, 

the area above which cannot be reached. In real-life 

applications flue gas would not be cooled to the point 

assumed here for low return temperatures and high external 

temperature differences, due to chimney draft and 

availability of environmental heat at higher temperatures. 

The COP’s influence on general flue gas potential is little 

for all four cases. Maximum potential is about 

160 kWheat MWCH4,HHV
-1 at minimal Tret and maximal ΔText. 

Minimal potential is reached at high Tret and low ΔText and is 

about 12.7 kWheat MWCH4,HHV
-1 for the four considered COP 

cases. The difference in flue gas potential is based on the 

greater amount of preheating at lower COP values, as those 

represent higher amounts of heat added during the preheating 

due to �̇�𝐶𝑂𝑃. 
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Figure 3. Flue gas potential in kW, 1MWHHV gas input, 

λ=1.15. COP of 99 not a hievable due to thermodynami s  

COP of seven only partly possible. 

To visualize the influence of the COP, Figure 4 has been 

derived. It displays the difference in flue gas potential 

between the cases of COP 1.5 and 99. Flue gas potential is 

higher the higher the COP of the system. The differences at 

low return temperatures and high external temperature lifts 

as well as for high return temperatures and low external 

temperature lifts are smaller than  1 % of total potential in 

the case of COP = 99. The greatest differences are reached 

in an area from Tret = 60 °C and ΔText = 10 K to Tret = 130 °C 

and ΔText = 80 K.  
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Figure 4. Difference in flue gas potential between a COP of 

1.5 and 99 for ΔT ons=20K  λ=1.15. 

The gradient is greater in the direction from the maximal 

differences to higher temperatures and lower temperature 

differences, as the potential differences below the diagonal 

fall rapidly  to  nearly  zero. Above  the  diagonal a  smaller 

Variable Name Range Unit 

Specific annuity difference Δaspec 0 - 60 € MW-1 h-1 
Cost of electricity celec 40; 80; 120; 160 € MWh-1 

Natural gas cost ccgas 30 - 60 € MWh-1 

CO2 tax/trading cost ccarbon 0 - 125  € ton-1 
Coefficient of performance COP 1 - 7 - 
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gradient is reached, differences of 1 % are only reached for 

ΔText > 63 K and Tret < 77 °C. The inverse occurs for the 

second area of greater differences, starting at Tret = 60 °C and 

ΔText = 65 K to Tret = 75 °C and ΔText = 80 K. The differences 

in gradients and the position of the greatest differences in 

potential are due to the beginning of the phase change of 

water in the flue gas.  

The greater differences at lower flue gas temperatures 

result from the heat of solidification and those at higher flue 

gas temperatures from the heat of condensation. With lower 

COP, the greater amount of added heat leads to a slightly 

lower cooling of the flue gas. Therefore, in the area of 

greatest differences, a phase change of the water in the flue 

gas can no longer be achieved, as the lowest flue gas 

temperature depends on the temperature of the preheated 

return flow. Results for the comparison of difference in 

potentially recoverable heat between the cases with a COP 

of two and seven are similar, with maximum differences of 

9.4%. These results show that in the case of flue gas 

condensation the influence of the COP on recoverable heat 

cannot be neglected if only little flue gas condensation is 

achieved at the design point. If no condensation or high 

condensation is achieved the influence of the COP on flue 

gas potential is small. As the results for 𝛥𝑇𝑐𝑜𝑛𝑠 = 40 K are 

similar they are not displayed.  

In Figure 5, calculated flue gas potential for boiler (on the 

left) and gas turbine (on the right) with a COP of two are 

displayed. The results in the first row (e and f) are achieved 

with ΔTcons = 20 K and in the second row (g and h) with 

ΔTcons = 40 K. The results for the other COPs are not shown 

due to little variation in overall potential as demonstrated 

before. 
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Figure 5. Flue gas  otential in kW for a COP of 2  λ=1.15  

λ=4 and ΔT ons =20 K  ΔT ons = 40 K. 

Considering the case of λ = 1.15 the potential for 

ΔTcons= 20 K and 40 K varies only slightly and is a little 

lower for the latter. This is due to elevated temperatures 

resulting from a lower water mass flow because of the higher 

temperature difference at nearly the same energy uptake. The 

same is valid for the cases with λ = 4. As the flow 

temperature in the case of ΔTcons =40 K is significantly higher 

than at ΔTcons = 20 K, this results in the possibility to apply 

active flue gas condensation even if flow temperatures are 

high, as with this configuration the flue gas potential depends 

almost completely on return temperature and external 

temperature lift. Preheating the return flow with an active 

condensing system opens up greater flue gas potential than 

completely heating up a bypass stream (at equal ΔText) and 

allows for better utilisation of the exergy of natural gas, since 

heat is transferred at lower temperature differences.  

The comparison of left and right side of Figure 5 allows 

the evaluation of the influence of a greater air to fuel ratio on 

flue gas potential. 

Firstly the condensation, visible through the change of 

gradients of flue gas potential in the figure, shifts to higher 

external temperature differences and lower return 

temperatures at λ = 4. This is due to a lower water content of 

the flue gas, shifting the dew point to lower temperatures. 

Secondly, the available heat is up to three times greater for 

gas turbines (GT). To compare the differences between cases 

(e) and (f) the ratio between flue gas potential in the case of 

λ = 4 and in the case of λ = 1.15 is plotted in Figure 6. 

60 80 100 120 140

10

20

30

40

50

60

70

80

1,0

1,5

2,0

2,5

3,0

1,5

1,5

1,5

return tempearture in °C

e
x
te

rn
a
l 
te

m
p
e
ra

tu
re

 d
if
fe

re
n
c
e
 i
n
 K

0,5

1,0

1,5

2,0

2,5

3,0

flue gas potential

GT/boiler

 

Figure 6. Ratio of flue gas  otential between GT (λ = 4) and 

boiler (λ = 1.15) for COP=2  ΔT ons=20K. 

The boiler has a higher potential than the GT in the area 

of a potential ratio smaller than one. As flue gas 

condensation for the lower air to fuel ratio starts at higher 

temperatures and lower temperature differences, the 

difference between the flue gas potential becomes smaller as 

flue gas condensation starts in the case of the boiler and does 

not take place for higher air to fuel ratios. Therefore, at small 

temperature differences and low return temperatures the 

amount of available heat is higher in case of the boiler than 

in case of the gas turbine. This is due to latent heat recovered 

in the boiler outweighing the sensible heat recovered in the 

case of the GT. As soon as flue gas condensation starts in the 

GT’s flue gas, the greater amount of sensible heat combined 

with the now available latent heat lead to a higher gradient 

of availability of heat in the case of higher air to fuel ratios. 

This leads to the GT’s flue gas potential at maximal flue gas 

condensation being about 1.6 times higher in both cases. 

 

3.2 Economic viability 

Calculation of the combined gas price results in Figure 7, 

showing the linear dependency from (9). Relevant areas are 

marked in the graph. These are based on the carbon price 

resulting from taxes and emission trading [8], [9] and 

inflation adjusted historic natural gas price between 

5.53 $ MWh-1 in March 2016 and 62.78 $ MWh-1 in 

September 2015 [10] with no taxation and planned taxation 
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of 31.8€ MWh-1 in Germany [11] as an example. It must be 

kept in mind, that political changes and market mechanisms 

in emission trading and the gas market can lead to quick 

changes of the situation in a specific country. 

The results from (14) for the values and ranges specified 

in Table 3 are plotted in Figure 8. If changing operating 

points are considered, COP must be substituted with seasonal 

energy efficiency Ratio (SEER) to calculate economic 

effects on the overall performance.  
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Figure 7. Linear de enden y between  gas  ri e in € 

MWhHHV
-1 and natural gas price, carbon price, historical, 

current and future taxes and prices indicated. 
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Figure 8. Combined gas  ri e results in € MWhHHV -1 for 

parity between heat production via boiler and active heat 

recovery system for different electricity prices (40, 80, 120 

and 160 € MWh-1) at boiler efficiency (HHV) 0.8. 

Limiting the evaluation to the relevant ccgas,limit,elec derived 

from Figure 6, the relevant range for the specific annuity 

difference is chosen to be from zero, e.g. funded by research 

projects, to 100 € MW-1 h-1, at which a ccgas of more than 80 € 

MWhHHV
-1 would be necessary to achieve cost parity. The 

results show the asymptotic behaviour of the cost parity 

contours. The influence of the COP is greater at low COPs 

and declines for higher COPs. This characteristic is stronger 

for lower electricity costs and lower specific annuity 

differences. For Δaspec of zero at the lowest considered 

electricity price of 40 € MWh-1 a heat pump/heat recovery 

system with a COP of two reaches cost parity when the cgas 

price is as low as 16 € MWhHHV
-1 while at an electricity price 

of 160 € MWh-1 a combined gas price of 64 € MWhHHV
-1 

would be necessary. 

Someone searching to apply a heat pump system can use 

this representation and easily identify the necessary COP and 

the maximum cost of the system for it to be economically 

viable, depending solely on the price the company pays for 

gas and electricity. In addition, this representation allows 

assessing the value of a COP improvement of a heat pump 

system, independent from operating conditions. 

In markets with higher electricity prices, the COP is more 

important for the economic application of the system than in 

markets with lower electricity prices. This influence is 

stronger for lower COPs than for higher ones. On the 

contrary, the influence of the specific annuity difference is 

quite independent of the other parameters. The different 

trends are summarized in Table 4. For a company selling heat 

pump systems, a lower ccgas to achieve cost parity means the 

system can be applied economically in more applications as 

the threshold price of gas is lowered. 

 

Table 4. Influences of COP and electricity price on 

economic viability in different market and technology 

situations. 
Influence 
of 

at low 
COP 

at high 
COP 

at low 
celec 

at high 
celec 

at low 
Δaspec 

at high 
Δaspec 

COP ↑ ↓ ↓ ↑ → → 

celec ↑ ↓ → → ↑ ↑ 
Δaspec → → → → → → 

 

The influence of Δaspec and COP on the ccgas for cost 

parity concerning a gas powered heat pump system is 

depicted in Figure 9.  
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Figure 9.  Combined gas  ri e results in € MWhHHV
-1 for 

price parity between heat production via boiler and active 

heat recovery system powered with gas, at a boiler efficiency 

(HHV) of 0.8. 

 

The contours for parity gas cost with a gas boiler start at 

a COP of 0.8 (not displayed) at Δaspec of zero. This results 

from the choice of a benchmark efficiency of 0.8. The 

contours spread out and become nearly vertical for high 

COPs. For higher Δaspec, the COP influences the allowed ccgas 

stronger than in the case of lower specific annuity 

differences. At low COPs the influence of Δaspec and COP 

are greater than at high COPs. The results show that for gas 

driven systems cost reduction becomes more important than 

improving efficiency as soon as a reasonably high COPs are 
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reached. This effect is stronger the higher Δaspec of the system 

is. 

Earnings from an investment in heat pump or active 

condensing technology can be calculated using Δaspec if the 

cost of gas and electricity are known. Figure 10 displays the 

result of (10), assuming an electricity price of 80 € MWh-1
 

and a combined gas price of 40 € MWhHHV
-1. This 

representation can be used to decide between different 

systems or improve research and development efforts. If e.g. 

a costumer has an offer for two products with different costs 

and COPs, e.g. a COP of 4 and a Δaspec of 30 € MW-1 h-1 for 

system A and a COP of 3 and a Δaspec of 20 € MW-1 h-1 for 

system B, it is not immediately clear which is preferable. 

Using Figure 10 it becomes clear that hourly earnings for 

System A compared to a gas boiler would be 0 € MW-1 h-1 

whereas system B would earn 3.33 € MW-1 h-1, equaling 

10000 € a-1 in the case of 3000 full load hours per year. 

This representation allows customers to choose the heat 

pump system with the greatest financial benefit more easily 

than common approaches and facilitates allocating an 

economic value to higher COPs or lower investment cost. 
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Figure 10.  Earnings  er full load hour in € MW-1 h-1 due to 

the installation of a heat pump system in comparison to a gas 

boiler at a boiler efficiency (HHV) of 0.8. 

 

 For research institutes and companies, it may be relevant 

to decide if research funds should be invested in a reduction 

of product cost or an improvement of COP. In Figure 10, the 

straight horizontal and vertical lines mark different example 

cases. The performance of the current system is marked with 

solid lines. It is assumed that in a hypothetical consumer 

specific use case the specific annuity difference is 

20 € MW-1 h-1 and the COP is 2.67. If the desired additional 

value for the costumer is 5 € MW-1 h-1 this can be realised by 

lowering the specific annuity difference to 15 € MW-1 h-1 

(dot-dash line), by improving the COP to 3.2 (dotted line) or 

a combination of both that lies on the 5 € MW-1 h-1 contour. 

After evaluation which goal, a 25% cost reduction, a COP 

increase by 0.53 points or a partial achievement of both, can 

be achieved with less funds an investment decision can be 

made.  

 Either application, choosing the economic system or 

helping investment decisions, can also be achieved using 

traditional methods such as return on invest or net present 

value. The main advantage of the specific annuity approach 

lies in the easy communication because of the graphic 

representation of various configurations in one figure. 

 

 

4. Conclusions 

The potential for heat recovery from flue gas in natural 

gas systems with high air to fuel ratio such as gas turbines 

and low air to fuel ratio such as flame tube boilers was 

compared, depending on return temperature, COP and 

temperature difference of the active condenser system. In 

addition an analysis of the cost functions with the 

introduction of the specific annuity difference was 

performed. To this end a combined gas price, taking into 

account the gas price as well as carbon emission cost was 

calculated, at which cost parity with a boiler system is given. 

Additionally figures allowing for easy comparison of 

different systems and research decisions regarding cost and 

COP have been derived, resulting in the following 

conclusions: 

1. Active condensation technology as preheating is 

influenced little by flow temperatures if return 

temperature change is small. 

2. The influence of the COP on the recovery of flue 

gas potential can be significant if only little flue gas 

condensation takes place. 

3. The higher flue gas mass flow in the case of gas 

turbines overcompensates the higher condensation 

achievable in boilers for a wide area of temperature 

differences and return temperatures. 

4. Economic viability does not directly depend on flue 

gas potential and temperature level. 

5. The specific annuity difference is suitable to 

compare different technologies based on their cost 

and COP. 

6. The COPs influence on the economic viability is 

inverse to its value and is greater at higher celec. 

7. As the specific annuity difference´s influence on 

economic viability is independent of COP and 

electricity price, it becomes more important at low 

electricity prices and a higher COP. 

8. At relatively low COPs, the specific annuity 

difference of gas powered heat pump systems 

becomes dominant over further COP improvement 

regarding economic viability. 

9. The specific annuity difference is especially 

advantageous because the economic performance 

of different possible choices, especially regarding 

research and development, can be communicated 

easily due to the comparison of various possible 

choices in one figure. 
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Nomenclature 

a annuity of an investment, € 

c cost, € 

𝑄 heat, kWh 

�̇� heat flow, kW 

T temperature, °C, K 

 

Greek symbols 

Δ difference 

ε emission factor, tons CO2 MWhHHV
-1 

η efficiency
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λ air ratio, air mass flow / stoichiometric air mass 

flow  

 

Acronyms, subscripts and superscripts 

ahc active heating condenser 

air air 

bench benchmark technology 

cgas combined gas price, consisting of gas and carbon 

cost and taxes 

CH4 methane 

cons process heat consumer 

cooled cooled flue gas 

COP coefficient of performance 

elec electricity 

ext external, temperature difference between heat sink 

and source 

flow process flow heated to maximum temperature 

gas natural gas 

hex heat exchanger 

HHV higher or gross heating value 

preheat preheated process stream 

return return flow 

turbine heat utilized in turbine 
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