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A B S T R A C T   

This work compares the economic viability of active and passive condensation in a medium-scale 
biomass combustion plant considering the variability of the return temperature and heat demand 
over the year. A typical District Heating plant with a total installed power of 9.5 MWth is 
considered. The economic feasibility is evaluated by means of the Net Present Value (NPV), 
Discounted Payback Period (DPP), and the Modified Internal Rate of Return (MIRR). Compared to 
passive condensation, the NPV of an active condensation plant is 66% higher and reduces the 
primary energy consumption by more than 50%. However, a higher initial investment and a 
higher DPP are calculated. Assuming constant return temperature and average heat demand over 
the year lead to an overestimation of the NPV by more than 110% for an active condensation 
plant and by more than 160% for a passive condensation plant. The NPV, DPP and MIRR are 
strongly impacted by a variation of the return temperature of the network.   

1. Introduction 

Despite their obvious benefit in terms of energy efficiency and their potential benefit on pollutant emissions [1,2], Flue Gas 
Condensers (FGC’s) are still not widely used in biomass combustion plants [1,3]. One of the reasons for this is the corrosion problems 
associated with the condensation of acidic compounds, which leads to high material costs for the FGC compared to a conventional heat 
exchanger [4]. In a previous study, we have shown that considering variable heat demands and return temperatures over the year is 
needed to properly assess profitability of a FGC alone. Considering the variation of these key parameters along the year allows for the 
prediction of a mixed operation of the FGC as a condenser and an economizer, which increases the assessed profitability for the highest 
average return temperatures [1]. 

The addition of a compression Heat Pump (HP) to lower the FGC inlet water temperature can be applied to further improve the 
efficiency and the profitability of the FGCs. Although a HP implies an improvement in the efficiency, it also leads to extra investments 
and higher operational costs. The economic viability of installing a FGC combined with a HP in a combustion plant is not straight-
forward and their return on investment is difficult to predict. 

Previous studies in the literature assume single input for the heat sink temperature and fuel Moisture Content (MC) in their eco-
nomic analysis [5–9]. They also assumed constant heat demands, which is not representative enough to assess the economic viability, 
even to draw general conclusions. 
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In this paper, the economic viability of active and passive condensation applied to a typical biomass-fired District Heating (DH) 
plant is assessed, considering the variation of the process parameters over the year. 

2. Case study: a representative medium-scale biomass-fired District Heating plant 

2.1. Plant description 

The DH plant consists of a biomass boiler with a thermal output of 3.5 MWth and gas boilers with a total thermal output of 6 MWth. 
The biomass boiler is equipped with an economizer. The FGC is located after the Flue Gas Treatment (FGT) and the economizer (Eco). 
In the case of active condensation, the FGC is connected to the evaporator of the HP while directly connected to the DH network when 
no HP is considered (see Fig. 1). 

Actual operating data were retrieved from an existing plant. They were sampled over 1 year every 5 min and then averaged on an 
hourly basis. The DH network provides 22.2 GWh of thermal load among which 81.6% of the thermal load was covered by the biomass 
boiler, and 18.4% by the gas boilers. 

During the high heating season (i.e. October–June), the MC of the fuel varies between 40 and 45 wt %ad (weight percentage, as 
delivered) with an estimated average of 42 wt %ad, while during the low heating season (i.e. June–September), the MC of the fuel is 
relatively constant, oscillating around 30 wt %ad. The return temperatures are plotted as a function of the heat demand in Fig. 2. The 
low heating season and the high heating season are illustrated by red dots and blue dots, respectively. The values are typically higher 
and more spread out during the high heating season. The mean return temperature and its standard deviation are 61 ◦C and 2.65 ◦C 
during the high heating season and fall to 58 ◦C and 1.46 ◦C during the low heating season. For the thermal load, the mean value 
decreases from 3.3 MW to 1.1 MW and the standard deviation drops from 1.3 MW to 0.3 MW. 

2.2. Techno-economic modelling 

2.2.1. Thermodynamic models 
The thermodynamic models of the biomass boiler and the FGC used in this study were already described in details in a previous 

work [1]. The HP model is based on the works of Fricker and Zoughaib [10]. The HP investigated in this work is a single stage vapour 
compression cycle working with a pure refrigerant. In order to study a HP in off-design conditions and for different operating points, a 
detailed model of the HP was developed, in which each of its main components are modelled as suggested by Ref. [10]. The ther-
modynamic models were developed in Python and the fluid properties were calculated using CoolProp [11]. 

2.2.2. Economic models 
The most accurate way to estimate Capital expenditure (CAPEX) and operating expenditure (OPEX) for a specific project is to 

obtain quotations from manufacturers and to rely on the return of experience from similar existing plants [12]. However, such in-
formation is hardly found in the literature [4] and therefore the CAPEX and OPEX need to be estimated based on actualization and 
scaling up rules [13]. 

We recently developed a new economic model of a FGC [1], including the cost estimation of the CAPEX and the OPEX validated 
with recent data collected from the industry. The costs of FGC and all the ancillary materials are estimated with the Bare Module (BM) 
method proposed by Woods [13]. The OPEX is assumed to be the sum of the cost due to the maintenance of the FGC and all the 
subsystems associated, the condensate chemical treatment, and the extra electrical power consumption [1]. 

The economic model of the HP developed in this work follows the same structure and was also validated with recent industrial data. 
Fig. 3 compares the proposed model with previous data described in the literature [8,14–17]. All costs are expressed in function of the 
cooling capacity. 

Fig. 1. Schematic of the considered District Heating plant. It comprises a biomass boiler and gas boilers with thermal output power of 3.5 MWth and 6 MWth, 
respectively. The FGC is connected to the HP evaporator in the case of active condensation and directly to the DH network when no HP is considered. 
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Representative values of the current market for the electricity and wood chip costs were considered in this study and are sum-
marized in Table 1. 

3. Techno-economic assessment 

The profitability of passive and active condensation is assessed comparatively for the studied case taking into account the in-
vestment costs and by optimizing the size of the FGC and the operating conditions for four discrete sizes of HP: 300, 400, 500 and 700 
kW. The variation of the heat demand, the return temperature and the moisture content over the year is taken into account. 

3.1. Base case 

Fig. 4 depicts the variation of the NPV as a function of the surface of the FGC, for the various sizes of the HP. The larger the 
exchanger surface area, the greater the energy recovered and therefore the higher the revenue. However, at a certain point, a further 
increase in the FGC area will only result in a slight increment in the heat recovery, leading to a situation where the additional income 
will not be able to compensate for the additional expenses [1]. 

In this case, the highest NPV is around 153 k€ and can be achieved with two configurations (a few percent difference in NPV): either 
with a 400 kW HP and a 58 m2 FGC or with a 500 kW HP and a 73 m2 FGC. Due to the lower initial investment and DPP (see Fig. 5), the 
former will be considered as the optimum. Without HP, the optimum FGC area is about 62 m2 and gives a NPV of 92 k€. Given the 
flatness of the curves around the optimums, an error in selecting the optimal FGC surface is unlikely to have a large impact on NPV. 

The discounted cash flow streams over the project lifetime obtained with the optimal FGC surfaces are depicted in Fig. 5 for each HP 
size and for passive condensation (no HP). While the maximum NPV is obtained in the active condensation configuration, the other 
economic performance indicators are more favorable for the passive condensation case. For the optimal active condensation case, the 

Fig. 2. Variability of the return temperature in function of the heat demand retrieved from an existing DH plant. The low heating season (red dots) runs from June to 
the end of September, while the rest of the year is associated with the high heating season (blue dots). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. A comparison between the proposed model and the data from Refs. [8,14–17]. The stars represent the Free On Board costs (FOB) retrieved from real industrial 
cases. The circles, squares and triangles give the total CAPEX deducted from Refs. [8,15,16], respectively. The red lines are the cost range given by Ref. [17] while the 
orange line represents the range given by Ref. [14] All costs have been converted into euros at the exchange rate [18] in force in the year of publication of the data and 
indexed to a CEPCI equal to 1000. The total CAPEX curve is deduced from the FOB curve using the proposed Bare Module Method, with the assumed accuracy of 30% 
(grey zone). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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DPP is about 9 years and the MIRR is 9% for an investment cost of 281 k€. For passive condensation, the DPP is reduced by 2 years and 
the MIRR is increased by 22%rel for a total investment of 93 k€. 

In the optimal configuration for an active condensing plant, the biomass and gas consumption are reduced by about 9% and 26%, 
respectively. In the case of a passive condensing plant, the savings are around 2% of biomass and 7% of gas. The annual electricity 
consumption increases by 513.2 MWhe and 1.6 MWhe in the case of active and passive condensation, respectively. 

The OPEX is about 52 k€/year when FGC is combined with HP, distributed as follows: 69% due to additional electricity con-
sumption, 17% for HP maintenance, 10% for condenser maintenance and 4% for condensate treatment. In the optimal configuration 
for passive condensation, the OPEX is considerably reduced and the condenser maintenance is responsible for slightly less than 98% of 
the costs. The cost of electricity comes in second position and represents about 2%. Condensate treatment is almost insignificant due to 

Table 1 
Economic factors assumed in the representative DH plant case study.  

Economic Factors Value 

Wood price 30 €/MWh 
Gas price 33.75 €/MWh 
Electricity price 70 €/MWh 
Chemical treatment price 1.03 €/m3 

Fixed maintenance cost 5% of the CAPEX €/year 
Discount rate 7% 
Project lifetime 20 years  

Fig. 4. Net Present Value (NPV) as a function of the Flue Gas Condenser (FGC) surface for various Heat Pump rated power (solid lines), and a case without HP (dotted 
line). The optimal FGC surfaces are indicated by dots for active condensation and by a square for passive condensation. The hypothetical optimal couple (HP, FGC) 
surface is illustrated by a star dot. 

Fig. 5. Discounted cash flow streams over the project lifetime for the different cases with the optimal FGC surface area.  

Table 2 
Key results of the economic analysis in the base case scenario.   

Passive condensation Active condensation 

Optimal FGC area 62 m2 58 m2 

Optimal HP size – 400 kW 
Net Present Value 92 k€ 153 k€ 
Discounted Payback Period 7 years 9 years 
Modified Internal Rate of Return 11% 9% 
Primary energy savings 697 MWhp 1678 MWhp 

Greenhouse gases reduction 70 tCO2-eq 46 tCO2-eq  
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the low level of condensation resulting from the high return temperature. The fuels consumption reduction leads to a saving of 93 k€ 
and 22 k€ per year for active and passive condensation, respectively. 

Considering the default primary energy factors of 2.5 for electricity and 1 for fuels [19], the FGC combined with a HP results in 
primary energy savings of approximately 1678 MWhp, while without the HP the savings are 697 MWhp. On the other hand, the GHGs, 
based on the EU-28 electricity mix (i.e. 393 gr of CO2-eq/kWhe [20]), are reduced by 46 tCO2-eq and by 70 tCO2-eq in the case of active 
and passive condensation, respectively. The emission factor for biomass and gas were taken as 7 and 202 gr of CO2-eq/kWh [20], 
respectively. 

The key results of the economic analysis in the base case scenario are given in Table 2. 

3.2. Sensitivity analysis 

The influence of the level of the return temperatures on the viability of the project is assessed by shifting the data around their mean 
value (Tr = 55, 60 and 65 ◦C). The variation of the NPV as a function of the FGC surface for various average return temperature is given 
in Fig. 6. As expected, in all cases, the lower the return temperatures, the higher the NPV since lower temperatures increase the heat 
recovery of the FGC, and improve the COP of the HP. 

In cases of active condensation, the decrease in the average return temperature leads to a shift in the NPV curves, with a slight 
reduction in the optimal condenser surface area. This offset varies in proportion to the average temperature: between 7.4 and 9.1 k€/ 
◦C. As in the baseline scenario (Tr = 60 ◦C), the highest NPV is obtained with an HP capacity ranging around 400 kW. When the 
temperature goes from 55 to 65 ◦C, in the optimal configurations, the NPV, DPP and MIRR vary between 193 k€ and 109 k€, 8 and 11 
years, and 10 and 9%, respectively. In the same temperature range, primary energy savings decrease by 15%. 

In the case of passive condensation, the impact of lower return temperatures on the NPV is initially small and then increases 
sharply; the optimal NPV increases by 29% (from 72 k€ to 92 k€) when the average return temperature is lowered from 65 to 60 ◦C. A 
further decrease to 55 ◦C results in a 71% increase in NPV (from 92 k€ to 158 k€). This drastic increase can be explained by the sharp 
drop in operating costs when the return temperature falls below the dew point. In the same temperature range, DPP and MIRR go from 
6 to 8 years, and 11 to 10%, respectively while the primary energy savings decrease by 43%. The addition of a HP provides a higher 
NPV but, as discussed previously, the lower initial investment and the shorter DPP seem to favour passive condensation projects. More 
generally, given the flatness of the curves around the optimum, it may be more interesting to select a surface smaller than the optimum 
in order to reduce the initial investment costs and decrease the return on investment. 

Specific market conditions such as the wood, electricity, and natural gas prices have also a strong effect on the feasibility of FGC 
retrofitting with a HP. These prices fluctuate in time, and per country. Wood prices vary with the MC, the fuel conditioning, the 
delivery size, and the type of transport used. Biomass with a higher MC and a larger particle size have a lower price. Given the current 
instability of energy prices, the variation of the NPV as a function of the wood prices (value of Table 1 ± 30%) for different electricity 
costs is studied. The main results are illustrated in Fig. 7. In all cases, gas is assumed to be 12.5% more expensive than wood. The 
optimal configuration (i.e. FGC surface and HP rated power) maximizing NPV is considered for all cases. As expected, the cost of 
electricity has practically no impact on the NPV in the latter case (the dashed lines are superimposed). On the other hand, the NPVs of 
active condensation projects are strongly impacted by the prices of electricity. In addition the fuel costs have a higher influence on the 
NPV for project with HP than without. The higher the fuel cost and the lower the electricity cost, the higher the NPV. In the situation 
where the profitability of a project with active condensation is the highest (i.e. high fuel costs and low electricity costs), the NPV 
increases by 423% over the baseline scenario. However, it can be deducted, by interpolating the values, that active condensation 
projects are always less attractive compared to passive condensation when biomass fuel cost is lower than 23 €/MWh, even if electricity 
cost is as low as 49 €/MWh, or when electricity cost is higher than 120 €/MWh for the range of biomass fuel cost investigated (i.e. 21-39 
€/MWh). In the case of passive condensation, the NPV increases from 25 k€ to 166 k€ when biomass fuel cost evolves from 21 to 39 
€/MWh. 

Other economic parameters can have a strong influence on the profitability of a project. A sensitivity analysis to assess the impact of 
the variation of the initial investment cost, the project lifetime and discount rate on the NPV is given in Fig. 8. The NPV is most sensitive 
to discount rate. 

4. Conclusions 

The profitability of active and passive condensation in a medium-scale, biomass-fired District Heating plant was assessed taking 
into account the initial investment costs and the variability of the process data. The size of the FGC and the operating conditions were 
optimized for various sizes of HP. Compared to passive condensation, the NPV of an active condensation plant is 66% higher and 
reduces primary energy by more than 50%. However, a higher initial investment (+188 k€) and a higher DPP (+2 years) are calcu-
lated. Assuming constant return temperature and average heat demand over the year lead to an overestimation of the NPV by more 
than 110% for an active condensation plant and by more than 160% for a passive condensation plant compared to the detailed 
assessment where the variation of the key parameters along the year are taken into account. 

The influence of the return temperature on the viability of the project was assessed by shifting the data around their mean value (Tr 
= 55, 60 and 65 ◦C). When Tr increases from 55 to 65 ◦C, in the case of active condensation (passive condensation), the NPV goes from 
193 to 109 k€ (158–72 k€), the DPP from 8 to 11 years (6–8 years), and the MIRR from 10 to 9% (11–10%) while primary energy 
savings decrease from 1813 to 1540 MWhp (1080–617 MWhp). In the case of active condensation, it was highlighted that a decrease in 
the mean return temperature leads to a proportional increase in the NPV by 7.4–9.1 k€/◦C. 

It was shown that NPV of active condensation projects are strongly influenced by electricity prices and fuel costs, while passive 
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condensation cases are almost exclusively influenced, to a lesser extent, by fuel costs. In the situation where the market conditions are 
optimal (i.e. high fuel costs and low electricity costs), the NPV increases by 423% compared to the baseline scenario. However, it 
becomes less attractive compared to passive condensation when biomass fuel cost is lower than 23 €/MWh, even if electricity cost is as 
low as 49 €/MWh, or when electricity cost is higher than 120 €/MWh, for the range of biomass fuel cost investigated (21–39 €/MWh). 
In the case of passive condensation, the NPV increases from 25 k€ to 166 k€ when biomass fuel cost evolves from 21 to 39 €/MWh. 

It can be concluded that active and passive condensation are both economically viable when applied to a medium scale biomass 
combustion plant integrated to a DH network, even if the average return temperature is above the dew point. While the optimal NPV 
and the maximum primary energy savings are obtained in the case of active condensation configuration, passive condensation might 
be favoured when a smaller investment cost and a shorter DPP are preferred. However, given the climate emergency and increasingly 
stringent environmental constraints, the environmental impact could be taken into account when making an investment. Market 
conditions and the level of the return temperatures and heat demand strongly impact the viability. 

In future works, the sensitivity analysis should be extended on other key parameters such as the heat demand, heat sink flow rate, 
prices variability. The extension of the sources of uncertainty to all these variables could, however, require the use of more advanced 
computational techniques from the field of Uncertainty Quantification (UQ). 

Fig. 6. Variation of the Net Present Value (NPV) as a function of the Flue Gas Condenser (FGC) surface for various average return temperature in the case of passive 
(dotted lines) and active condensation (solid lines). The optimal FGC surfaces are indicated by dots for active condensation and by a square for passive condensation. 

Fig. 7. Variation of the Net Present Value (NPV) as a function of the price of wood for different prices of electricity.  

Fig. 8. Sensitivity analysis on the Net Present Value (NPV) in function of the initial investment cost (in red), the project lifetime (in brown) and discount rate (in 
yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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