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Abstract: 
This paper presents a techno-economic feasibility assessment of replacing a natural gas fire-tube boiler with 
a high-temperature heat pump (HTHP) as the primary heat source for an industrial batch wood drying kiln 
loaded with Norway Spruce (Picea abies) in Belgium. A thermodynamic steady-state energy and mass balance 
model is developed in EES to quantify the kiln heating demand across seven sequential drying stages 
spanning a 48-hour cycle, with dry-bulb temperatures ranging from 55°C to 100°C. The HTHP performance 
data is derived from a real machine with a maximum supply temperature of 130°C, ensuring that commercially 
available technology forms the basis of the analysis. Economic simulation is performed for the period March 
2025 to March 2026 using hourly day-ahead electricity prices, daily TTF natural gas spot prices, and EU ETS 
CO₂ allowance costs within the Belgian regulatory framework. The total annual kiln heating demand is 1680.9 
MWh, and the HTHP achieves an average annual COP of 3.67, delivering 2183.8 MWh of heat at an electricity 
consumption of 631.4 MWh, while the boiler requires 2459.7 MWh of natural gas (at higher heating value, 
PCS) for an equivalent thermal output. The HTHP achieves annual operating cost savings of €63134 (36.3% 
reduction) relative to the boiler, with a Levelized Cost of Heat (LCOH) of 58.2 €/MWh versus 82.1 €/MWh for 
the boiler, a 29.1% reduction. The cumulative net present value (NPV) payback period is approximately 3 
years, with a total discounted saving of approximately €705k over a 25-year project lifetime. The results 
highlight that CO₂ emission charges under the EU ETS represent 25–35% of the monthly boiler operating cost, 
while electricity network fees and levies account for approximately 51% of the HTHP electricity bill, revealing 
a critical regulatory asymmetry that constrains the economic competitiveness of industrial electrification. 
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1. Introduction 
Industry is one of the most energy-intensive and carbon-emitting sectors of the global economy, largely due to 
its reliance on fossil fuels for process heat generation. In Europe, natural gas-fired boilers remain the dominant 
technology for industrial heat supply [1]. In this context, the European Union has established a comprehensive 
decarbonisation agenda targeting climate neutrality by 2050, supported by regulatory instruments such as the 
EU Emissions Trading System (EU ETS), established in 2005 and covering combustion installations above 20 
MW thermal capacity, which introduces a direct financial penalty on CO₂ emissions [2], and alongside the new 
ETS 2 market entering in 2027, targeting industries not covered by ETS 1. 

Wood drying is a representative example of an industrial thermal process that relies mainly on gas-fired boilers, 
involving significant thermal energy consumption across multiple drying stages and considerable annual CO₂ 
emissions, making it an important target for industrial decarbonisation. The use of heat pumps in drying 
systems is not new, since before the 2000s, heat pump dryers have been applied across various industrial 
contexts [3]. Despite its relevance, the electrification of conventional large-scale industrial drying kilns through 
high-temperature heat pumps (HTHPs) has received limited attention in the literature.  

Existing studies on HP integration in wood drying processes have been reviewed comprehensively by Gao et 
al. [4], who highlight a persistent research gap: the lack of rigorous assessment of HP integration with 
conventional kilns operating under realistic temperature-humidity schedules, and no real economic metrics for 
comparison with fossil fuel alternatives, have been presented. In addition, recent studies have focused on 
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integrating of HP into the kiln [5]-6], however, both are limited to a small scale and do not include any economic 
comparison with the reference technology, such as gas boilers. 

This paper addresses this gap by presenting a techno-economic feasibility assessment of replacing a natural 
gas fire-tube boiler with a high-temperature HP (HTHP) for an industrial batch wood drying kiln loaded with 
Norway Spruce (Picea abies), one of the most commercially relevant timber species in Belgium. The HTHP 
performance data are derived from a real machine with a maximum supply temperature of 130°C, ensuring 
that the results are based on commercially available technology. The economic analysis incorporates the most 
recent CO₂ allowance prices, gas spot prices, and day-ahead electricity market prices, together with all 
applicable network charges, taxes, and levies in the Belgian regulatory context, providing a rigorous and 
replicable framework for evaluating the economic viability of industrial heat pump deployment under current 
European energy market and policy conditions. 

2. Methodology  

2.1. Kiln Drying 
The simulated kiln corresponds to a batch high-temperature kiln, operating at dry-bulb temperatures exceeding 
100°C. The drying process is governed by three distinct periods. During the first and second periods, free 
water evaporation dominates the moisture removal mechanism. The third drying period begins once the 
evaporation plane has receded to the mid-plane of the board; from this point onward, bound water diffusion 
and water vapour flow become the controlling transport mechanisms. The drying schedule is carried out across 
seven sequential stages, as presented in Figure 1. In each stage, the dry-bulb temperature (𝑇!") and wet-bulb 
temperature (𝑇#") are independently controlled within the kiln chamber, allowing precise regulation of the air-
side Equilibrium Moisture Content (EMC). This drives the moisture gradient between the circulating air and the 
wood boards, progressively reducing their Moisture Content (MC) from an initial value of approximately 100% 
down to the target final MC (≈10%). The full drying cycle spans 48 hours, with each stage assigned a 
standardised duration. 

 

Figure. 1.  Control dry-bulb, wet-bulb temperatures and relative humidity for the Picea-Abies drying. 

A critical constraint throughout the process is the rate of moisture removal, which must remain sufficiently 
gradual to prevent the development of drying defects such as internal cracking and structural warping of the 
boards. While more aggressive schedules reduce drying time and improve economic performance, careful 
scheduling is essential to preserve the structural integrity and dimensional stability of the final product. The 
kiln configuration is presented in Figure 2, which shows the main energy flows involved in the overall energy 
balance. The heating system typically consists of water or steam coils that supply and maintain the dry-bulb 
temperature setpoint within the chamber. Moisture control is achieved through a humidifier, which regulates 
the wet-bulb temperature by steam injection or water atomizer, and consequently, the air-side EMC.  

Air circulation is provided by variable-frequency fans, which drive the airflow across the timber stack. This 
forced convection simultaneously evaporates moisture from the wood boards and raises their sensible heat 
content. Fresh air intake and humid air exhaust are managed through damper vents and an internal 
recuperative heat exchanger, which are operated periodically to purge excess humidity from the chamber. 
Finally, uncontrolled air infiltration through the kiln envelope and heat losses through the walls, roof, and floor 
represent additional terms in the energy balance. In order to quantify the energy balance and the heating 
demand of the kiln across the seven-stage schedule, a thermodynamic steady-state energy and mass balance 



model was developed in EES. The model resolves, for each stage independently, the moisture evaporation 
rate, the purge cycles, and the total heat demand supplied by the heating system.  

 

Figure. 2.  High-Temperature Batch-Kiln energy representation process. 

One of the main control variables is the EMC, which corresponds to the moisture content that wood reaches 
at thermodynamic equilibrium with the surrounding air, representing the asymptotic lower bound of the drying 
process. This equation requires empirical coefficients 𝐾,𝐾$, 𝐾%, 𝑎𝑛𝑑	𝐾&, which are functions of the dry-bulb 
temperature 𝑇!" [7].  
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The evaporation rate per stage is calculated from the wood moisture content at the inlet (𝐶𝐻3,5) and outlet 
(𝐶𝐻6,5) of each stage, the dry wood mass (𝑀#33!), and the stage duration (𝜏5), as given in Eq. (2). During stages 
St.1–5, evaporation is positive (drying); during St.6–7, the value is negative because the wood reabsorbs 
moisture from the water humidifier during the conditioning phases. 

𝑀̇789:,5 = 𝑀#33! ⋅ ((𝐶𝐻3,5 − 𝐶𝐻6,5)/100)/𝜏5 	                                                                                                      (2) 

To maintain the target air-side EMC within a tolerance of ±5% RH, the evaporated moisture must be 
continuously purged (𝑀̇:;<=7) from the kiln. The purge mass flow rate is determined by the difference in 
humidity ratio between the kiln air (𝑊9,>5?@,5) and the ambient supply air (𝑊9,9A"), as in Eq. (3). 

𝑀̇:;<=7,5 = 𝑀̇789:,5 ⋅/(𝑊9,>5?@,5 −𝑊9,9A")	        (3) 

The duration of each purge cycle varies significantly across the schedule. In the early stages, where 
evaporation rates are highest, the dampers operate nearly continuously or at short cycle intervals (order of 
seconds). In the final stages, where little moisture is released, purge cycles extend to several minutes. The 
purge open time per cycle is given by Eq. (4). 
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Energy Balance — Drying Stages (St.1–St.5) 

The total heat demand rate for each drying stage is the sum of five contributions, as expressed in Eq. (5): 

𝑄̇E3E9?,5 = 𝑄̇789:,5 +	𝑄̇:;<=7,5 + 𝑄̇#9??,5 + 𝑄̇F7@F5"?7,5 + 𝑄̇5@65?E<9E53@                                                                         (5) 
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Air infiltration through door gaps and seals represents an additional heat loss term. An infiltration rate of 3% of 
the internal circulating air volume flow is assumed [9], giving Eq. (6). This small increase of the humidity into 
the kiln is not considered. 

𝑄̇5@6,5 = 𝑉̇9,5@6,5 ⋅ 𝜌9,9A" ⋅ 𝑐:,9,9A" ⋅ C𝑇9,!",>5?@,5 − 𝑇9,9A"D	                                                                               (6) 

The sensible load 𝑄̇F7@F5"?7 accounts for the one-time heating of the wood mass from the temperature of the 
previous stage to the current stage setpoint. The specific heat capacity of wood (𝑐𝑝#33!) is a function of MC, 
calculated as 𝑐𝑝#33! = 1.7	 + 	4.19 · (𝑀𝐶/100), following Ref. [8], as given in Eq. (7). 

𝑄̇F7@F5"?7,5 = 𝑀#33! ⋅ 𝑐𝑝#33! ⋅ (𝑇!",>5?@,5 − 𝑇!",>5?@,5-$)	                                                                               (7) 

The wall heat losses 𝑄̇#9??F are computed using a one-dimensional steady-state U-value formulation, with an 
internal convective coefficient (ℎ5@E)	of 25 W/m²K (forced convection) and an external coefficient (ℎ7GE) of 15 
W/m²K, as given in Eq. (8). 
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The purge heat losses 𝑄̇:;<=7 represent the enthalpy difference between the hot humid kiln air exhausted and 
the cold dry ambient air that replaces it, as given in Eq. (9). In this equation, the term, 𝜀<7H corresponds to 80% 
and is the recuperative efficiency of the heat exchanger for the leaving warm-wet air and the fresh air. 

𝑄̇:;<=7,5 = 𝑀̇:;<=7,5 ⋅ Cℎ9,>5?@,5 − ℎ9,9A"D ⋅ ε<7H	                                                                                           (9) 

The evaporation heat 𝑄̇789: is the energy required to evaporate moisture from the wood, as given in Eq. (10). 

𝑄̇789:,5 = 𝑀̇789:,5 ⋅ ℎ789:,>5?@,5 	                                                                                                                           (10) 

Below the Fibre Saturation Point (FSP ≈ 30%), bound water requires an additional differential heat of sorption 
ℎF above the latent heat of free water, as expressed in Eqs. (11) and (12). Equation (12) is valid for MC < 30% 
[9]. 

ℎ789:,>5?@,5 = ℎ6=,#,>5?@,5 + ℎF,>5?@,5 	                                                                                                                     (11) 

ℎF,>5?@,5 = 1150 ⋅ exp(−0.085 ⋅ 𝑀𝐶)                                                                                                                 (12) 

Energy Balance — Conditioning Stages (St.6–St.7) 

During the conditioning stages, the wood reabsorbs moisture from the kiln air. The energy balance structure 
differs from that of the drying stages, as expressed in Eq. (13). In these stages, humidity is supplied by a spray 
system that injects atomized water or steam into the kiln chamber; the energy required to evaporate this water 
represents an additional heat demand on the system. The sorption heat, by contrast, corresponds to the 
exothermic heat released as the wood absorbs moisture, and is therefore returned to the chamber air, partially 
offsetting the total heat load. 

𝑄̇E3E9?,5 = 𝑄̇F3<:,5 +	𝑄̇F:<9I,5 + 𝑄̇#9??,5 + 𝑄̇F7@F5"?7,5 + 𝑄̇5@65?E<9E53@                                                                                           (13) 

The additional terms in these stages account for the spray water injected into the kiln to raise the equilibrium 
moisture content (EMC). The associated heat load is given by: 

𝑄̇F:<9I,5 = 𝑀̇789:,5 ⋅ ℎ6=,#	                                                                                                                                 (14) 

Since water adsorption is an exothermic process, the inverse of desorption, the heat released during moisture 
uptake by the wood is returned to the chamber air, thereby reducing boiler demand: 

𝑄̇F3<:,5 = −𝑀̇789:,5 ⋅ ℎF,>5?@,5                                                                                                                              (15) 

The model assumes a linear moisture distribution across all stages. Regarding damper control, when the purge 
interval is shorter than one minute, the vents are treated as partially open; for longer intervals, an on/off control 
strategy is applied. 

2.2. Heating System 



The heating systems are presented in Figure 3, which shows how the main heat source connects to the 
process and how the return flow is managed. Two alternative configurations are proposed: a fire-tube boiler 
operating on fossil fuels (1), and a high-temperature heat pump (HTHP-8). Both solutions are represented in 
the same figure, however, the installation is designed to accommodate only one of the two options, which are 
mutually exclusive. 

 
Figure. 3.  Heating system analysed, fire-tube boiler (1) and HTHP (8). 

The fire-tube boiler operates on natural gas, the fossil fuel most commonly available to industry in Belgium. 
The HTHP, by contrast, is electrically driven. Both systems deliver pressurised hot water, which at the same 
time is connected to a water tank (7) where water is controlled to a maximum value of 110°C, and the required 
heating capacity is determined from the kiln energy model (Section 2.1). In addition, the heating losses of the 
hydraulic system (piping and tank) are also considered.  
In the HTHP configuration, the heat source consists of water supplied either by a district heating network (DHN) 
or, as in the present case, primarily from a geothermal source. This corresponds to the actual setup of this 
HTHP, which obtains these temperatures from abandoned mine cavities [12]. For this analysis, the heat source 
temperature is assumed constant (40°C). It should be noted, however, that this assumption could be further 
discussed in future work by replacing the geothermal source with an air-source refrigeration unit, which would 
supply the condensation heat directly to the evaporator of the HTHP, an extension that is identified as one of 
the perspectives of this study. 
The thermal output of the fire-tube boiler is calculated as presented in Eq. (16), following the classical energy 
balance for combustion systems, where 𝜂"35?7< is taken as 90%. In this equation, 𝑄̇"35?7< corresponds to the 
heating demand of the kiln, and 𝑉̇=9F is the resulting gas volumetric flow rate, which is subsequently used to 
calculate the gas bill. 
𝑄̇"35?7< = 𝑉̇=9F ⋅ 𝐿𝐻𝑉=9F ⋅ 𝜂"35?7<                                                                                                                         (16) 

For the HTHP, the compressor power and the system 𝐶𝑂𝑃,J,K are presented in Figure 4, together with the 
operating envelope.  

 

Figure. 4.  HTHP performance, left electricity consumption (compressor power), right COP performance 

A detailed description of how this envelope is obtained, including the thermodynamic methodology and the 
components involved, is provided in the following references [10], [11]. This machine uses R1233zd(E) as the 
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working fluid and incorporates a high-temperature compressor CSH2T9573 from Bitzer. It was designed to be 
integrated into flooded mines for long-term energy storage, with a thermal power ranging from 200 to 700 
kWth, depending on operational conditions. The machine consists of two plate heat exchangers from Alfa 
Laval and one pneumatic expansion valve from Schubert Salzer. The heating capacity of the HTHP is 
calculated as presented in Equation (17), where 𝑊̇H:,,J,K is the compressor electrical power drawn from the 
grid, which constitutes the electricity consumption to be costed in the economic analysis. 
𝑄̇,J,K = 𝑊̇H:,,J,K ⋅ 𝐶𝑂𝑃,J,K                                                                                                                           (17) 

2.3. Economic Analysis 
The economic model is based on the Levelized Cost of Heat (LCOH) and the cumulative Net Present Value 
(NPV), calculated for both heating alternatives. For the fossil fuel option, the CAPEX considers the fire-tube 
boiler and burner as a package unit. For the HTHP, the full system integration is accounted for, including all 
associated components. The capital costs and OPEX for both systems are summarised in Table 1.  
The CAPEX for the fire-tube boiler is estimated using the cost function reported by Grosse et al. (2017) [12], 
reference study for large-scale heating technologies in the EU, which provides a nominal investment for tank-
type hot water boilers in Central Europe, and confirms a technical lifetime exceeding 25 years for the boiler 
body. The CAPEX for the HTHP is based on the actual component costs of a system developed within the 
WeForming project, in which a semi-reversible Carnot Battery (CB) was designed and built [10], [11]. The cost 
reported in Table 1 corresponds to the total expenditure of the HTHP cycle. This machine is currently in the 
commissioning phase and will be experimentally tested to validate the COP values presented in Figure 4. 
 

Table 1. CAPEX and OPEX costs for both solutions (400 kW HTHP and a 350 kW Fire-Tube Boiler). 

Solution Description CAPEX, € OPEX, €    N 
(year) 

HTHP Compressor, heat 
exchangers, 

valves, power 
electronics, piping, 

insulation, 
installation, 

sensors, structure, 
personal months 
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1.5% CAPEX 
 

 
 

25 

Electricity - 𝐶9,,J,K = ∑-C𝑐=<5! + 𝑐677D ⋅ 𝐸9,,J,K. - 
Boiler Fired-tube boiler, 

Burner 
44100.0 1.5% CAPEX 25 

Gas - 𝐶9,=9F = ∑-C𝑐=9F + 𝑐H3) + 𝑐677D ⋅ (𝑉̇=9F ⋅ 𝐻𝐻𝑉).	 - 

 
On the operating cost side, the gas price includes not only the fuel cost but also the CO₂ emission charge per 
ton emitted under the EU ETS-2, which increases the effective cost of the fossil fuel option. The invoiced gas 
energy is calculated based on the consumed gas volume multiplied by the Higher Heating Value (HHV) [13], 
as it is standard practice for natural gas billing in Belgium. For the HTHP, the purchased energy corresponds 
directly to the electrical demand of the compressor. The electricity cost incorporates the grid distribution and 
transport fee. 
The LCOH is calculated as presented in Equation (18), applying a discount rate (𝑖) of 5%. The denominator 
corresponds to the total heat delivered annually by each system. The annual energy cost term 𝐸9,5 refers to 
the energy purchased from the energy carrier (gas or electricity).  
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The cumulative NPV is calculated as presented in Equation (19), where the CAPEX difference corresponds to 
the additional capital investment of the HTHP relative to the boiler, and the OPEX reference represents the 
annual operating cost saving achieved by the HTHP in the year.  
𝑁𝑃𝑉(𝑁) = −(𝐶𝐴𝑃𝐸𝑋,J,K − 𝐶𝐴𝑃𝐸𝑋"35?7<) + ∑
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U
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Electricity, Gas and CO₂ Prices  



The energy prices used in this analysis correspond to the period 20/03/2025–20/03/2026. A multi-year 
simulation is not considered, as energy prices, particularly electricity, fluctuate rapidly. Natural gas prices are 
additionally subject to significant volatility driven by geopolitical events, as evidenced by the European energy 
crisis of 2022 and the 2026 crisis. 

For electricity, the day-ahead or intraday market prices are used as simulation input, extracted from the 
ENTSO-E Transparency Platform with an hourly resolution (𝑐=<5!)  [14]. For natural gas, the daily spot price 
(𝑐=9F) from the TTF (Title Transfer Facility) market, reported by the Intercontinental Exchange, is adopted [15]. 
The TTF price is assumed to be constant on each simulation day. 

In addition to the direct energy costs, two ancillary charges are accounted for. For natural gas, a CO₂ emission 
cost (𝑐H3))	is included, estimated according to the EU ETS 2 carbon price, assumed equal to the current EU 
ETS 1 market price [16]. The specific emission factor for heat generation from natural gas is 0.202 tCO₂/MWh, 
and an additional fee cost of the distributor of (~0.0026 €/kWh), from the taxes (~0.0121 €/kWh) and renewable 
levy (~0.0015 €/kWh), reaching a total network surcharge of 0.016 €/kWh (𝑐677) [17]. 

For electricity, grid distribution and transport fees apply in addition to the market price. The total network fee 
(𝑐677) is decomposed as follows: Transmission tariff (~0.024 €/kWh), distribution tariff (~0.026 €/kWh), and 
other levies (~0.0396 €/kWh), yielding a total network surcharge of approximately 0.0896 €/kWh. The 
distribution tariff corresponds to the average observed distribution cost for professional electricity consumers 
in Wallonia [18]. 

3. Results 
The simulation was carried out over the previously mentioned period, considering a repetitive 48-hour drying 
cycle. The kiln modelling parameters are summarised in Table 2, and the results obtained from the assessment 
are discussed in the following subsections. The system parameters were selected based on the actual size of 
the constructed HP, ensuring that the economic comparison reflects real component costs rather than 
theoretical estimates. Additionally, an 80 m³ water tank is included in the system, sized to cover the peak 
heating demand periods. 

Table 2. Parameters considered in the Kiln energy evaluation. 

Parameters Value 
Wood charge [m3] 100 
Wood type, [-] Norway Spruce (Picea abies) 
Wood density [kg m-3] 450 
Board thickness, [mm] 25  
Air circulation, [m3/h] 28000 
Wall thickness, [mm] 100 
Wall heat transfer, [Wm-2K-1] 0.384 
Exterior Temperature, [°C] 5 
Exterior humidity, [%] 80 
Total envelope area, [m2] 365.4 
Free air volume, [m3] 288.8 

3.1. Kiln thermal analysis 
The resulting heating demand for each drying stage, together with the purge cycle behaviour, is presented in 
Figure 5. The heating demand profile shows a pronounced peak during the first two stages, driven by the large 
temperature differential and high initial MC of the wood, followed by a substantial decrease in the intermediate 
stages and very low demand in the final stage. This trend reflects the progressive reduction in evaporation rate 
as the wood approaches its target MC. The annual kiln heating demand corresponds to 1680.9 MWh, with a 
heating required of 9235.5 kWh per drying cycle. 

Regarding the purge cycles, three distinct operating regimes are observed. In stages 1 to 3, the moisture 
evaporation rate is sufficiently high that the dampers reach saturation in intervals below one minute; 



consequently, they are maintained in a normally open position. In stages 4 and 5, the moisture load is lower, 
and the dampers operate in an on/off mode, opening periodically to discharge the required volume of humid 
air. In the final two stages, corresponding to the equalisation and conditioning phases, no purge is considered. 

 

Figure. 5.  Kiln heating demand and purge opening cycles. 

In the present assessment, this limitation is addressed by assuming the availability of a 40°C water source, 
representative of a DHN, a mine storage or a first-stage air-to-water HP, which acts as the evaporator heat 
source for the HTHP and increases the operating COP. It should be noted that replacing this source with a 
dedicated booster HP would be a viable alternative, although it would result in higher CAPEX for the system.  

3.2. Operational Performance 
The operational performance of both heating systems over a representative 48-hour drying cycle is presented 
in Figures 6a and 6b. For the HTHP configuration, the 𝑇E9@> tracks the required supply temperature (𝑇<7W;5<7!) 
across all 7 drying stages, with the HTHP delivering a condenser output 𝑄̇H!,,J,K that partially covers the kiln 
demand in each stage. The COP varies throughout the cycle, reaching a peak of approximately 5.0 during the 
intermediate stages, where the temperature lift is lower, and decreasing to approximately 2.5 in the final stages. 
The HTHP is switched off during the last two stages, when the kiln operates in conditioning mode. The average 
COP over the full annual simulation is 3.67, with a total annual compressor electricity consumption of 631.4 
MWh and a total thermal power of 2183.8 MWh. 

For the boiler configuration, the system operates controlled by the 𝑇E9@>, with the boiler firing at its nominal 
capacity of 350 kW whenever 𝑇E9@> drops below 110°C. This results in a characteristic cycling pattern that 
becomes more frequent in the intermediate and later stages as the heating demand decreases. The annual 
boiler thermal output is 2213.8 MWh, corresponding to a fuel consumption of 2459.7 MWh (HHV). The small 
difference between the heating supplied by the HP and the boiler corresponds to heat losses, which increase 
due to the higher-temperature operation. 

 

a) 



(b) 

Figure. 6.  HTHP (a) and boiler (b) operation for the Kiln demand. 

It is important to note that the thermal deficit observed in Figure 6, where the tank temperature falls below the 
upper control setpoint, does not imply that the heating demand cannot be met. The system is designed with a 
temperature band rather than a fixed setpoint, as long as the tank temperature remains within the defined 
operating range, the heat delivered to the kiln is sufficient to cover the process demand at each stage.  

3.3. Energy Cost Analysis 
The monthly operating costs for both systems over the simulation period are presented in Figure 7. The boiler 
cost is consistently higher than the HTHP cost in every month of the simulation period. The boiler cost 
breakdown (Figure 7b) shows that CO₂ allowances represent a non-negligible fraction of the total gas cost, 
confirming that the carbon surcharge is a significant economic penalty for the fossil fuel option. In the case of 
HTHP, the predominant cost component fluctuates between TSO/DSO fees and the actual price of electricity; 
in some months, the charges included in the rates exceed the price of electricity, which represents a cost that 
can be easily adjusted through public policy. 

 

                             (a)                                                                                      (b) 

Figure. 7.  Monthly cost comparison, (a) energy cost breakdown, (b) average market prices. 

The cumulative energy cost over the full simulation period confirms the consistent operational advantage of 
the HTHP: the boiler accumulates €173936 in annual operating costs, compared to €110802 for the HTHP, 
yielding annual savings of €63134, a 36.3% reduction in OPEX. It is worth noting that the CO₂ emission charge 
represents 25–35% of the total monthly boiler cost, constituting a non-negligible and structurally growing 
penalty for the fossil fuel option. In contrast, for the HTHP, the TSO/DSO and network fees account for 
approximately 51% of the total electricity bill. 

In terms of unit heat cost, the boiler delivers thermal energy at 72.29 €/MWh, while the HTHP consumes 
electricity at 175.5 €/MWh, however, given the average COP of 3.67, the effective cost per unit of heat delivered 



by the HTHP is significantly lower. It is further worth noting that the electricity unit cost is heavily influenced by 
network fees and levies charged by third parties. If these surcharges were reduced to a level equivalent to 
those applied to gas distribution, the economic advantage of the HTHP would widen considerably, increasing 
the operational cost gap to 63% and reducing the effective electricity cost to 101.9 €/MWh. 

3.4. LCOH and NPV Analysis 
The LCOH and cumulative NPV over a 25-year project lifetime are presented in Figures 8a and 8b, 
respectively. The LCOH breakdown shows that for the HTHP, the energy cost component dominates at 50.5 
€/MWh, while the annualised CAPEX and maintenance contribute 6.4 and 1.3 €/MWh, respectively, yielding a 
total LCOH of 58.2 €/MWh.  

For the boiler, the energy cost accounts for 80.3 €/MWh out of a total LCOH of 82.1 €/MWh, with CAPEX and 
maintenance being negligible by comparison. This value exceeds the annual unit heat cost because the LCOH 
is referred to the useful heat delivered to the system, whereas part of the fuel energy is lost through boiler 
inefficiency. The HTHP therefore achieves a 29.1% reduction in LCOH relative to the boiler, corresponding to 
a differential of 23.9. €/MWh. 

The cumulative NPV analysis shows that the higher initial investment of the HTHP is recovered within 
approximately 3 years, after which the HTHP generates sustained savings relative to the boiler. Over the full 
25-year lifetime, the total discounted cost of the HTHP amounts to approximately €1800k, compared to €2505k 
for the boiler, representing a total NPV saving of approximately €705k. 

 

(a)                                                                                    (b)  

Figure. 8.  Economic comparison (a) LCOH, (b) cumulative NPV. 

4. Conclusion & Perspectives 
This study presented a techno-economic comparison between a natural gas fire-tube boiler and a HTHP as 
heating alternatives for an industrial batch wood drying kiln loaded with Norway Spruce with a capacity of 100 
m³. The full drying schedule, comprising seven stages from 55°C to 100°C, was modelled, and the resulting 
heating demand was used as input to an economic simulation covering the period from March 2025 to March 
2026. From the operational analysis, the HTHP achieves an average annual COP of 3.67, delivering 2183.8 
MWh of heat to the kiln at an electricity consumption of 631.4 MWh. The boiler covers the same heating 
demand with a fuel consumption of 2459.7 MWh (HHV).  

From the economic analysis, the HTHP achieves annual OPEX savings of €63134, a 36.3% reduction relative 
to the boiler. The boiler operating cost is significantly penalised by the CO₂ emission charge under the EU 
ETS, which represents approximately 25–35% of the total monthly gas cost and cannot be neglected in the 
economic assessment, which is also to be expected as the energy sector approaches net-zero energy targets. 
On the other hand, the HTHP is heavily penalised by TSO/DSO network fees and levies, which account for 



approximately half of the total electricity bill paid by the end consumer. This represents a key structural barrier 
to industrial electrification. This finding underlines that regulatory and tariff policy reform is as important as 
technology development in accelerating the transition to electrified industrial heat. 

The LCOH of the HTHP is 58.2 €/MWh, compared to 82.1 €/MWh for the boiler, a reduction of 29.1%. On the 
other hand, the NPV breakeven between HTHP and boiler is approximately 3 years, and the total saving over 
a 25-year lifetime amounts to approximately €705k. 

In summary, HTHP represents a technically viable and economically superior alternative to natural gas boilers 
for industrial wood drying in Belgium. The combination of high operational efficiency, better economic metrics, 
and the growing impact of CO₂ costs on fossil fuels makes electrification via HTHP financially attractive. 

Future work should address the integration of a booster heat pump configuration to eliminate the dependency 
on an external 40°C heat source, the experimental validation of the HTHP COP under real kiln operating 
conditions using the WeForming Carnot Battery system currently in commissioning. From an economic 
optimisation perspective, the sizing of the hot-water buffer tank should be further investigated to maximise the 
benefit of dynamic electricity pricing. Additionally, alternative operational strategies should be explored, such 
as operating multiple kilns of smaller individual volume in parallel, which would provide a more continuous and 
stable heat demand profile throughout the operating period. Finally, a sensitivity analysis with respect to future 
electricity and gas price trajectories under different EU energy policy scenarios would strengthen the long-term 
business case for industrial HTHP deployment. 
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Nomenclature 
𝐴  area, m² 𝑀̇ mass flow rate, kg/s 
𝑐  cost, €/kWh 𝑀𝐶 moisture content, % 
𝐶  annual cost, €/year 𝑁 lifetime, years 
𝐶𝐴𝑃𝐸𝑋 capital expenditure, € 𝑁𝑃𝑉 net present value, € 
𝐶𝑂𝑃 coefficient of performance, – 𝑂𝑃𝐸𝑋 annual operating expenditure, €/year 
𝑐𝑝 specific heat capacity, kJ/(kg K) 𝐿𝐻𝑉 lower heating value, kWh/m³ 
𝐶𝐻 moisture content, % 𝐻𝐻𝑉 higher heating value, kWh/m³ 
𝐸9  annual energy consumption, MWh/year 𝑄̇ heating flow rate, kW 
𝐸𝑀𝐶 equilibrium moisture content, % 𝑅𝐻 relative humidity, % 
ℎ specific enthalpy, kJ/kg, heat transfer 

coefficient, W/(m² K) 
𝑇 temperature, °C  

𝑖 discount rate and operation stage, – 𝑡 time, years 
𝐾 empirical coefficients, – 𝑊 humidity ratio, kg_w/kg_air 
𝐿𝐶𝑂𝐻 levelized cost of heat, €/MWh 𝑉̇ volumetric flow rate, m³/s 
𝑀 mass, kg 𝑊̇  Electrical power, kW 

Greek symbols 
𝜂 efficiency 𝜌  density, kg/m³ 
𝜀 effectiveness 𝜏  stage duration/time, h 
𝜆 thermal conductivity, W/(m K)   

Subscripts and superscripts 
𝑎 air 𝑟𝑒𝑐 recuperator 
𝑎𝑚𝑏 ambient 𝑠 sorption 
𝑏𝑜𝑖𝑙𝑒𝑟 fire-tube boiler 𝑠𝑎𝑡 saturation 



𝑐𝑑 condenser 𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 sensible heat 
𝑐𝑝 compressor 𝑡𝑎𝑛𝑘 hot water storage tank 
𝑑𝑏         dry-bulb 𝑡𝑜𝑡𝑎𝑙 total 
𝑒𝑣𝑎𝑝 evaporation 𝑤 water 
𝑓𝑔 Phase change  𝑤𝑎𝑙𝑙 kiln envelope walls 
𝐻𝑇𝐻𝑃 high-temperature heat pump 𝑤𝑏 wet-bulb 
𝑖𝑛𝑓 infiltration 𝑤𝑜𝑜𝑑 wood 
𝑘𝑖𝑙𝑛 kiln chamber   
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