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[bookmark: _Hlk495475023]Wood stoves are widely used for space heating in cold climates and provides energy security and relieves the pressure on the electricity grid, especially on cold winter days. In this work the influence of heat storage capacity on the stove thermal efficiency is investigated to explain the experimentally observed influence of heat storage capacity on stove thermal efficiency. A high heat storage capacity as for soapstone stoves typically gives several percentage points increase in stove thermal efficiency compared to cast iron or plate steel stoves. The heat storage provides a possibility for the heat to be temporarily stored instead of being transported out of the stove with the flue gas, and counteracts the main heat transfer resistance, the transfer of heat to the room from the outer stove surface. However, as the heat storage capacity increases, so do the amount of heat that could be lost to air leaking through the stove after the firing ends. For stove materials, their thermal inertia and mass are crucial for the heat storage capacity, while the transfer of the heat is also controlled by the heat transfer through the material. As a result, soapstone has a benefit with respect to thermal comfort, while cast iron for thermal efficiency, for an equal heat storage capacity. However, soapstone stoves have much higher heat storage capacity than cast iron stoves, and therefore also achieve the highest thermal efficiencies in type approval tests.
Introduction
Wood stoves contribute significantly to domestic heating in many countries, and they exist in different sizes and shapes and with different material configurations and heat outputs. Their energy efficiency varies widely, depending on the stove technology and its operation. Due to their batch operating principle, heat comfort becomes an issue due to the typical transient heat release profile from the stoves to the room, via radiation through the stove window or from the outer stove surfaces or by convection from the outer stove surfaces. The stove heat storage capacity and the rate at which it releases its stored heat helps to dampen the heat release peak. In principle, the higher the heat storage capacity, the more stable heat release can be achieved. However, the heating power (W) will be both lowered and delayed. So-called heat storage stoves are stoves made of heat storing materials, i.e. not metal (cast iron or plate steel), but stone, e.g. soapstone or chamotte. The stone materials have a somewhat lower thermal inertia (J/m3K) than the metals, and they also have lower thermal conductivity, and hence have higher heat transfer resistance. When testing light heat storage (< 500 kg) stoves according to test standards also used for metal stoves (typically < 150 kg), they typically still achieve higher thermal efficiency by a few percentage points. The reason for this can be that they are several times heavier than the metal stoves and also have twice the specific heat capacity and they therefore have much higher heat storage capacity, but they can also have larger heat transfer area that helps reducing the flue gas temperature before it enters the chimney. However, the real efficiency of heat storage stoves is more sensitive than the metal stoves to a draft through the stove and up the chimney when the firing has ended. Such an air leakage due to an air supply valve left open can significantly reduce the thermal efficiency, as heat will be transferred from the hot inner walls of the stove to the leakage air. Ideally the air supply should be stopped at once the combustion has ended, but often there are glowing embers for some time, and then the air supply valve should not be completely closed. And sometimes the air valve is regulated maybe once or twice during the combustion cycle and is then forgotten and left open for a long period after the firing has ended. It is therefore of interest to investigate how this will affect the real efficiency of the stove. From this work guidelines can be provided regarding the effect of different material configurations and heat storage capacities on the heat release profile from wood stoves during and after the firing has ended, and the negative effects of not closing the air supply valve will be shown.
Theoretical background
Typical materials in wood stoves are metal (cast iron, plate steel), stone (soapstone), insulation (e.g. Skamol) and glass, with different properties (density, specific heat capacity, thermal conductivity, radiative properties). The ideal combination of materials would be the one that provides the best overall heat comfort and energy efficiency, while providing good combustion conditions. That means a balance between convective and radiative (from outer surfaces and through the glass) heat transfer, from batch ignition to well after the firing has ended. When the firing ends, no air should leak through the stove and end up in the chimney. Such a negative effect would especially penalise heat storage stoves, releasing heat for a long time after the firing ends. Table 1 shows material properties for typical wood stove materials. Low thermal conductivity, for insulating materials (e.g. Skamol), results in a high temperature difference across a wall (increasing with the wall thickness), i.e. high inner surface temperature (→increased combustion temperature) and low outer surface temperature. Hence, heat transfer to the room from the outer surface is low (but as the combustion temperature is increased, also the heat transfer potential into and through the wall is increasing) and more heat needs to be taken out in a non-insulated heat exchange section, or during a longer timespan if stored in the material. High thermal conductivity, for metals, results in a low temperature difference across a wall, i.e. reduced inner surface temperature (→reduced combustion temperature) and increased outer surface temperature compared to an insulating material. The effect of an increasing heat storage capacity is that more heat is stored in the wall, reducing the heat transfer to the outer surface, and hence delaying the heat release (W/m2) to the room. The effect of the glass is direct radiation through the glass, enabling early heat transfer to the room (→improved thermal comfort). However, this also penalise the combustion conditions, especially in the ignition period, but also in the char burnout period, where the heat is needed to maintain a sufficient combustion temperature.
Table 1: Properties of materials typically used in wood stoves
	Property 
	Cast iron
	Plate steel
	Soapstone
	Skamol
	Denomination

	Density
	7190
	7870
	2980
	600
	kg/m3

	Specific heat capacity
	0.460
	0.448
	0.980
	0.940
	kJ/kgK

	Thermal inertia
	3307
	3526
	2920
	564
	kJ/m3K

	Thermal conductivity
	60
	72
	6.4
	0.181
	W/mK



Earlier work
A predefined heat flux was forced through a vertical 1D wall in a work by Skreiberg and Georges (2017) to investigate the resulting heat release and storage profiles for stoves with different material configurations. The results showed the influence of the different material configurations on the thermal behaviour of the stove materials. Skreiberg and Georges (2018) carried out further studies on the effect of different predefined heat fluxes on the resulting heat release and storage profiles, showing that the heat production profile significantly influences the thermal behaviour of the stove. Bugge et al. (2019) calculated heat production profiles and their effect on the resulting heat release and storage profiles in transient 2D CFD simulations of a cast iron and a soapstone stove. The results showed that the soapstone flattened the heat release profile compared to cast iron. More heat was stored, and the heat was released for a longer time. Also, a significantly lower chimney inlet temperature resulted for the soapstone stove, contributing to a higher thermal efficiency.
[bookmark: _Hlk157422008]The influence of material properties on transient thermal behavior during combustion
To show the influence of wall properties (thermal conductivity, density, specific heat capacity, thickness, composition) on transient temperature and heat storage evolution the heat transfer through a multilayer 1D wall was calculated for a, for simplicity, continuous radiation heat source of 200°C imposed with a view factor of 1 on a 3 cm thick soapstone wall and a 6 mm cast iron wall (as in the stove heat exchange section), and as well both of these with an inner 2.5 cm Skamol insulation layer (as in the stove combustion chamber section). The emissivity of the walls was set to 0.9 for all three materials. Since heat is here only transferred by radiation to the inner wall surface, only radiation heat transfer was initially included for the outer wall surface, to the surroundings with a temperature of 20°C. As can be seen in Figure 1, even though an increased conductivity (as for cast iron, Figure 1B) allows faster heat transfer through the material, the heat also results in material temperature increase as it is temporarily stored in the 6 mm wall, and the resulting higher outer surface temperature results in more heat being released to the room, limited by the radiative (and in practise also convective) heat transfer resistance. The high thermal conductivity results in a low temperature gradient through the cast iron wall. However, as the inner wall surface temperature increases, the heat flux into the wall decreases, i.e. the heat transfer efficiency decreases. The soapstone (Figure 1A) wall behaves differently, due to its lower conductivity (but far from being an insulation material) and higher heat storage capacity (due to its 3 cm thickness and twice the specific heat capacity). Its inner wall surface temperature increases slower, more heat is stored in the wall and less heat is released to the room. However, more heat will be transferred from the flue gas to the wall as the inner wall surface temperature increases slower than for the cast iron wall, i.e. achieving higher heat transfer rate into the wall than the cast iron wall. If changing the wall thickness to achieve the same heat storage capacity for the cast iron wall and the soapstone wall, i.e. a cast iron wall equalling the 3 cm soapstone wall or a soapstone wall equalling the 6 mm cast iron wall, their behaviour becomes very similar, as it is the heat storage capacity that controls the heat transfer, and not the thermal conductivity, since the controlling heat transfer resistance is for the heat transfer from the outer wall to the room. If adding heat transfer by convection (h = 10 W/m2) to the room (Figures 1C and 1D), this improves the heat transfer to the room which results in more rapid release of the stored heat, however, still the heat transfer to the room will control the overall heat transfer resistance, and an equal heat storage capacity will still give the same behaviour. An increased conductivity alone would contribute to increased thermal efficiency (less heat in the flue gas), while increased wall thickness/heat storage capacity would do the same (as long as the heat release to the room account for the highest heat transfer resistance). However, the wall temperatures will not increase indefinitely, but will at some point reach an equilibrium condition, where the wall heat storage and surface temperatures are in balance with the heat source on the hot side and the heat dissipation on the cold side, as can be seen for the cast iron case. Regarding heat transfer to the room, increased conductivity would contribute to higher and more rapid heat release from the outer stove surface, while increased wall thickness/heat storage capacity would reduce/delay the heat release to the room. The ideal material from a thermal efficiency point of view would then be one that provides both high thermal conductivity and high heat storage capacity (e.g. a thick cast iron wall), while from a thermal comfort point of view, low thermal conductivity and high heat storage capacity (e.g. soapstone) would be more beneficial.
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Figure 1: The effect of material properties on heat transfer and storage in a wall, and heat release to the room. A: 3 cm soapstone wall and B: 6 mm cast iron wall, both with radiative heat transfer from the outer surface. C: 3 cm soapstone wall and D: 6 mm cast iron wall, both with convective and radiative heat transfer from the outer surface. Ti – Inner wall surface temperature, Tm – Wall centre temperature, To – Outer wall surface temperature, q_in – Heat flux in, q_out – Heat flux out, q_stored – Heat flux stored
If adding insulation as in the combustion chamber (Figure 2), and hence increasing the heat transfer resistance, then the difference in behaviour between the outer layer of soapstone and cast iron reduces, but still the outer layer temperature of the soapstone will be significantly lower than for cast iron, due to the higher heat storage capacity, and the lower conductivity. 
[image: ]
Figure 2: The effect of adding insulation on heat transfer and storage in a wall, and heat release to the room. A: 3 cm soapstone wall with 2.5 cm insulation. B: 6 mm cast iron wall with 2.5 cm insulation. 1A and 1B casesB
A

The influence of material properties on transient thermal behavior after combustion
Different material properties will also influence the thermal behaviour after the firing has ended. This is shown in Figure 3 for the soapstone wall and the cast iron wall without insulation. An increased conductivity will result in a faster stabilisation of the wall temperatures, initially giving slightly (cast iron) or somewhat (soapstone) higher inner and lower outer surface temperatures, if the boundary conditions are equal on each side of the wall. After a while this will change, towards the highest wall temperature being in the middle of the wall. However, in practise, the heat transfer from the inner and outer walls of the stove will be somewhat different, since on the outside heat is transferred by radiation and convection to the room which can be assumed to have constant properties, while on the inside heat is transferred mainly by convection to a limited amount of air going through the air inlets after the combustion has ended. The contribution of inner wall radiation through the glass will usually be relatively minor. Hence, a cast iron stove with its material characteristics (lower heat storage capacity) will transfer its stored heat much faster to the room compared to a soapstone stove, which for the latter can be positive from a thermal comfort point of view, but it also means that more stored heat can be lost through the chimney in case of an air supply valve left open, or due to a leaky stove construction.
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Figure 3: The effect of material properties on transient thermal behaviour after combustion. A: soapstone (1A case followed by cooling). B: cast iron (1B case followed by cooling)
Experimental
Three different wood stoves were tested according to the Norwegian type approval standard NS3058/59 (1994), a cast iron stove, a plate steel stove and a soapstone stove. Extensive mapping of their emissions and energy performance was carried out and has earlier been reported in Skreiberg et al. (2023a, 2023b). The results showed that the energy efficiency of the heat storage stove (about 400 kg) was on average 3 percentage points higher than for the other two stoves (about 115 kg). However, the reason for this was not discussed or explained. 
Heat storage influence on stove efficiency
As can be seen in Table 2, low load experiments yield lower combustion efficiency than at nominal load, but to which degree depends also on the stove design. The thermal efficiency depends both on the chimney inlet temperature and the O2 concentration, which both depends on the stove design, and the regulation of the air intake valve. Lowering the chimney inlet temperature is key, while lowering the excess air helps further. The soapstone stove (Stove 3) operates at a lower chimney inlet temperature at a similar O2, as illustrated in Figure 4, i.e. more heat is transferred to the stove materials. This could be because of the higher heat storage capacity and partly due to a larger heat transfer area.
Table 2: Weighted average values for assessing combustion process and energetic performance (Skreiberg et al. (2023a). Stove 1: cast iron. Stove 2: plate steel with radiation shield. Stove 3: soapstone
[image: ]   [image: ]
Figure 4: Stove thermal efficiency as a function of chimney inlet temperature and O2 concentration (vol% dry) 
To aid in the assessment the development of the measured transient surface temperature was studied. At some point the soapstone heat storage effect will not be beneficial any longer, i.e. when the heat storage cannot take up more heat due to the instantaneous heat release balancing the instantaneous heat storage. At that point, the soapstone will act as a more efficient insulator compared to cast iron or plate steel, decreasing the stove thermal efficiency. When comparing with the heat release profile from the combustion process, a change in net heat production influences the outer surface temperature much faster for Stove 1 - Cast iron. Differences in preheating degree will influence the initial behaviour, which can be seen in Figure 5. In the evaluation of the thermal efficiency of a stove the preheating degree should in principle be considered. A higher initial wall temperature will reduce the stove thermal efficiency when firing at the same load. When igniting the stove, the thermal efficiency has the potential to be at its highest, as the available heat storage capacity is at its highest. When ending the firing, higher heat storage capacity and higher wall temperature means that more heat can be lost to leakage air.

[image: A graph of different colored lines

Description automatically generated] [image: A graph of different colored lines

Description automatically generated] [image: A graph of different colored lines

Description automatically generated]C
B
A

Figure 5: Outer wall mean temperature development for the three stoves (A: cast iron, B: plate steel with radiation shield, C: soapstone) and comparison of load and thermal efficiency
Heat storage influence on thermal comfort
When comparing surface temperatures in Figure 5, much higher outer surface temperatures are seen for Stove 1 - Cast iron. Low outer surface temperatures are seen for Stove 2 - Plate steel, with radiation shield. The radiation shield enhances convective heat transfer and keeps the outer surface temperature low. Low outer surface temperatures are seen for Stove 3 - Soapstone, due to heat storage and reduced conductive heat transfer. Hence, from a thermal comfort point of view the soapstone stove has beneficial properties, while from a safety point of view a radiation shield lowers the outer surface temperature, by enhancing convective heat transfer. The cast iron stove provides a higher fraction of radiant heat. The optimum distribution of radiant versus convective heat transfer to the room will depend on many factors, and personal comfort preferences as well.
The effect of air leakage
Modelling of the heat transfer through and the heat storage in a composite wall was carried out by Skreiberg and Georges (2017). In this work the modelling approach was extended to include convective heat transfer from the hot inner wall to leakage air after the combustion process has ended. This enables assessing the effect of this heat loss on the energy performance of the stove. Effect of air leakage on the initial thermal efficiency of 75% for a soapstone stove and a three times lighter cast iron stove is shown in Figure 6, showing that the stove thermal efficiency is much less influenced by an air leakage for the cast iron stove compared to a soapstone stove. Ideally, no air should leak through the air supply valve and out the chimney when the combustion process has ended or when the stove is not in operation.
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[bookmark: _Hlk157419711]Figure 6: Effect of air leakage on thermal efficiency for a typical soapstone stone (A) and cast iron (B) stove
Guidelines for optimum stove performance
The best material combination is the one that 1) ensures effective ignition, enabling radiative heat transfer through the glass faster without high emissions in the ignition phase, 2) has enough heat storage capacity to avoid overheating resulting in thermal discomfort, 3) operates with reduced chimney inlet temperature and O2 resulting in high thermal efficiency, 4) achieves good burnout throughout the combustion cycle resulting in high combustion efficiency, 5) reduces the air leakage when the combustion has ended. Automatic combustion and air supply control would be beneficial. Heat storage stoves satisfy point 2 and 3 better than cast iron or plate steel stoves, however, point 5 becomes a bigger concern. To reach an optimum stove performance, both stove operation and design must be optimised, and the stove heating power must fit the heating need.
Conclusions
Heat storage helps moderating the heat release to the room, beneficial for thermal comfort. The high heat storage capacity in soapstone stoves yields higher stove efficiency compared to cast iron or plate steel stoves, due to their thicker walls and higher heat storage capacity, and often a larger heat transfer area. This is resulting in that the soapstone stove operates at a lower chimney inlet temperature at a similar O2, i.e. more heat is transferred to the stove materials. As the chimney inlet temperature decreases, the chimney quality and height become increasingly important to ensure sufficient draft. Air leakage after firing can significantly reduce the stove thermal efficiency, especially for heat storage stoves, as heat from a hot wall will be transferred in both directions, but mainly by convection to the air on the inside as the inner surface temperatures will be similar and the air has no absorptive/radiative properties. On the outside, heat will be transferred by both convection and radiation. Simulations can aid in understanding the influence of change in design and operational parameters on the stove efficiency and provide guidelines for optimum material configurations.
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Stove 1 Stove 2 Stove 3

Exp 1 Exp 2 Exp 3 Exp 4 Exp 5 Exp 6 Exp 7 Exp 8 Exp 9 Exp 10

Load (kg/h) 1.98 1.79 1.27 1.25 1.20 2.17 1.70 2.55 0.95 1.31

O2 (vol% dry) 10.60 10.93 12.10 12.35 11.23 9.73 9.57 8.68 10.56 10.31

T_Chimney (°C) 281 269 215 190 230 320 276 262 207 232

Combustion eff 98.4 %97.5 %92.3 %93.0 % 97.3 %99.0 %97.8 % 99.0 %97.6 %98.5 %

Thermal eff 79.8 %80.3 %83.7 %85.4 % 83.1 %78.2 %81.9 % 83.8 %85.8 %84.2 %

Total eff 78.2 %77.8 %75.9 %78.4 % 80.4 %77.1 %79.7 % 82.7 %83.4 %82.6 %
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