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Abstract

Wood stoves are attractive for the space-heating (SH) of passive houses. Nev-
ertheless, there are still questions about their integration. Firstly, the power
oversizing of the current stoves and their long operating time may lead to un-
acceptable overheating. Secondly, it is also unclear how one stove can ensure
the thermal comfort in the entire building. The paper investigates these as-
pects using detailed dynamic simulations (TRNSYS) applied to a detached
house in Belgium. An 8 kW stove is assumed to be representative of the
lowest available powers in the market. Results confirm that a large power
modulation is important to prevent overheating. Opening the internal doors,
a high building thermal mass and a heat emission dominated by radiation
also reduce the overheating risk, but to a smaller extent. Besides, a single

stove cannot enforce the thermal comfort during design weather conditions:
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a peak-load system is then needed. Using more standard conditions, a Typ-
ical Meteorological Year (TMY), the stove can mainly perform the SH but
it then requires the internal doors inside the building to be opened. The
temperature distribution between rooms is in fact dominated by the archi-
tectonic properties. Finally, the emission and distribution efficiency of the
stove is also investigated.

Keywords: Wood stove, Passive house, Renewable energy integration

Nomenclature

Cy Discharge coefficient of a large opening [-]

P. Combustion power of the stove [W]

P, Net power delivered to the stove envelope [W]

P. Total power emitted by the stove to a thermal zone [W]
P, nin, Minimal combustion power of the stove [W|

P.,, Nominal combustion power of the stove [W]

P¢ Convective power emitted by the stove [W]

P? Radiative power emitted by the stove [W]

Tmin Minimal imposed cycle length [min]

t. Power fraction emitted by the stove in form of convection -]

T. Stove surface temperature [°C]



T, Sensible air temperature [°C]

Tops% 5% percentile T,, during the heating season [*C]
Topo5% 95% percentile T, during the heating season [°C]
Top.maz Maximal T, during the heating season [*C]
Top.min. Minimal T, during the heating season [*C]

T,, Operative temperature [°C]

Tser Set-point air temperature for the space-heating [°C|

TMY Typical Meteorological Year

1. Introduction

Wood stoves are an attractive solution for the space-heating (SH) of pas-
sive houses as they can combine good environmental and economic perfor-
mance.

Using well-insulated envelopes, the energy needs are relatively low so
that energy-consumption costs during operation are thus low. In terms of
payback time, savings on these energy costs counterbalance more slowly the
extra-investment that must often be accepted to afford a more energy-efficient
heating system. Particularly for a passive house, it can be shown that se-
lecting a heating system with a low investment cost is a necessary condition
to reach cost effectiveness [1]. This low investment is possible using a wood
stove. Furthermore, the minimization of the investment in the SH system

underlies also the definition of the passive house [2].



In terms of environmental performance, wood stoves use biomass so that
they have the potential to be environmental friendly : they can emit relatively
small amounts of greenhouse gases (GHG). Furthermore, the state-of-the-art
wood stoves present rather high energy efficiency (e.g. 85%). This is also an
important factor to limit the amount of wood to be extracted from forests.
Nevertheless, best techniques to limit emissions of small particles should be
implemented to prevent the pollution of the outside air (e.g. using filters).

Finally, in terms of safety and indoor air quality (IAQ), the last decade has
seen the emergence of airtight stoves equipped with an independent supply
for the combustion air and the flue gas removal. This improvement makes
possible the integration of wood stoves in airtight envelope equipped with a

balanced mechanical ventilation.

1.1. Research context and questions

As explained, the SH of a passive house using a wood stove can be an
attractive solution. Nevertheless, this conclusion is only correct if a set of
conditions are fulfilled. These conditions are mainly linked to the correct
integration of wood stoves in super-insulated envelopes.

Firstly, to maintain cost effectiveness, a single wood stove should cover
the main part of the SH needs during the heating season : the wood stove
should be the main SH system. In other words, the stove should not only
be installed for visual or thermal coziness. In fact, a peak-load SH system
can be added but it should not increase the investment significantly. For
example, this can be done easily using inexpensive electric heaters. This first
condition is rather severe from a thermal comfort point of view : a single heat

emitter (i.e. the wood stove) should be able to enforce the thermal comfort
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in the entire passive envelope. As a consequence, rooms that are far from
the stove could experience unacceptable low temperatures during the winter.
The first question (Q1) of the paper is then to investigate how a single heat
source located in one thermal zone is able to mainly perform the SH in a
passive house.

Secondly, many heating systems face the well-known problem of the power
oversizing when implemented in a passive house. By definition of the passive
house, the nominal power of losses should be limited to 10 W/m? in order to
enable air heating [2]. For a single-family house, it typically leads to a total
power of roughly 2 kW. Many SH technologies cannot reduce the nominal
power (F.,) down to ~2 kW. For instance, the minimal P,,, for wood stoves
often encountered in the market is 6-8 kW (see e.g. [3]). The oversizing of the
heating system compared to the buildings needs is then large even considering
stove power modulations of 30-50% of P., : the heat losses of ~2 kW are
only found in the coldest days so that a power lower than 1 kW is most likely
to appear during everyday operation. In practice, the reality is even more
severe. Wood stoves, as many other heating systems, need to operate with
long production cycles in order to reach their best performance, in terms
of energy efficiency as well as emissions of pollutants. In the measurements
of Persson et al. [4], a start-up time of 0.6 h is reported before the tested
pellet stoves deliver their P, ,. The wood-log combustion should rather be
considered as a batch process where each batch has a length of ~45 min
or more. The second question (Q2) of the paper is to investigate how an
oversized wood stove can operate with long production cycles in a passive

house without generating overheating.



Of course, different technologies based on a wood stove can be imple-
mented in a passive house. In particular, hydro-stoves are equipped with
a heat exchanger to produce hot water. The main part of the combustion
heat is recovered by this exchanger while the remaining is directly emitted
into the room (e.g. with a proportion of 80 to 20%, respectively). It has a
triple advantage. Firstly, the power released into the room is significantly
decreased so that it prevents overheating. Secondly, the generated hot water
can be stored in a storage tank and this energy can subsequently feed a hy-
dronic SH system (e.g. equipped with radiators). This last strategy is more
secure to guarantee an acceptable thermal comfort in all the thermal zones.
Finally, the hydro-stove can contribute to the production of domestic hot
water (DHW). As a conclusion, the hydro-stove is already an answer to the
problems raised by questions Q1 and Q2. As the article still discusses these
two questions, it does not mean that the hydro-stove technology is discarded
here. In fact, the paper only investigates the limits of the integration of a
wood stove in a passive envelope, addressing the questions of the overheating
and the SH distribution using a single heat source.

In terms of energy efficiency, the potential overheatings tend to increase
the energy consumption. On the contrary, the simplification into one heat
emitter for the entire envelope tends to reduce the energy consumption as the
thermal comfort is not enforced strictly in each room : the temperature in
thermal zones without a heat emitter will naturally have a lower temperature.
In the remainder of this article, this phenomenon will be termed temperature
zoning. As a consequence, it is worth investigating the resulting energy

efficiency of a wood stove for the SH distribution. This is the last question of



the paper (Q3). The efficiency of the generation sub-system (e.g. the energy

conversion within the stove) is not addressed.

1.2. Outcome of the paper and other existing contributions

The present article investigates the wood stove integration using detailed
dynamic simulations. Simulations are performed on a typical detached house
geometry that is representative of the Belgian context. The relative influence
of the stove and the building architectonic properties on the thermal comfort

and the energy efficiency is determined using parametric studies.

1.2.1. Stove properties

The stove properties have obviously a large influence on the thermal com-
fort. The overheating problem is directly linked to the stove nominal com-
bustion power (P.,), to the stove thermal mass (that can store the heat
delivered by the combustion before this energy is progressively released to
the building zone), and to the power modulation capacity of the stove (that
reflects the ability of a stove to adapt its combustion power as a function of
the building needs). The influence of the stove control has been clearly shown
in the simulations of Persson et al. [5] using pellet stoves. It was proved that
the power modulation is an important parameter to reduce the number of
start/stop phases and, therefore, the emissions of pollutants. Nevertheless,
this work was not performed in the specific context of passive houses where

the risk of overheating, or short cycles, is higher.

1.2.2. Building properties
The building properties can have a double impact. Firstly, the ther-

mal mass of the building can reduce the overheating : with a higher thermal
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mass, the walls temperature will rise more slowly for a given radiant heat flux
emitted by the stove. Secondly, in light structures (as wooden structures),
partition walls inside the building are also filled with thermal insulation.
This is usually done to guarantee acoustic insulation between rooms. For
convenience, this thermal insulation located in partition walls will here be
termed internal insulation. The level of internal insulation can be very dif-
ferent between heavy concrete and light wooden structures. This insulation
will prevent the heat from diffusing freely from the zone where the stove is
placed to the neighboring rooms. This effect was clearly demonstrated by
Pfluger in his contribution to the Passive House Institute (PHI) report [6]. In
order to reduce the temperature zoning, the influence of opening the internal
doors of the building can also be investigated. This was also done by Feist
et al. [2] as well as in the PHI report [6]. The natural convection between

rooms was shown to be very efficient to diffuse heat within the envelope.

1.2.3. Originality and existing contributions

In the field of the stove integration in passive houses, an important con-
tribution is the work of Pfluger reported in [6]. This work has similarities
with the present contribution in terms of methodology, objectives and con-
clusions. Both resort to detailed dynamic simulations to investigate how the
stove and building properties influence the overheating and the heat distribu-
tion. Furthermore, both contributions aim at giving guidelines for the proper
integration of wood stoves in passive houses.

From a larger point of view, field measurements of Carvalho et al. [7]
and Jensen et al. [8] showed the need to develop a better knowledge about

the stove integration in well-insulated buildings (e.g. about the overheating



risk).
Let us also mention that preliminary developments for the present study

have already been communicated at scientific conferences [9, 10].

2. Methodology

2.1. Building model

The general simulation procedure is first explained, while the specific

building typology used for the present results is introduced afterwards.

2.1.1. Building modeling procedure

The building is modeled using the multi-zone building model of TRNSY'S
(i.e. Type 56 [11]). In order to investigate the influence of the heat diffusion
in the envelope through natural convection, the airflow rates between rooms
are computed using a ventilation network model. This is done using the
TRNFLOW [12] module based on the COMIS library. The opening of the
internal doors could be a very efficient way to homogenize heat within the
entire envelope. Doors are modeled using a large opening approximation
(see e.g. Etheridge et al. [13]). A discharge coefficient (Cj) then needs
to be introduced in order to tune the model to a specific flow physics (i.e.
here cross-flows through internal doors). This coefficient is known to be
case dependant. Following the review performed by Heiselberg [14] based on
published experimental results, a range of Cy from 0.4 to 0.8 is considered
in the paper (a standard value of 0.65 is used by default if the Cy is not
explicitly specified). The building has a balanced whole-house mechanical

ventilation equipped with a heat recovery unit. Its thermal efficiency is here



assumed to be 85%. The constant-air-volume (CAV) ventilation operates a
cascade-flow : the fresh air is injected in the living room and bedrooms and is
extracted in wet rooms (e.g. bathroom, laundry, toilets). Standard hygienic
flow rates [15] are imposed. For the sake of clarity, the heat exchanger bypass
is not activated during the heating season if an overheating takes place within
the building envelope. Furthermore, no pre-heating of the fresh air after the
heat recovery unit is considered. Solar protections are activated during the
heating period but only for high solar radiation levels. Synthetic time-varying
internal gains are applied to the building with a mean value of 2.1 W/m? in

good accordance with the passive house standard (see e.g. [16]).

2.1.2. The benchmark passive house

A fixed detached single-family house geometry is used for all the simu-
lation results presented here. It is a typical Belgian two-storey’s building
that was developed in the investigation of Massart et al. [17]. Belgium has
been selected because its climate is quite comparable to countries where the
passive standard have been first established (i.e. Germany, Switzerland and
Austria). The benchmark house has a net heated surface of 152 m?. The
envelope presents a protected volume of 420 m®, 360 m? of opaque surfaces
and 35 m? of windows. The house and its internal organization are shown
in Figure 1 : the building is divided into 10 thermal zones. The living room
where the wood stove is placed faces the south. This can be seen as the most
severe situation in terms of thermal comfort (i.e. risk of overheating).

While the building geometry is kept unchanged between simulations, five
distinct construction modes corresponding to five levels of thermal inertia are

considered : from very-heavy to very-light inertia. A summary of the main
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building properties is given in Table 1. The insulation level of the envelope
is strictly equivalent for the five cases. It has been established in order to
comply with the passive house standard. In the present work, a set-point
temperature (Ts) of 20°C is considered for the SH system. The net SH
needs evaluated using the PHPP evaluation package [16] and the climate of
Uccle (i.e. city near Brussels) is estimated to be 15 kWh/m?.year, while
the total heat losses are 2.4 kW in design weather conditions (i.e. -10°C).
Nonetheless, the construction modes have a strong influence on the internal
insulation. An important point to notice is that a lower thermal mass leads

to a higher internal insulation. This will have a significant impact on results.

2.2. Stove model

The objective of the article is not to report in details about the stove
model. Extended explanations can be found in [18]. Nevertheless, the major
model features needed for a good physical understanding of the results are
introduced. The general modeling procedure is first explained while the
elements specific to pellets and logs are developed afterwards.

The overall procedure is shown in Figure 2. In the room where the stove
is placed, the sensible air temperature (7}) is first computed by the building
model and then sent to the stove control. If activated, this control can adapt
the stove combustion power, P.. The fraction of P, delivered to the stove
envelope, termed P, is computed using the stove generation efficiency. This
envelope has a given composition : it may contain several layers presenting
different thermal conductivities and heat capacities. In practice, part of the
combustion power can be directly transferred from the combustion chamber

to the room through a window. Unless stated otherwise, this last effect is
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not taken into account in the present study. A specific module of the stove
model computes the heat transfer inside its envelope as a function of time
(see Figure 2). This is done here assuming one-dimensional heat transfer.
The final result is the temperature of the external surface of the stove, T..
Then, T, and T} are used to compute the power emitted by the stove through
convection (P¢) and radiation (P!) : P¢ is evaluated using correlations for
isothermal plates [19], P! is evaluated analytically assuming that the stove is
very small compared to the room dimensions [20]. Finally, these two powers
are considered as gains that are applied to the building model : PY is directly
injected to the air node while P is distributed among the room walls as a
function of the view factors. This overall procedure can be seen as a loosely-
coupled approach where the stove geometry is not physically present in the
building model but is rather considered as an internal gain injected into the
building. For each time step, TRNSYS iterates several times on this overall
loop until a global convergence is reached.

In order to give a SH system of reference, a brief definition of the perfect
heating is given : the perfect heating can be considered as a pure convective
heating that delivers instantaneously, or more precisely in one time step, the

exact amount of energy to enforce the set-point temperature (7T.;) within a

room.

2.2.1. Pellet stove model

The dynamics of pellets combustion is faster than the stove and the buil-
ding characteristic time scales so that the combustion process in pellet stoves
can be assumed instantaneous [4]. The P, is here modulated using a PID

controller (i.e. Proportional + Integral + Derivative control). The limita-
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tions of the pellet stove are introduced progressively into this PID controller,

see Figure 3 :

e If the . can be modulated continuously from 0 to P, ,, the PID con-
troller is able to track the T, and the stove operates continuously to

counterbalance the envelope losses (see Scenario 1 in Figure 3).

e State-of-the-art pellet stoves can modulate up to ~30% of P.,. This
limitation in terms of power modulation is mimicked by a saturation
of the PID command to a lower limit. If the zone thermal losses are
lower than the minimal combustion power (P, ), the stove starts to
cycle between a start and a stop temperature, here taken as 20°C and
22°C respectively (see Scenario 2 in Figure 3). In this case, the length
of the production cycle of the stove is determined implicity by the gap
between the start and stop temperatures, the building inertia and the

level of its thermal losses.

e As the length of the production cycle is a main physical parameter
of the present study, a constraint on the minimal cycle length is also
introduced explicitly in the controller. The stove is only stopped if
the stop temperature is reached and if the stove has operated at least
during a given period, the imposed minimal cycle length, 7., (see
Scenario 3 in Figure 3). In this case, T, sometimes exceeds the stop

temperature of the stove control.

2.2.2. Log stove model
The combustion of logs needs to be treated as a batch process where the

combustion of wood is decomposed in several phases [21]. State-of-the-art
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log stoves can modulate up to 50% of P.,. It is here considered that this
power modulation is not adapted as a function of the room needs, but rather
as a choice of the user (e.g. by adjusting the air intakes of the combustion
chamber) : the power modulation level is selected a priori and is not changed
during operation. As small variations of T have a limited impact on P,, the
combustion model can be decoupled during simulation. Another software
specific to wood logs is first applied [22]. Its combustion model based on
experimental data enables to generate the time profile of P.. Considering
the log stove control in TRNSYS, one batch combustion starts each time T}

falls below 20°C (i.e. the start temperature).

2.2.3. Generic stove analysis

The stove models can also be analyzed at the limit of very small stove
thermal masses. In other words, the thermal comfort can be investigated
assuming that the damping effect of the stove mass is negligible compared
to the building dynamics. Of course, it is a significant limitation but it gives
the opportunity to simplify the problem to a large extent. As the stove mass
is neglected, the power delivered by the combustion to the stove envelope
(P;) is assumed to be equal to the heat emitted to the room (P.). The
temperature of the stove envelope (7,) should not be computed anymore if
the ratio between convection and radiation, t., is taken as a free parameter

of the analysis :
PC
te = —"—. 1
Pc+ Pr ( )
In this context, a lot of physical parameters are not necessary anymore and

are just hidden behind t. : the stove dimensions, its envelope constitution and

surface emissivity, the presence of radiation shields or the fraction of glazing
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in the stove envelope. The main idea is to investigate the influence of ¢. on
the thermal comfort and to determine the value that should be promoted

when developing or installing a new stove.

2.2.4. Thermal comfort assessment and overall model limitations

The present work rates the global thermal comfort assuming that the
occupant is far enough from the stove for the radiation asymmetry to be
neglected, and where the effect of the direct radiation from the combustion
chamber is also negligible. The thermal comfort is evaluated by monitor-
ing the operative temperature, T;,. Extended explanations motivating this
choice can be found in [18]. The maximal acceptable Ty, is here taken to be
24.5°C. Using the EN ISO 7730 [23], this is the limit for a PMV < 0.5 with
a clo and a met of 1.0 (with a relative air speed < 0.1 m/s). By default,
instantaneous values of T, are reported in the article. Nevertheless, the 5%
and 95% percentile of T,, during the heating season were also systematically
analyzed (termed T,,59% and T,, 5%, respectively); they are only mentioned

in the article when they provide meaningful complementary information.

3. Results in design weather conditions

The thermal comfort is first investigated in strict design conditions : a
constant outdoor design temperature is applied (here -10°C) and no solar or
internal gains are considered. The thermal comfort is analyzed when a perfect
heating is only performed in the living room and when the temperature of
other rooms is free-floating. In this way, it shows how the heat flows in the
building in severe weather conditions. Basically, internal doors are closed

and, at simulation time 0, all the internal doors are opened. Results are
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shown in Figure 4 for different wall compositions and two different values of
Cy.

When internal doors are closed (t < Oh), the coldest bedroom, zone 8 in
Figure 1, presents a temperature that depends on the building construction
mode, see Figure 4. At first sight, it may look strange as all the construction
modes analyzed here use an envelope with the same insulation level (see
Table 1). In fact, results are different because the internal insulation levels are
different : the lighter the structure, the higher the internal thermal insulation.
As expected, this internal insulation gives a strong temperature zoning. With
closed internal doors, results also tell us that the heat is mainly transmitted
from the living room to other zones by conduction through walls.

When internal doors are open (t > 0Oh), the temperature in the coldest
bedroom first increases quickly and then follows a slower progression. In
fact, the temperature difference between the living room and other rooms
generates a strong natural convection inside the building. Firstly, the fi-
nal steady-state temperature is ranging from 14.5° to 16°C following the Cy
considered. A temperature magnitude that is well above the previous tem-
peratures found with closed doors. Secondly, the final steady-state tempera-
ture is almost equivalent between the constructive modes considered. With
open internal doors, it shows that the prevailing heat diffusion process in the
building is the natural convection.

Even though the effect of the natural convection is strong, opening the
internal doors is not enough to ensure the thermal comfort in design condi-
tions. This conclusion is independent on the C,; considered for internal doors.

As a consequence, an additional heat emission sub-system should be added
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as a peak-load heating. For example, an electric heating coil can be placed
in the main ventilation duct.

Nevertheless, these design outdoor conditions appear very seldom during
a year. Furthermore, in a passive house, the performance of the envelope is
such that the characteristic time constant of the building is relatively long
(here between 74 and 243 h using EN 13790 [24]). It is then not sure that
a cold wave will last long enough for the building temperature to reach such
steady-state regimes. In addition, the coldest days are often related to a clear
sky so that it is also very conservative to neglect solar gains in the analysis.
This last effect is well explained in Feist et al. [2]. Finally, internal gains are
also not negligible. As a consequence, Section 4 investigates the stove SH

performance using more ”standard” operating conditions.

4. Thermal comfort in TMY weather conditions

The SH is now investigated with internal and solar gains for a Typical
Meteorological Year (TMY) (generated by the Meteonorm database). In
order to simplify the analysis, the parameters of the stoves have been adapted
in order to get a nominal P, of 8 kW delivered by the combustion to the stove
thermal mass. In this way, it leaves the question of the generation efficiency
apart and evaluates solutions with a comparable amount of energy delivered
to the room. In practice, the nominal power of the stove, P, ,, is then slightly
higher but is here left undetermined (e.g. 9.4 kW assuming a 85 % efficiency).
The oversizing of the stove is thus ~3.5 compared to the nominal power of
the envelope losses. Furthermore, 8 kW is well representative of the minimal

power of existing stoves currently available on the market (see e.g. [3]). All-
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year simulations are run with a time step of 3 min for closed doors and 1 min
for open doors. A parametric study is performed where one simulation is done
for each set of the following parameters : the building construction mode,
the stove power modulation level, the imposed cycle length and the opening
of the internal doors. Nevertheless, given the large set of data investigated,
results are only reported in graphs for the combinations of parameters that
gives significant difference in behaviour. For the combinations not reported,

results can be assumed similar.

4.1. Generic pellet stove without inertia

The performance of two generic pellet stoves is compared. The first stove
has no power modulation (i.e. on-off stove) while the second can modulate
up to 30 % of P., (i.e. P.pin = P.,, and 0.3 P,,,, respectively).

The minimal operative temperature (7, min) found during the heating
season in the building is first analyzed in Figure 5. For comparison, the
perfect heating applied in the living room using a set-point temperature of
21°C is shown on the ordinate axis : this temperature level is the mean value
between the start and stop temperatures of the pellet stove (i.e. 20°C and
22°C, respectively). Tt min is almost independent of the stove properties and
very close to the temperature found using the perfect heating : neither ¢,
the cycle length or the power modulation affect 15, i, significantly. In fact,
Top,min is mainly influenced by the building architectonic properties.

For closed internal doors, the temperature zoning is strongly influenced by
the construction mode. For the very-heavy building, T, i, is approximately
16°C, a temperature that could already be accepted by some users in a bed-

room. On the contrary, light construction modes lead to unacceptable T, 1in
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during the heating season. Although unacceptable, these temperature lev-
els are well above the temperatures found in design weather conditions (cfr.
Section 3). It clearly confirms that strict design conditions are particularly
severe for the analysis of the SH in a passive house.

Opening the internal doors has a strong influence on Ti nin. Again,
the diffusion of heat inside the building envelope is mainly dominated by
natural convection. As a consequence, the influence of the construction mode
on 1oy min almost disappears : all the curves collapse around ~18°C. By
definition, the minimal temperature only appears one time during a heating
season so that the 5% percentile of the operative temperature, T,, 5%, can
complement the analysis. In fact, T,, in the coldest bedroom falls below
~19°C only 5% of the time, a temperature that is very close to the T,
applied to the living room (i.e. 20°C/22°C).

As a conclusion, during a TMY, the stove is able to enforce the thermal
comfort in the entire envelope as long as internal doors can be opened. If
needed, the T in the living room can be slightly increased to guarantee a
better thermal comfort in bedrooms. Nevertheless, several reasons may lead
an occupant to close the internal doors : an obvious motivation is intimacy.
The thermal comfort analysis as a function of the door opening frequency is
not performed in the present work.

The maximal operative temperature found in the living room during the
heating season, Ty, mqz, is reported in Figures 6 and 7. In comparison, the
perfect heating applied to the living room using a T, of 20°C is also reported
on the ordinate axis. Using the perfect heating, it is worth noticing that solar

and internal gains already produce overheating. As expected, the lower the
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building thermal mass, the higher the overheating. Using the perfect heating,
Top,maz 15 mainly influenced by the building properties and the solar shading
strategy. As far as the generic pellet stove is concerned, results using a pure
convective source converge to the perfect heating performance at the limit of
very short production cycles.

For long production cycles, the 30% power modulation turns out to be
the most efficient way to reduce the overheating. In fact, except for the
case with a pure convective source (t. = 1) and closed doors, Ty, mas 18
always acceptable even with production cycles of 90 min. For instance, if the
source is mainly radiative (t. = 0), T, maz 1S almost independent of the cycle
length and slightly higher than values found using the perfect heating. On
the contrary, the stove without modulation essentially leads to unacceptable
overheating. Starting from the less favorable case reported in Figure 6(a),
one clearly notices that a heavy thermal mass, an emission dominated by
radiation and the opening of internal doors have a benefic influence on the
thermal comfort. Nevertheless, if applied separately, none of these three
actions is able to limit the overheating sufficiently. Only the combined action
of the three parameters is able to maintain 75, ;4. lower than 24.5°C for an
on-off stove with long production cycles, see Figure 7(b).

In order to get a better insight into the proper influence of the power
oversizing, the overheating using a 2 kW stove was also investigated. The
stove power is then comparable to the nominal power of the envelope losses.
Results, not reported here, demonstrate that the thermal comfort is signifi-
cantly better than using a 8 kW stove. In most situations, the overheating

is totally under control even for cycles of 90 min. The only exception is a
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on-off stove using convection (. = 1) in combination with a light building

construction and closed internal doors.

4.2. Generic log stove without inertia

The performance of two generic log stoves is compared. The first stove
has no power modulation while the second can modulate up to 50 % of P.,,
(i.e. P.jin = P.,, and 0.5 P,,, respectively). Two different batch loads are
considered : one with a batch that delivers 10 kWh to the stove envelope
and the second delivers 20 kWh. As a consequence, the stove without power
modulation will operate at a mean power of 8 kW during 1.25 h for the first
batch and 2.5 h for the second batch; the stove with 50 % power modulation
will operate at a mean power of 4 kW during 2.5 h and 5 h, respectively (see
P, in Figure 8).

As for the pellet stove, the minimal operative temperature (7, i) during
the heating season is found to be independent of the stove properties and very
close to the perfect heating. Results are thus not reported in the article as
they do not provide any meaningful additional information.

Compared to pellets, the combustion cycle lengths of logs are significantly
longer so that the overheating risk is more severe. Results, reported in Ta-
ble 2, show that the trends are equivalent to the pellets generic stove but
with more pronounced overheatings. Without power modulation, no strat-
egy is able to maintain Ty 4, below 24.5°C. In this case, best performance
is obtained with a pure radiative source, a very-heavy building and open
doors. Then, T, mq; can only be limited to 26°C. The power modulation
is less efficient than using the pellet generic stove : the modulation is here

limited to 50% while some current pellet stoves can downsize their power to
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30% of P.,. The integration is still possible but the power modulation in
itself is not sufficient anymore to prevent the overheating in the living room.
One should complement it with at least two of the three following strategies
in order to limit T}, 4, to 24.5°C : a radiative heat source, the opening of

the internal door and a heavy building thermal mass.

4.83. Typical stove with inertia : 50 and 150 kJ/K

The influence of the stove thermal mass is now investigated so that a
specific stove design should then be considered. The geometry is inspired
from typical existing products developed for passive or low-energy houses. It
is modeled by a box of 0.6 m x 0.6 m x 1.2 m where the combustion power
and wall composition is uniformly distributed. Following the manufacturer
data [3, 25] and pellet stoves parameters communicated in Persson et al. [4],
two levels of thermal mass are considered. The first level of 50 kJ/K is
representative of a pellet stove without particular energy storage, while the
second level of 150 kJ/K is representative of a stove with a specific thermal
storage (e.g. 100 kg of natural stone). These stove envelopes are not equipped
with radiation shields or designed to improve convection. The heat is thus
assumed to be only emitted by the external surface of the stove. This surface
temperature will typically rise up to ~200°C during operation so that the
convective part is rather constant and ranges between 0.35 and 0.45 (i.e.
te in [0.35;0.45]). The radiative part is thus dominant but a non-negligible
convective contribution is present.

Results for pellets, shown in Figure 9, only consider closed internal doors
but the conclusions are also valid for open doors. The reference case without

thermal mass is shown in Figure 9(a) where a constant t. of 0.35 is imposed.
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Compared to the reference case, the effect of the stove thermal mass is then
explicit, see Figures 9(b) and 9(c). The thermal mass is able to store the
energy of short cycles so that the T, 4, is significantly decreased. With
increasing cycles lengths, the stove thermal mass is progressively saturated
and T, ez converges gradually to the values obtained without thermal mass.
The stove with 30 % modulation was already performing well in the case
without thermal mass so that it is more interesting to check whether the
stove thermal mass makes the integration of the on-off stove easier. As long
as cycles longer than 60 min are concerned, the 50 kJ/K thermal mass should
not be expected to reduce the overheating and the conclusion developed for
the generic stove without thermal mass still apply. For the 150 kJ/K, T, max
is reduced by a few degrees and may be a part of the solution to operate
an on-off stove without generating unacceptable overheating. In general, the
presence of the 150 kJ/K thermal mass is not sufficient to guarantee the
thermal comfort using an on-off pellet stove.

Results for logs are not reproduced here. Nevertheless, as the production
cycles are longer for logs than for pellets, these results demonstrate that the
effect of a thermal mass up to ~150 kJ/K is almost negligible on Ty, ;az-

Finally, this analysis also proves that the investigations using a generic

stove without mass are representative.

4.4. Sensitivity analysis : Cyq and heating intermittence

Firstly, previous results were obtained using the default C; value of 0.65.
In theory, the overheating and the diffusion of heat in the building are both
affected by Cy. Nevertheless, a sensitivity analysis showed that T, ., and

Top,min can only vary up to ~1°C for Cy; ranging from 0.4 to 0.8. Secondly,
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it was systematically assumed that a constant heating was applied. A daily
SH intermittence was also tested. It did not show significant difference in
Top.min- This is mainly due to the long characteristic time constant of passive

envelopes [24].

5. Energy efficiency in TMY weather conditions

The SH energy needs are now investigated. The reference case is here
taken as the uniform perfect heating applied to all the building zones. In fact,
simulations showed that the 50 and 150 kJ/K stove thermal masses do not
modify the SH needs significantly compared to the generic stove. They also
showed that the SH needs are almost independent of the convection/radiation
ratio, t., for long production cycles. As a consequence, only results for the
generic stove using convection are reported. For the sake of the clarity, the
pellet stove is first analyzed, see Figures 10.

For closed doors, the thermal comfort analysis has shown that a strong
temperature zoning takes place. As a consequence, the SH needs are lower
than using the uniform perfect heating and the difference increases with
higher internal insulation. The reduction in consumption can be important
but at the cost of a lower thermal comfort outside the living room. Like
for the minimal temperature in the building, T}, min, the stove imperfections
do not alter drastically the energy efficiency. Nevertheless, the SH needs
increase slowly with the cycle length. In fact, long production cycles can
lead to a large overheating in the living-room that directly increases the
envelope thermal losses. As a consequence, the higher the overheating, the

higher the increase of the SH needs with the cycle length.
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For open doors, the analysis of the thermal comfort has shown that the
natural convection produces an efficient temperature homogenization in the
passive house : the difference in temperature between thermal zones is lim-
ited. Indeed, for short production cycles where there is no significant over-
heating in the living room, the SH needs using a pellet stove is very close to
the perfect heating, as shown in Figure 10(b). Like for closed door, the stove
imperfection does not alter drastically the SH needs. They also increases
progressively with the cycle length as previously explained for closed doors.

The analysis of the thermal comfort using a log stove illustrated that
it has a rather similar behavior as using the pellet stove, but where the
overheating is amplified by the use of longer production cycles. This trend
can also be observed for the energy efficiency, see Table 3. For closed doors,
the length of the cycles increases the SH needs in a way that the benefit
of the thermal zoning can sometimes be lost (e.g. for the heavy building
construction modes). This is more severe with open doors, where the SH
needs using a stove can be up to 25 % higher than the uniform perfect

heating (e.g. with a delivered energy of 20 kWh by cycle).

6. Discussion and conclusions

Wood stoves are an attractive solution to perform the space-heating (SH)
of passive houses. Nevertheless, important issues regarding the integration
of wood stoves in passive houses are still open. The article investigates this
integration using detailed dynamic simulations on a benchmark detached
house typology and using the Belgian context.

The first question (Q1) was to investigate whether a single heat source
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located in one thermal zone is able to mainly perform the SH in a passive
house. On the one hand, simulation results showed that it is not possible
in steady-state design weather conditions. In these extreme conditions (or
during a cold wave), the wood stove should be complemented by a peak-
load heat emitter in order to maintain an acceptable thermal comfort in
the entire building. On the other hand, more standard operating conditions
were considered. It was done using a Typical Meteorological Year (TMY)
and by integrating the internal gains in the building model. During a TMY,
the stove is able to enforce the thermal comfort in the entire envelope if
the internal doors can be opened. Depending on the discharge coefficient
of doors (Cy) and the level of internal insulation, the minimal temperature
during the heating period was found to range between 16°C and 18.5°C. The
thermal comfort is most of the time acceptable and can even be improved if
the set-point temperature can be temporarily increased in the living room.
In practice, the internal doors cannot always be opened. Nevertheless, the
influence of the opening frequency was not investigated. Finally, all the
simulations showed that the temperature homogenization in the building
envelope strongly depends on the architectonic properties.

The second question (Q2) was to investigate whether an oversized wood
stove can operate on long production cycles in a passive house without gener-
ating overheating. A typical stove power of 8 kW was taken. It corresponds
to a oversizing of ~3.5 compared to the nominal power of the building losses.
For the benchmark passive house and a TMY, simulations showed that re-
sults strongly depend on the stove properties. Architectonic properties, as

the building thermal mass and the doors opening, can improve the thermal
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comfort but to a lower extent. For the pellet stoves, a 30% power modula-
tion proved to be a very efficient way to prevent the overheating. In many
cases, it is a sufficient condition to guarantee the thermal comfort in the liv-
ing room. If a pellet stove is not able to perform a large power modulation,
its integration is still possible if a set of measures is taken : a heat that is
mainly emitted by radiation, a large building thermal mass and the opening
of internal doors. Log stoves are characterized by longer cycle length than
pellet stoves. In this case, a 50% power modulation is a necessary condi-
tion for the integration but it is not a sufficient condition anymore. In fact,
this technology should be complemented with a set of measures to prevent
large overheating (the same as for the on-off pellet stove). For both pellet
and log stoves, their thermal inertia can reduce the overheating. Simulation
showed that only thermal inertia higher than ~150 kJ/K could contribute
significantly to the overheating reduction. It corresponds to stoves that have
specific heat storage elements in their envelope. As results still depend on
the building geometry, the present study at least suggests the need to re-
duce the minimal nominal power of stoves (P., < 8 kW), to promote their
power modulation (P, i, < 0.5F,,) and large heat storage capacities in their
envelope (2 150 kJ/K). Another alternative is to promote hydro-stoves.
The last question (Q3) was to investigate the heat emission efficiency of
wood stoves. From the simulation results using a TMY, two factors mainly
determine this efficiency : the temperature zoning in the building and the
overheating in the living room. The dominating parameter is the temper-
ature zoning which can lead to a significant reduction of the energy needs

compared to an uniform temperature applied in the whole building : this
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is done at the expense of a lower thermal comfort. On the contrary, the
overheating increases the needs. In fact, the emission efficiency deteriorates
progressively with increasing cycle lengths. In general, the overheating in-
duced by the stove limitations does not increase the energy needs drastically :
the maximal energy increase induced by the cycle length was here found to
be 2 kWh/m?.year.

Although simple, the low-resolution modeling approach used in this work
is able to give an insight into the whole-year thermal comfort. It should
be accurate enough to detect unacceptable strategies for the stove integra-
tion [18]. Furthermore, it enables to investigate the proper influence of the
large set of physical parameters involved in the problem, and this, at a rea-
sonable computational cost. Nevertheless, limitations of the present study
are essentially linked to this modeling approach. The objective of the article
was also to detect the interesting or critical configurations. These selected
cases can be further assessed using more advanced simulation techniques
(e.g. local thermal comfort using CED and a bio-heat model) or by the way

of measurements.
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Figure 1 : Sketches of the ground and first floors : kitchen coupled to
the living-room (zone 1), corridor with an open staircase (zone 2), laundry
(zone 3), office (zone 4), four bedrooms (zones 5 to 8) and a bathroom (zones

9-10). The south direction is pointing upwards.

Figure 2 : Block diagram illustrating the coupling of the stove SH model
with one thermal zone : stove and building models are colored in orange and

grey, respectively.

Figure 3 : Ilustration of the pellet stove control : the limitations of power
modulation (Scenario 2) and enforced minimal cycle length (Scenario 3) are

compared to the case without these limitations (Scenario 1).

Figure 4 : Effect of the door opening at t = Oh on 7,, in the coldest
bedroom during design outdoor conditions (i.e. -10°C) : results are shown
for three construction modes and two values of discharge coefficient Cy (0.4

and 0.8).

Figure 5 : T, min as a function of 7,,,, for the 8 kW generic pellet stove :
the stove with a 30% power modulation is in solid line while the on-off stove
is in dash-dotted lines. The perfect heating which is only applied to the

living room with Ty, of 21°C is superimposed on the ordinate axis.
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Figure 6 : T, mqz as a function of 7,,;, for the 8 kW generic pellet stove
and closed internal doors : the stove with a 30% power modulation is in solid
line while the on-off stove is in dash-dotted lines. The perfect heating which
is only applied to the living room with Ty of 20°C is superimposed to the

ordinate axis.

Figure 7 : T,, mas as a function of 7,,;, for the 8 kW generic pellet stove
and open internal doors : the stove with a 30% power modulation is in solid
line while the on-off stove is in dash-dotted lines. The perfect heating which
is only applied to the living room with T of 20°C is superimposed to the

ordinate axis.

Figure 8 : Combustion power, P., as a function of time for the 8 kW log
stove [22] : the stove operated at 50 % of P.,, is shown in solid line while
dash-dotted lines are representative of a on-off stove; the batches of 10 and

20 kWh are colored in black and grey, respectively.

Figure 9 : T, mas as a function of 7,,;, for a typical 8 kW pellet stove :
the stove with a 30% power modulation is in solid line while the on-off stove
is in dash-dotted lines. The perfect heating which is only applied to the

living room with Ty, of 20°C is superimposed on the ordinate axis.

Figure 10 : SH needs as a function of 7,,;, for the 8 kW generic pellet

stove : the stove with a 30% power modulation is in solid line while the
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on-off stove is in dash-dotted lines. The uniform perfect heating which is
here applied all the building zones with T, of 20°C is superimposed on the

ordinate axis.
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overall

Table 1: Construction modes of the benchmark detached passive house [17]

building thermal inertia (using EN 13790 [24]), constitution of walls and their thermal

transmittance.

Construction Thermal Envelope thermal insulation (W/m?.K) Internal thermal insulation (W/m?2.K)
mode inertia External Ground Roof Glazing/ Floor/ Partition Bearing
(MIJ/K) wall slab Window ceiling wall wall
Masonry Very-heavy CS+EPS C+EPS(d) WS+WF TGW C CS CS
heavy (79) (0.11) (0.15) 0.11) (0.8) (1.6) (3.0) (2.6)
Mixed wood- Heavy WS+GW C+EPS(d) WS+GW TGW C WS+MW CS
masonry (42) (0.11) (0.15) (0.11) (0.8) (1.6) (0.36) (2.6)
Wooden Medium WS+WF C+EPS(u) WS+WF TGW WS+WF WS+MW Cs
heavy (37) (0.11) (0.15) (0.11) (0.8) (0.23) (0.36) (2.6)
Masonry Light CC+EPS C+EPS(u) WS+GW TGW WS+GW WS+GW ccC
light (24) (0.11) (0.15) (0.11) (0.8) (0.21) (0.36) (2.0)
Wooden Very-light WS+GW C+EPS(u) WS+GW TGW WS+GW WS+GW WS+GW
light (19) (0.11) (0.15) 0.11) (0.8) (0.21) (0.36) (0.25)

CS stands for calcium-silicate blocks, CC for cellular-concrete blocks, C for concrete,

WS for wooden structure,

TGW for triple-glazing window, GW for glass wool, WF for wood fiber, MW for mineral wool,

EPS(d) and EPS(u) correspond to the EPS placed down and up of the concrete slab, respectively.
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Doors Closed Open

Peomin 100% Pe,n 50% Pe.n 100% Pe,n 50% Pe,n

Load 20 kWh 10 kWh 20 kWh 10 kWh 20 kWh 10 kWh 20 kWh 10 kWh
Cycle length 2.5 h 1.25 h 5h 25h 25h 1.25 h 5h 25h

te 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0
Very-heavy 35.4 26.8 33.6 26.3 29.5 24.9 28.8 23.9 29.6 25.6 28.5 25.7 26.1 24.3 25.7 23.2
Heavy 37.0 28.8 35.0 28.0 30.5 26.4 29.6 26.2 30.6 27.0 29.5 27.1 26.7 24.8 26.2 24.4
Medium 39.4 31.2 36.8 28.9 32.7 27.9 30.8 25.9 31.6 28.7 30.1 28.8 27.9 26.4 27.0 24.8
Light 41.0 32.3 37.5 30.0 33.5 30.1 31.4 26.7 32.1 29.6 30.3 29.2 28.7 26.9 26.9 25.5
Very-light 45.4 37.4 40.9 33.6 38.3 32.7 33.7 29.0 34.2 32.1 31.8 30.6 29.0 29.2 27.7 27.4

Table 2: Typ mae for the 8 kW generic log stove [*C] with values < 24.5°C in bold.
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Table 3: SH needs in [kWh/m?2.year] for the 8 kW generic log stove using t. = 1 (i.e. pure

convective).
Doors Closed Open
Pe min 100% P, 50% Pen 100% P, 50% Pep
Load 20 kWh | 10 kWh | 20 kWh | 10 kWh | 20 kWh | 10 kWh | 20 kWh | 10 kWh
Cycle length 2.5h 1.25 h 5h 2.5h 2.5h 1.25 h 5h 2.5h
Very-heavy 7.2 6.8 7.1 6.8 8.1 7.8 8.0 7.8
Heavy 8.0 7.3 7.7 7.2 9.0 8.3 8.7 8.3
Medium 6.6 6.0 6.4 6.1 8.8 8.2 8.6 8.2
Light 7.1 6.1 6.9 6.2 9.6 8.5 9.1 8.6
Very-light 6.3 5.1 6.2 5.1 10.1 8.8 9.8 8.6
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(a) Ground floor (b) First floor

Figure 1: Sketches of the ground and first floors : kitchen coupled to the living-room
(zone 1), corridor with an open staircase (zone 2), laundry (zone 3), office (zone 4), four
bedrooms (zones 5 to 8) and a bathroom (zones 9-10). The south direction is pointing

upwards.

T-
Thermal zore in building model
T"‘AF_"‘“‘“"‘._"I e—1 Well-stirred tank hypethesis)
‘ra

Figure 2: Block diagram illustrating the coupling of the stove SH model with one thermal

zone : stove and building models are colored in orange and grey, respectively.
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Figure 3: Tlustration of the pellet stove control : the limitations of power modulation
(Scenario 2) and enforced minimal cycle length (Scenario 3) are compared to the case

without these limitations (Scenario 1).
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Figure 4: Effect of the door opening at t = Oh on Ty, in the coldest bedroom during design
outdoor conditions (i.e. -10°C) : results are shown for three construction modes and two

values of discharge coefficient C; (0.4 and 0.8).
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Figure 7: Tt maq as a function of 7,,,;, for the 8 kW generic pellet stove and open internal
doors : the stove with a 30% power modulation is in solid line while the on-off stove is in
dash-dotted lines. The perfect heating which is only applied to the living room with T
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Figure 8: Combustion power, P, as a function of time for the 8 kW log stove [22] : the stove
operated at 50 % of P, ,, is shown in solid line while dash-dotted lines are representative

of a on-off stove; the batches of 10 and 20 kWh are colored in black and grey, respectively.
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(a) Pure convective (t. = 1), closed doors (b) Pure convective (t. = 1), open doors

Figure 10: SH needs as a function of 7., for the 8 kW generic pellet stove : the stove
with a 30% power modulation is in solid line while the on-off stove is in dash-dotted lines.
The uniform perfect heating which is here applied all the building zones with T, of 20°C

is superimposed on the ordinate axis.
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