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Energy analysis of a wood or pellet stove in a single-family house

equipped with gas boiler and radiators
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Abstract

In the residential sector, biomass appliances are widely used for space heating and often combined
with other systems. This work aims at comparing the final and primary energy consumption of
different configurations, including a conventional and a ducted pellet stove and a wood log stove
using air as heat transfer fluid. A dynamic analysis of the interaction between biomass stoves and
conventional heating systems, such as gas boilers and radiators, is carried out within a typical
single-family house in a mild climate, using TRNSYS software. In addition, natural ventilation of the
building is considered using CONTAM, with a focus on external infiltrations and internal air
circulation due to the buoyancy effect. Results show that the biomass device in one room
promotes the airflows between adjacent thermal zones, enhancing the heat distribution through
door openings, in particular when an air ducted stove is present. The final energy consumption
resulting from simulations with wood-burning stoves is 21% higher than pellet stoves. The pellet
stove results in similar final energy and a 30% increase in overall primary energy, while the wood
stove increases the final energy by 22% and approximately 40% of overall primary energy compared
to the case of a traditional gas system coupled to radiators which is considered as reference.
Nevertheless, non-renewable primary energy savings are higher than 50% with pellet stoves and
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60% with wood-log stoves.

1 Introduction

1.1 Background

The problem of climate change has led, over the years, to
an increasing number of policies aimed at saving energy
and reducing greenhouse gases (GHG) emissions. The
European Commission set ambitious targets in this context,
encouraging GHG reduction from 40% to at least 50%
by 2030 and carbon-neutrality as a benchmark for 2050
(European Commission 2019). Energy savings in households
play a crucial role, accounting for 26% of the global final
energy use and about 20% of the CO, equivalent emissions.
Natural gas is still the most widely used fuel for space heating
and domestic hot water production (DHW) (Eurostat 2018).
Nevertheless, a recent revision of Directive 2009/28/EC
(Renewable Energy Directive) encourages woody biomass
use as a possible solution to reach the 32% renewable share
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target by 2030 (European Parliament and Council 2018).
As reported by the European Bioenergy Outlook 2020
(Calderon et al. 2020), only 23% of the household energy
consumption excluding electricity is covered by the share
of renewables in 2018, most of which is bioenergy (Carlon
et al. 2016). In the Italian context, a technological turnover
has influenced the traditional wood-fired devices, whereas
pellet devices have grown steadily from 8% to 22% between
2010 and 2018 (Francescato and Rossi 2019). The recent
success of pellet stoves is due to incentive policies and
higher energy density and efficiency compared to wood
logs devices (Carvalho et al. 2016; Quinteiro et al. 2019;
Gauthier et al. 2020).

Despite the CO, reduction, a consequence of biomass
combustion is the emission of other pollutants. For example,
an incomplete combustion process, which is possible
especially in the case of firewood, leads to the emission of
pollutants such as CO, PM, SO,, NO,, NH; (Li et al. 2017).
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List of symbols

A outer surface [m?]

C capacitance [J/K]

c specific heat capacity [J/(kg K)]

CF coverage factor of the heating need [kWh/kWh]

Ep primary energy [kWh/(m? year)]

h heat transfer coefficient [W/(m? K)]

IAC internal air coupling [kg/h]

INF air infiltrations [h™']

LHV, lower heating value for solid fuels [M]/kg]

LHV, lower heating value for gaseous fuels [M]J/Sm?]

M mass [kg]

P fuel power [kW]

Prin minimum power output of the stove [kW]

P, nominal power of the stove [kW]

P heat flux released to the environment [kW]

Qu final energy demand for space heating
[kWh/(m? year)]

Qud energy need for space heating [kWh/(m? year)]

Qul heat released to the environment [J]

Qres space heating residual need [kWh/(m? year)]

Top operative temperature [°C]

T external threshold temperature for start-up of the
stove [°C]

t time [s]

y modulation capacity factor [W/W]

1 stove overall efficiency [W/W]
T time constant [s]

Abbreviations

DHW  domestic hot water

DPS ducted pellet stove

EE electric energy

GBR gas boiler and radiators system

GBR(c) gas boiler and radiators system (in case of
staircase door closure)

GHG greenhouse gas

IAQ indoor air quality

PEF primary energy factor

PS pellet stove

PS(c) pellet stove (in case of staircase door closure)

TRY test reference year

WS wood-log stove

Subscripts

nren non-renewable share

ren renewable share

S stove

5% 5-th percentile

95% 95-th percentile

These emissions result in significant degradation of air
quality; hence the impact of these emissions and the study
of alternative fuels are widely discussed topics in literature
(Li et al. 2021; Zhao et al. 2021). To this end, Persson et al.
(2005, 2009) developed a dynamic model based on a detailed
CO emission analysis, simulating a pellet stove or a boiler.
On the other hand, many authors also focused on life cycle
assessment of biomass heating systems (Caserini et al. 2010;
Cespi et al. 2014; Quinteiro et al. 2019).

Biomass appliances use wood logs or pellet as fuel and
are divided into two groups: boilers (Haller et al. 2011;
Petrocelli and Lezzi 2014; Carlon et al. 2015) and air stoves.
The present paper focuses on the last-mentioned solution
since it is the most diffused in the market, although boilers
can be versatile with different integration such as solar
heating (Persson et al. 2019; Krarouch et al. 2020) and
new technologies as wood-pellet hybrid stoves (Lamberg
etal. 2017).

To properly simulate a stove inside a building, it is
essential to consider the thermal inertia of the overall

system. On this topic, Georges and Novakovic (2012),
Skreiberg and Georges (2018) proposed a single capacitance
model to couple the biomass stove with the building in
steady-state conditions. Thereby, the heat transfer from the
combustion chamber through the stove body can be solved
as a one-dimensional heat transfer problem (Schumack
2016). Good model accuracy can also be achieved using a
loosely-coupled approach. In this case, the heat released is
modelled by applying an internal gain to a specific air-node;
therefore, the stove is not physically integrated into the
building model. Although such simplification is not valid in
the proximity of the stove due to broader vertical temperature
gradients, this approach is considered sufficiently accurate for
energy purposes (Georges and Novakovic 2012).

Recent papers focused on the potential benefits of a
mechanical ventilation system coupled with biomass stoves
in passive houses (Feist et al. 2005; Georges and Novakovic
2012; Schumack 2016; Carlon et al. 2016). In contrast, the
present work deals with conventional heating systems, i.e.
gas boilers and radiators combined with biomass stoves
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fired by wood or pellets. In this context, Elnakat and
Gomez (2016) recently conducted a study on the energy
consumption of typical households in the US, showing that
the use of a wood-log fireplace is widespread and higher
than houses with a fully electric heating system.

As for space heating systems, several radiator models
can be found in the literature. Tol (2020) investigated the
effects of radiator characteristics and operational behaviour
by the set-back operation via the thermostatic radiator
valves, over-dimensioning of the radiator units. The same
author also proposed a new integrated steady-state radiator
model. Xu et al. (2008) used a discrete-element and a lumped
model to simulate the heating system operation. They used
data collected from different case studies to validate and
test their model. Pedersen et al. (2019) built a dynamic
model in MATLAB, considering the energy stored by water
and slowly released into the environment. Finally, a dynamic
model for radiators was developed by Holst (1996) in
TRNSYS.

Two relevant issues concerning stove oversizing and
low modulation capacity have been widely discussed in
literature due to their significant influence on the so-called
temperature zoning phenomenon, i.e. reaching excessively
high temperatures in certain areas within buildings. Generally,
it may be mitigated by promoting indoor air circulation
through doors’ opening (Persson et al. 2005; Georges and
Novakovic 2012; Schumack 2016; Skreiberg and Georges
2018; Pedersen et al. 2019). Room overheating can be
managed by increasing the capacitance of the stoves, as
demonstrated by Carvalho et al. (2013) and Georges et al.
(2014), although high heat capacity masonry stoves could
be problematic for the complete coverage of the heating
demand (Carvalho et al. 2013). However, these papers are
related to new well-insulated buildings equipped with
mechanical ventilation, which represent a limited number
of constructions, while houses with natural ventilation
are more common in the existing Italian building stock.
In order to properly consider natural ventilation, the most
common approaches found in the literature are based on
multi-zonal, zonal and CFD models (Yu et al. 2017).
CONTAM (Dols and Polidoro 2015) is a widely employed
tool for the computational analysis of ventilation and
indoor air quality (IAQ) in multi-zonal models of buildings,
which has been already validated against measured data
(Carvalho et al. 2013; Yu et al. 2017). Therefore, it can be
considered a consistent and powerful resource for the
dynamic calculation of natural ventilation in buildings
(Fine et al. 2020). Usually, this tool requires external air
conditions and ambient temperatures to calculate airflow
rates. On the other hand, a dynamic energy model of the
building allows calculating the internal temperatures and
the thermal load by assuming the flow rates. Therefore, the

models can be combined to simulate the energy performance
of a building with natural ventilation and IAC (McDowell
et al. 2003). In the present work, the TRNSYS multi-zonal
model was coupled with a model developed using CONTAM.
The aim is to investigate the dynamic thermal behaviour of
the building and the integrated heating systems, considering
infiltrations and natural ventilation through external, internal
doors and windows openings, as well as the coupling airflow
between adjacent rooms.

The work presented in this paper was carried out
within the LIFE PREPAIR project (De Carli et al. 2020),
whose aim was to evaluate biomass consumption in the
residential sector of the Po Valley, a vast plain in northern
Italy. The importance of the study carried out lies in two main
aspects: firstly, the high availability of low-cost biomass
fuel for residential installations makes these devices very
widespread in the considered area; secondly, the high
concentration of pollutants in the Po Valley encourages the
analysis of the current situation to adopt adequate policies.
Several building typologies were analysed using the Italian
population and housing census database (ISTAT 2011) to
choose a representative “archetype”, i.e. a model representing
a group of buildings with similar energy performance and
geometric characteristics, mainly related to age, heating
system, building type and location. It was found that 38%
of the Po Valley building stock consists of single or multi-
family houses. Furthermore, the ISTAT survey on households
energy consumption showed that residential buildings using
biomass as fuel are between 10% and 15% in the region
considered, most of which are single houses (ISTAT 2013).
Low-temperature heating distribution systems are still
not often employed in existing buildings, although they are
increasingly used in new constructions. On the other hand,
existing buildings are mainly equipped with radiators,
especially in combination with biomass stoves (Patti et al.
2020). For these reasons, the case study analysed in this paper
can be considered representative of an important fraction
of the national building stock.

1.2 Novelty

The use of dynamic simulations in energy and building
sector is crucial, both for new constructions and interventions
on existing buildings. This approach, instead of a test-
based one, allows detailed analysis of energy use and the
definition of targets and future scenarios (Collins 2012). In
this context, despite the presence of biomass appliances in
nZEB design scenarios, a significant lack of energy analyses
related to the presence of biomass burners in residential
buildings has been noticed (Harkouss et al. 2018). Although
missing information and studies concerning the energy use
of biomass burners, they are still widely used in residential
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space heating. The modelling approach to these plants is
very detailed and often aimed at analysing heat generation
and release into the environment (Cai and Chow 2014;
Duanmu et al. 2017).

The model proposed in this paper aims at comparing
different plant configurations from the point of view of the
energy consumption of the whole building, an issue where
there was no evidence of an adequate background. The
innovative approach introduced in this paper is based on
the combined use of TRNSYS and CONTAM, which allows
the evaluation of the heat transfer through the internal air
mass movements within the building and the final and
primary energy assessment, according to the different types
of heating devices and use. The detailed overall dynamic
simulation provides significant results for the energy demand
covered by biomass stoves, the final energy share and the
primary energy potential reductions.

2 The energy system

The layout of the energy system, modelled using TRNSYS
software, is shown in Figure 1. In the simplified scheme,
the different plant components can be identified: they are
simulated using one or more TRNSYS elements, named
“Types”, which are black boxes containing the mathematical

models of the system’s parts. In detail, the building model
is created with the software TRNBuild, represented in the
scheme by Type 56. The building requires some input data,
in particular, climatic data fit from a TRY (Type 15-3),
internal gains and the ground surface temperature (obtained
using Type 77). The coupling with CONTAM is done with
Type 97, which allows the evaluation of infiltrations and air
couplings. Concerning the gas boiler, the control strategy is
mainly done using two thermostats (Type 2) and regulated
by a schedule, while the system layout consists of the boiler
(Type 751), the supply and return manifolds and the pump.
The water heated by the boiler is distributed to radiators
modelled through the static Type 1231 and integrated using
a lumped capacitance model (Type 963), which allows the
modulation of the thermal power released to the room.
Also, a control system is implemented in the stove model
by combining the stove schedule inputs, the thermostat
(Type 1233), and the weather file. The control system gives
a feedback to the PID (Type 23), which modulates the stove
thermal power output according to a signal (y) that regulates
both the air blower (Type 139) and the stove case (Type
963). In this way, by a connection with the building model,
the heat is distributed throughout the building respectively
with hot air intake and through the heat exchange by natural
convection and infrared radiation.

Input Stove Model
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Weather | StoveSched. | 1] B o Y “"pp
Y b 4 ' ; Radiators Model
I N | 1 E
Type 77 - |2 | : - gw
) R - [ r— ! >
N ! I L ! mﬁm—r— ——
uakel ‘ StoveControl I ! : Radiator-1 Type 963-1
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o 4 datore. | Type 9632 |
<J“ | Type 1233 E f Radiator-2 'ype -
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Fig. 1 Scheme of the energy system modelled in TRNSYS
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2.1 Building model

The building model was chosen to represent the archetype
of a single-family house located in a mild climate area. The
building has two floors (each 2.7 m height) divided into
five heated thermal zones, as shown in Figure 2. The area
including the living room and kitchen (Z-1) and the area
containing bedrooms (Z-4) are hereafter referred to as
day- and night-zone, respectively. According to the Italian
Standards (Italian Organisation for Standardisation 2014),
the thermal transmittance of each element corresponds to the
stratigraphy characteristic of typical houses built in the early
2000s. Vertical walls are assumed to be built in masonry,
with a 6 cm insulation layer; moreover, for both the clay
tiled roof and the basement, a 6 cm layer of insulation was
applied. Windows are double-glazed with a wooden frame.
The main geometrical characteristics and thermal properties
are reported in Table 1. Two unheated thermal zones are
also considered in the model: an outdoor garage adjacent
to the building and the attic (17° roof slope).

The building was modelled in TRNBuild using a multi-
zonal approach. The air temperature of each thermal zone
can be simplified by a single air temperature (air-node)
obtained through the well-stirred tank approximation (Klein
et al. 2014). Dynamic simulations were carried out on an
hourly basis for one year, using the Test Reference Year
(TRY) of Venice (Italy) from the EnergyPlus database
(https://energyplus.net/weather). The internal gains were
defined considering the thermal energy released by people
(1.9 W/m?, assuming 3 inhabitants), appliances (2.4 W/m?),
and lighting (1.1 W/m?), according to EN 16798-1:2019
(European Committee for Standardization 2019). The
domestic activities have been scheduled with the coefficients

Ground Floor (Day-Zone)
)|

Fig. 2 Zoning of the single-family house archetype

Table 1 Geometry and thermal properties of the single-family house

reported in the standard, providing the daily profiles related
to the variable presence of people inside the building and
the operation of lights and appliances. The daily profile of
the total internal gains, including occupants, appliances and
lights, has been reported in Figure 3 for each thermal zone.
These values were used as inputs for the simulations.

Seven configurations of the system have been considered
combining the biomass stove and the traditional heating
system:

o GBR - gas boiler system with radiators as terminal units

o PS - pellet stove

o DPS - pellet stove with air ducting system

¢ WS - wood-log stove

e GBR-PS - gas boiler and radiators with a pellet stove

e GBR-DPS - gas boiler and radiators with a pellet stove
with air ducting system

o GBR-WS - gas boiler and radiators with a wood-log stove

The DHW energy analysis was not covered in this paper
since it does not affect the operation of the considered
biomass appliances.

2.2 Model of the boiler and radiators system

The conventional heating system consists of a condensing
gas boiler used for space heating and DHW production.
The water heated in the boiler is delivered to a system of
radiators, placed in the heated thermal zone, i.e. Z-1, Z-2,
Z-4 and Z-5. The access corridor and the staircase (Z-3) are
not provided with terminal units. For radiator sizing, the
water temperature difference between the supply and the
return is set to 10 °C.

The building envelope model (Type 56) was linked to
the space heating distribution system in the Simulation

First Floor (Night-Zone)

Z-1 | Living room andkitchen

72 Bathroom (ground floor)

Z-3 | Staircase
Z-4 | Bedrooms

YA Bathroom (1 floor)

Net surface Net volume Opaque surface Glazed area
Geometry
134 m? 360 m® 256 m? 20 m?
Vertical walls Basement Roof Windows
Envelope
0.41 W/(m?K) 0.40 W/(m* K) 0.39 W/(m*K) 2.30 W/(m?K)
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Fig. 3 Daily profile of internal gains (occupants, appliances, lights)
for each thermal zone

Studio workspace of TRNSYS, where the mathematical
models of the different components of the energy plant can
be easily interconnected. In particular, Type 751, from the
TESS library of TRNSYS (TESS 2012), was used to simulate
the boiler, with a supply temperature of 75 °C for water
heating. The boiler’s efficiency in design conditions is 97.4%
and varies depending on the partial load operation of the
condensing boiler. The control strategy regulates the hydronic
system, including an 80 W single-speed pump. Manifolds
(Types 647 and 649) deliver each radiator the rated water
flow rate and mix the return flows. A qualitative model
scheme is shown in Figure 4.

As already mentioned, radiators were modelled using
Type 1231. The sizing of each radiator was done considering
the heating demand of the corresponding thermal zone.
Catalogue data for 3-columns steel radiators were employed
for setting the parameters used for radiators’ models. They
were assumed to be 0.75 metres high, with the n-exponent
equal to 1.32 and a variable number of columns, depending
on the required heating capacity. The heat released to the

Manifold

Circulating <

Pump

| Radiators i
‘ (Type 1231) i

Gas Boiler

Heat released

System into the room

(Type 751) |
l Capacitance
(Type 693) :

AN

Manifold

Fig. 4 Scheme of the model for the gas-boiler and radiator system
implemented in TRNSYS

ambient by each radiator has been modulated using a lumped
capacitance model (Type 963, TESS library) to consider the
transient effects during the start-up and shut-down phases
of the boiler. Therefore, the thermal energy received as
input is gradually released to the surrounding ambient
according to radiators’ thermal inertia, which considers the
mass of the metal frame and the water contained within the
hydronic circuit. The heat released by the capacitance enters
the building as an internal gain, partly convective (70%)
and partly radiative (30%), according to Risberg et al. (2016).
The radiation and convection heat transfer ratio has been
considered constant with the radiator’s surface temperature
variations (Xu et al. 2008).

2.3 Stove model

The stove model proposed in this work consists of two
parts: the stove on-off and power modulation logic and
the physical model of the device. The control system
output, which will be described in detail in Section 2.5, is
a dimensionless coefficient gamma (y), used to modulate
the thermal power of the stove, according to Eq. (1):

Pa=Py 1)

where Py is the heat flux released to the environment
where the stove is placed, and P, is the rated power of the
stove.

Part of the thermal energy is released to the building with
hot air intake through an air blower modelled using Type
139 (Jenkins and Jackson 2010). Air blowers are compact
devices that usually operate at fixed speed by forcing the
room air circulation through the shell of the firebox or a
stainless-steel heat exchanger, as shown in Figure 5. In
pellet stoves, air circulation can be limited to the room
where the stove is located (PS and GBR-PS) or ducted to
other dwelling areas. In DPS and GBR-DPS, the air ducting
solution has been implemented using Type 607 and has the
double positive effect of avoiding overheating in the living
room and increasing the bedrooms’ air temperatures.
Concerning the air blower operation, a constant airflow
rate was set to 75 m*/h (Cablé et al. 2019), and a limited
airflow temperature was fixed at 50°C. Thus, the efficiency
of the air blower is included in the calculation of the overall
efficiency of the stove. In modelling the stove’s behaviour
during the start-up and shut-down phases (Persson et al.
2009), the convective air blower is switched on and off
12 minutes after the start and the stop signal.

The remaining share of thermal energy is released by
the casing of the stove, implemented in the dynamic model
using a lumped capacitance model (Type 963). Therefore,
the stove is modelled as a box with an external area A of
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Fig. 5 Layout of a generic pellet stove

2 m? according to many products datasheet available on
the market (Georges et al. 2014). The lumped capacitance
model requires the inertial mass of the body as input,
which is described by the parameter C, (thermal capacitance)
and assumes the stove composition and the temperature
as spatially uniform. Consequently, the heat release (Q,a in
Eq. (2)) depends on the heat pulse generated in the
combustion chamber (firebox), the average temperature of
the massive stove T and the temperature of the air-node T,
(Bergman and Lavine 2017):

Qu = hsAsj;t(Ts(t)_Ta )exp(—%)dt (2)

s

where h; is the overall heat transfer coefficient and ¢ is the
time. Both for the heating and cooling phase of the stove
casing, the time constant 7 can be defined as follows:

T=— (3)

In this case, the maximum temperature reached by the
casing during the peak loads is assumed to be about 200 °C
(Georges et al. 2014). The heat flow is released from the
stove to the room by natural convection and longwave
radiation. The output power is applied as an internal gain
inside the building using the star network approach, described
in detail in Seem (1987) and Klein et al. (2014). Since the

stove is located in the day-zone, the convective load is

released directly into the air-node. The convective and

radiative loads are 40% and 60% of the output power released,
respectively, according to Georges et al. (2014), Kristjansson

et al. (2016) and Cablé et al. (2019).

In the presented model, the dynamics of the combustion
processes during a cycle length are not treated in detail;
however, as in Georges and Novakovic (2012), the combustion
is considered instantaneous and managed only by the PID
control. This approach has several advantages:

o A detailed description of the stove casing is not required.
The model only requires the values for the emitting
surfaces and the capacitance of the stove.

e The heat transfer to the room does not occur
instantaneously due to the thermal inertia of the stove;
therefore, the dynamics involved in the initial and final
phases of the combustion process are negligible in terms
of energy consumption.

o The fuel consumption can be evaluated through the
combustion power and the device’s efficiency.

The stove efficiency (1) was computed according to
European Standards EN 14785 (European Committee for
Standardization 2006) for the pellet stove and EN 16510
(European Committee for Standardization 2018) for the
wood stove. It defines the overall efficiency considering three
losses components: thermal losses in flue gas, chemical losses
in flue gas, heat losses due to combustible constituents in
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the residue passing through the grate. According to these
Standards, the fuel power (Pg) was evaluated through

Eq. (4):

p="x 4)
n

In Figure 5, the stove system is represented with its main
components. As already mentioned, not all the elements
are modelled in detail, such as the combustion air blower,
which is included in Figure 5 to highlight the different
paths of combustion and supply air.

In the present work, a nominal thermal power equal to
10 kW has been set for both pellet and wood log stoves,
as this size represents the most widespread single heating
biomass devices in the market. Furthermore, for both cases,
the same capacitance C; (75 kJ/K) was adopted: this choice
is based on the results of previous studies (Georges et al.
2014; Skreiberg and Georges 2018), where similar values
are reported as typical for cast iron stoves weighing about
160 kg. For the assessment of the average wood fuel
consumption, the efficiency has been set equal to 82.4%
and 72.8% for pellet and wood log stoves, respectively. The
combustion performances are representative of the existing
stock in the Italian Po Valley and are based on the age of
the appliances and their distribution over the territory, as
reported in the survey (Patti et al. 2020). In this contest, the
assumed LHV; are 17.3 MJ/kg for pellets and 13.1 M]J/kg
for wood logs, whereas 38.1 MJ/Sm” is LHV, considered for
natural gas.

2.4 Natural ventilation and infiltration model

In the present study, the residential building was considered
naturally ventilated: infiltrations and windows opening
provide fresh outdoor air circulating throughout the building
and expelled without mechanical equipment. The choice of
not including mechanical ventilation systems reflects the
low diffusion of these systems in the Po Valley.

The natural ventilation model was implemented using a
combination of TRNSYS and CONTAM software. The use
of CONTAM to analyse the air mass movement inside the
building allows the evaluation of air infiltrations through
windows and doors and air couplings between thermal
zones. Furthermore, both TRNSYS and CONTAM consider
the real-time temperature profiles in each room and the
variations in external climatic conditions, enabling dynamic
ventilation analysis inside the building.

These aspects are fundamental in high-temperature
emitters: the stove releases the whole thermal energy to the
surrounding ambient (usually in the living room), increasing
the temperature in the installation room while others
remain colder. Consequently, users keep generally internal

doors open to avoid overheating and, in the meantime,

promote heat distribution to other rooms. At this point, a

dynamic analysis is essential because of the driving force of

the air mass movement, which differs from air couplings to
infiltrations: in the first case, the driving force is the density
difference between air masses, generated by temperature
gradients; in the second case, infiltrations are partly
influenced by buoyancy, but also by the wind effect. In both
cases, a pressure difference is generated, leading to a flow
rate whose value depends on the geometrical characteristics

of the openings (Heiselberg 2006).

The same zoning used in TRNSYS was applied; the
living room (Z-1) and the bedrooms (Z-4) were modelled
as different zones, both linked to the stairwell (Z-3) through
an internal door. Once the spaces were defined, openings
were designed using a “Two-way flow” model, with a
discharge coeftficient of 0.61 and flow exponent of 0.5 (Ng
et al. 2013; Heiselberg 2006). Relative elevation and height
were assumed from real openings. The evaluation of the
opening area was made in a different way for doors and
windows. Internal doors were supposed to be completely
open, except in cases comparing open and closed internal
doors (GBR(c), PS(c)); in this case, the effective door
opening was used as the opening area (2.4 m* was assumed
for internal doors). Concerning the windows opening surface,
the same average infiltration value was maintained for all
the analysed cases: a value of 0.2 h™' was set, considering both
infiltrations and air changes due to windows opening.

A daily schedule has been set considering a reduction
factor for infiltrations between 22:00 and 7:00. The evaluation
of the pressure coefficient was made through the model of
Swami and Chandra for low-rise buildings (Céstola et al.
2009; Swami and Chandra 1988).

The software CONTAM was adopted in this work for
the following implications:

o The use of defined windows settings allowed the possibility
of comparing two different cases, which are the opening
and the closing of internal doors.

o Using CONTAM instead of a predefined infiltration value
made it possible to dynamically evaluate the heat transfer
associated with air movements among different thermal
zones of a building. This aspect could be negligible with
distributed emitters, but it is fundamental when a single
high-temperature heating device is placed in one room.

2.5 Control strategies

According to Italian standards, the simulations were
performed considering the heating season in the Po Valley
starting on October 15th and closing on April 15th. In
addition, daily schedules were used to define the operation
of the devices at different daytimes.
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The boiler control strategy is defined using two
thermostats placed within day and night-zones to maintain
the setpoint temperatures. When the gas boiler system is
switched on, the day zone temperature is set to 21 °C at
6:00-9:00, 12:00-14:00 and 16:00-22:00, while it has been
set to 18 °C otherwise; for the night zone, the temperature
has been set to a constant value of 18 °C. In order to reduce
the frequency of boiler on/off cycles, a tolerance of +1 °C is
given for both thermostats.

As for the biomass burners, the daily operation time is
11 h for the pellet stove, and 10 h for the wood-burning
stove, according to the survey published by the Regional
Agency for Environmental Protection (ARPAV 2015).
Therefore, the considered operating intervals are 6:00-9:00,
12:00-14:00 and 16:00-22:00 for the pellet stove, and
6:00-11:00 and 17:00-22:00 for the wood log stove. In the
latter case, it is reasonable to count a double firing, one in
the morning and one in the afternoon, as this is not usually
managed autonomously as in pellet stoves. The stoves are
kept working and regulated during these time frames based
on the ambient thermostat through power modulation in
the combustion chamber.

Once the stove starts up, the heat is released into the
room for several hours due to its massive inertia, even after
it has been turned off. Therefore, there may be excessive
room overheating on days characterised by wide temperature
variations, particularly in the central hours of the day.
To overcome this problem, it is assumed that above a
threshold value of the outside air temperature (T%, set at
12 °C), the stove does not start up and the required space
heating is provided using an auxiliary heater (e.g., gas boiler,
electrical heater).

The power modulation of the stove is carried out via a
Proportional Integral Derivative (PID) controller implemented
in the dynamic model with Type 23. The stove power
response is driven by y, a dimensionless coefficient varying
between the ratio Ppin/P, and 1 according to the deviation
detected between the actual temperature of the thermal
zone and the setpoint temperature. The difference between
these two temperature values, at each timestep, is expanded
through the proportional, integral and derivative effects,
obtaining the y coefficient. Following (Georges et al. 2014;
Cablé et al. 2019) and the technical data sheets of several
manufacturers, when the pellet stove is switched on, P,
is limited down to 30% of the rated power (y operates
between 0.3 and 1). Differently, the wood stove operates in
a batch process and, therefore, less flexibility is allowed due
to the manual filling, which is also conditioned by the size
of the wooden logs. For the latter device, Py, is assumed to
be 50% of the rated power (y operates between 0.5 and 1).
Figure 6 shows the operation of the stove during a typical
winter day. It can be seen that the heat flux generated by
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Fig. 6 Heat pulse applied to the wood stove capacitance model
and the heat released to the environment through the stove casing
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the burning of the biomass is stored in the stove case,
which presents certain inertia and that slowly releases it to
the ambient, depending on its thermal capacitance.

In the case of wood stoves, the inner temperature
control is supposed to be done manually by the user; hence
the maximum temperature that can be reached before the
turning off is set at 26 °C. Furthermore, in agreement with
Georges and Novakovic (2012) and Oehler et al. (2016), a
minimum cycle time has been set for both devices. For the
pellet stove, the minimum cycle time has been set at 0.6 h
and includes both the time required for fuel preparation
(about 10 min) and to reach the rated power. On the other
hand, the wood-burning stove is conditioned by batch
operation, and the minimum cycle duration has been set to
1.5 h. In Figure 7, two flow charts show both the boiler and
the stove controls.

3 Methods

3.1 Energy analysis

In this section, the methodology applied for energy
calculations is presented. The energy analysis has been
carried out considering the ideal space heating needs (Qua),
the final energy demand (Qs) and the primary energy
consumption (Ep). The different energy outputs were
obtained through dynamic simulations using TRNSYS
(Klein et al 2014). In particular, the calculation of Quq is
carried out through the thermal balance of the building,
considering the presence of an ideal convective heating
system maintaining the setpoint temperatures (see Section
2.5). The implementation of the heating system leads to the
definition of Qq, which is calculated from the energy input
of generators in the real system model. Once the final
energy is obtained, the conversion to Ep is made by the
application of primary energy factors (PEFs).
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Fig. 7 Block diagrams of the boiler control (left) and the stove control (right)

With the implementation of the system models in the
simulations, it was noticed that when the biomass stove is
the unique heating system in the house (PS, DPS and W),
it is not sufficient to maintain uniform indoor temperatures.
It follows that the energy consumption for heating the first
floor is lower than cases with gas boiler and radiators alone
(GBR) and combined with biomass stove (GBR-PS, GBR-DPS
and GBR-WS). Hence, the amount of energy required
to balance the space heating needs of the night zone is
indicated as the residual need (Qy), as shown in the diagram
of Figure 8. For carrying out the final and primary energy
demand analysis, the residual need is assumed to be covered
by an electrical heater and added to the final energy
consumption of the pellet stove in PS and DPS, and the
wood-log stove in WS.

In the diagram of Figure 8, the term “losses” refers to
the losses considered in the overall efficiency definition
for biomass devices (see Section 2.3), while it stands for
generation, distribution and control losses when speaking

Final energy =
ey Primary energy
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d
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|
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Into the rooms distribution and control
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‘ heating needs
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Residual needs Theril zones
for night-zone
QTSS

Fig. 8 Diagram of the energy flow pattern of the building’s heating
system and thermal zones. The diagram shows the additional energy
share (Qrs) needed for ideal net space heating need

about the gas boiler system, according to the European
Standard EN 15316 (European Committee for
Standardization 2017).

In PS, DPS and WS, the residual energy need (Qe)
related to the zones of the building without terminals (i.e.
the night zone) has been calculated as the annual difference
between the net energy need for space heating (Qna) and
the heat transferred by air ducting (if any), internal air
couplings and the heat transmitted via conduction through
the slab dividing the ground and the first floor. For this
purpose, a coverage factor (CF) has been introduced to
check the effect of the biomass device on the other zones
defined as:

CF=1- (g—,) (5)
nd

where Q/; is the energy need of the night-zone.
Concerning the primary energy analysis, the thermal
energy of the heating systems has been considered (depending
on the different energy carriers) as well as the electric
energy for auxiliaries according to the Italian standard UNI
11300-4 (Italian Organisation for Standardisation 2012),
i.e. the circulation pump and air blowers. A comparison
between the Italian and European definitions for the
primary energy factors has been carried out to provide
results related to the local conditions of the case study and
show the potential implications on average at the European
level. The PEFs values are reported in Table 2 in terms of
renewable and non-renewable share. Besides the different
assessment of gas and electricity factors, the main difference
is represented by the PEF of biomasses. In Italian legislation,
they are not categorised by fuel type. At European level,
however, the standard EN 15603:2008 (European Committee
for Standardization 2008) provides the PEF for wood,
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Table 2 Primary energy factors (PEFs)

PEF Non-renewable (nren) Renewable (ren) Total
Natural gas 1.36 — 1.36
European standard (EN 15603:2008) (European Wood pellet* 0.11 L19 1.30
Committee for Standardization 2008) Wood log 0.09 1.00 1.09
Electric mix 3.14 0.17 3.31
Natural gas 1.05 — 1.05

Italian Standard (UNI/TS 1300-4) (Italian Organisation . .
for Standardisation 2012) Biomass (solid) 0.20 08 1.00
Electric mix 1.95 0.47 2.42

*Sourced by IINAS (Fritsche and Gref8 2015)

while for pellets, it is possible to refer to the values of the
International Institute for Sustainability Analysis and Strategy
(IINAS) (Fritsche and Gref$ 2015). Hence, the European
PEFs of wood log and wood pellet have been considered
different, while the same value has been adopted for Italy.

3.2 Economic Analysis

The annual consumption presented in this paper was also
compared from an economic point of view to provide a
comprehensive analysis of the different systems. Such
analysis is reasonable as this work aims to compare an
ordinary and average use of the biomass and gas boiler
systems in a typical house archetype with regular energy
performance, such as most houses where biomass devices
are currently installed in the Italian scenario (Patti et al.
2020). Moreover, the main output of this work is not a
comparison of the convenience of different types of systems
but a study of energy consumption. For this reason, it was
thought that a costs analysis of the energy component,
neglecting the other aspects (installation, maintenance),
was the most effective approach to complete the work,
enriching the results with an economic aspect.

The annual cost for heating was estimated by multiplying
the final fuel consumption resulting from simulations and
the Italian gross energy price (including VAT) reported by
Eurostat for natural gas (0.09 €/kWh) (https://www.arera.it)
and Eurostat for electricity (0.21 €/kWh) (https://
ec.europa.eu/eurostat), pellets (0.31 €/kg) (Gauthier et al.
2020) and firewood (0.15 €/kg) (https://www.aielenergia.it).

4 Results and discussion

In this chapter, the simulation outputs are shown and
discussed. First, the results concerning the operative tem-
perature (Section 4.1) and the infiltration and air-coupling
analysis (Section 4.2) are reported; despite the simplified
model, the results shown in these sections highlight
some significant aspects. The proposed model does not
aim at a detailed definition of the motion field; however,

the multi-zone modelling allows some considerations on
energy transport through air masses to be made. Then, in
Section 4.3, the energy analysis is presented, which is the
main output of this work. Finally, in Section 4.4, the results
of the economic analysis are shown.

4.1 Operative temperature

The mean operative temperature of the zonal air-node as
well as the 5-th percentile (Tops4) and 95-th percentile
(Toposw) were used to compare the different cases. In this
analysis, it is more interesting to focus on zones Z-1 and
Z-4 since they represent the behaviour of both day- and
night-zones.

For the configuration with gas boiler and radiators, the
closing (GBR(c)) or opening (GBR) of the staircase doors
has a negligible influence on the mean temperature of the
living room and bedrooms because radiators can maintain
the desired level of thermal comfort in the respective areas
(i.e. 18-20 °C), as shown in Figure 9. However, in the case
with the pellet stove and closed doors (PS(c)), the absence
of airflow through the staircase leads to a decrease in the
mean temperature, which drops to 16.1 °C in the bedrooms
(Figure 9(b)), with a temperature reduction of about 1.8 °C
compared to the case with open doors (PS). As a result, the
mean temperatures in the living room are generally higher
in PS than GBR and GBR(c) (Figure 9 (a)).

When the biomass stove is installed in the living room,
simulations are performed considering open doors to
simulate more realistic operating conditions. In Figure 10,
the operative temperatures in the different cases are
compared for the day-zone (Figure 10(a)) and the night-
zone (Figure 10(b)). The presence of distributed emitters
takes to a more uniform temperature in different thermal
zones: in GBR case, the average operative temperature
difference between day and night zone is 0.4°C; in all the
other cases, the difference is wider. Another relevant aspect
concerns the wood-burning stove, which presents a different
dynamic influenced by low modulation capacity and
greater minimum cycle length (batch logs combustion). In
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Fig. 9 Operating temperatures in GBR and PS configurations. The
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Fig. 10 Operating temperature comparison for the various case
studies, both for the day (a) and night (b) zones

Figure 10, it can be observed that temperatures in the
living room also reach 22.8 °C for both WS and GBR-WS.
In GBR-PS, GBR-DPS and GBGR-WS combined system
operation, the night-zone’s operating temperature range is
almost similar.

4.2 Infiltrations and air-couplings

Comparing GBR and PS configurations, significant differences

were found regarding infiltrations (INF); thus, it is useful
to divide the results into two clusters, referring to the cases
where open (or closed) internal doors are considered. In
general, if all the internal doors are open, the external air
entering the lower part of the building (ground floor) is
heated and moves to the upper floor through the staircase,
exiting via the first-floor openings. Figure 11 shows that
most infiltrations enter the living room; furthermore, when
the living room and bedrooms are not communicating
(“Closed” case), the incoming airflow is reduced, on average,
with an increase in infiltrations only in the night-zone. As
shown in Figure 11, the mean value of infiltration changes
from 0.19 h™! to 0.13 h™', while in percentile terms, from
0.03 h™' to 0.06 h™' for INFsy and from 0.43 h™' to 0.4 h™'
for INFosy. These results are in good agreement with those
found in the case studies carried out for other countries
such as China (Lamberg et al. 2017), France (Tol 2020),
Denmark (Xu et al. 2008) and the UK (Oehler et al. 2016).
The behaviour of air couplings inside the building
regards the flow through the staircase. Figure 12 shows that
air couplings flow rates are lower when the heating system
involves lower temperature differences between zones.
Therefore, since in GBR the zoning temperature effect is
reduced due to the system terminals distributed throughout
the building, IAC events are limited. In all other cases, the
presence of the biomass system leads to higher temperatures
in the thermal zone where the stove is placed. When this
effect is highlighted, as it happens for PS and WS, air tends
to move from the day-zone towards the upper night-zone
and consequently, IACcan and IACosy increase. Air ducting
systems (DPS and GBR-DPS) lead to slightly lower IACs
than simple stove systems. As shown in Section 4.1, the
temperature gradients between the thermal zones can
influence the airflows; in particular, the internal gain of the
stove affects the IACs, as reflected in the difference between
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Fig. 11 Infiltration rate for the day zone, night zone and its mean
value by comparing the opening and closing of the staircase doors
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Fig. 12 Internal air coupling (IAC) comparison for the various
case studies

for both day and night zones in GBR and PS configurations
GBR and all other configurations. Also, the employment of
air ducts has a relatively small effect on air coupling.

4.3 Energy analysis results

The ideal space heating needs were calculated to compare
the different cases properly, as they differ only in the heating
system. The Quq is 35.6 kWh/(m? year) for all the cases.

In Table 3, the residual load (Q.ws) and the coverage
factor (CF) are shown, as well as the share of the heat
transfer between the ground floor and the first floor in PS,
DPS and WS. In DPS configuration, the coverage factor is
about 20% greater than in PS and WS due to air ducts. In
all cases, about 5% of the heat is transferred via conduction
through the slab dividing ground and first floor. In Table 3,
the air ducting in DPS plays an important role (37%) in
the heat transfer between the ground and the first floor.
The IAC is relevant in the heat transfer between the ground
floor and the first floor, being 95% in GBR and DPS and
58% in PS.

The final energy analysis is shown for each configuration
in Figure 13, including the auxiliary systems, which have
been considered separately from the electrical heaters. In
Table 4, the sharing of the different energy carriers for the
case studies is presented. In GBR, the whole building is
heated by radiators, resulting in more significant energy
expenditure than in PS and DPS, neglecting the contribution
of electric heaters. However, comfort conditions decay
in the bedrooms in these cases, resulting in lower zone

Table 3 Coverage factor (CF), residual need for space heating (Ques)
related to the overall net floor area and percentage of the heat
exchange mechanism in the different cases

Percentage of sharing of

Air ducting Qres heat exchange

into night [kWh/ CF
Cases zone (m?year)] [—] Ducting IAC Conduction
PS No 8.6 0.39 0% 94% 6%
DPS Yes 7.4 0.47 37%  58% 5%
WS No 9.0 0.40 0% 95% 5%
Space heating demand
GBR 1

PS

pps  [EEEE

WS

GBR-PS

GBR-DPS

GBR-WS

10 20 30 40 50 60 70 80
kWh/(m? year)
O Qd - Gas Boiler B Qd - Pellet Stove B Qd - Ducted Pellet Stove

B Qd - Wood Stove O Qd-EE @ EE (Aux)

Fig. 13 Final energy consumption of heating systems by fuel type
in the various case studies

temperature than in other cases. Therefore, DPS configuration
consumes slightly more than the reference GBR case. The
energy input solely due to pellet stoves is nearly equal for
PS and DPS, about 50 kWh/(m? year). Overall, including
the electric heaters (EE), the final energy used in DPS is
almost the same as GBR, i.e. 59.2 kWh/(m? year), while
PS requires 2% more energy, 60.2 kWh/(m? year). The
difference between PS and DPS can be explained by two
combined effects. First, the ducted pellet stove slightly
increases the internal temperature in the night-zone
compared to PS, as already discussed for the coefficient CF.
Secondly, driving more energy in the night-zone increases
the operating hours in the day-zone of the pellet stove, thus
leading to higher mean power output (5.6 kW) in DPS than
in PS (5.3 kW).

The traditional wood stove alone (WS) provides final
energy of about 60.7 kWh/(m? year). Excluding electric
heaters, the final energy is 4% higher compared to GBR.
The biomass consumption is 22% higher than PS and DPS.
Considering the electric heaters, the overall consumption
is 70 kWh/(m? year), about 20% higher than GBR, PS,
and DPS.

A combined operation of biomass stoves and the
standard natural gas heating system (GBR-PS, GBR-DPS
and GBR-WS) occurs when the temperature drops below
the set-back. In terms of overall consumption, GBR-PS and
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Table 4 Sharing of final energy in different case studies

GBR PS DPS WS GBR-PS GBR-DPS GBR-WS
Final energy [kWh/(m? year)] 59.2 60.2 59.2 70.4 58.8 58.7 64.6
Gas 99% 0% 0% 0% 38% 39% 22%
Biomass 0% 83% 85% 86% 59% 59% 77%

14%
3%

0%
1%

Electrical heater

Auxiliaries (pumps and fans)

13%

0%
3%

0%
1%

0%
3%

13%

3% 1%

GBR-DPS configurations are slightly lower than GBR.
GBR-WS presents 9% higher final energy consumption than
GBR. When using the electric auxiliary heater (PS and DPS),
the final energy consumption for space heating is comparable
to a combined pellet stove and gas boiler systems con-
figuration, such as in GBR-PS and GBR-DPS.

In general, the higher energy consumption associated
with the use of the wood stove compared to the pellet stove
is mainly due to the lower burning efficiency of wood log
systems compared to pellet devices and their limited ability
to modulate the power output.

The graphs in Figure 14 show the primary energy
comparison between the different case studies analysed in
this work. It can be noticed that the residual need satisfied
with the electric device has a significant impact on the
primary energy calculation: PS, DPS and WS configurations

EU standard scenario
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[l 6% 25% | 63% ]
I 6% 22% 1 66% I
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Fig. 14 Results of the primary energy analysis based on European
values (a) and Italian values (b)

result in a higher overall primary energy use compared to
the respective cases where biomass devices are combined
with a gas boiler and radiator system. However, GBR,
GBR-PS and GBR-DPS present similar relative values of
overall primary energy (Table 5), while WS and GBR-WS
differ depending on the value of PEF for wood compared to
pellet. Therefore, the primary energy evaluation performed
with the EU standards is lower in cases with wood-log
devices.

Looking at renewable and non-renewable primary
energy, GBR is almost entirely non-renewable due to the
use of natural gas. In PS, DPS and WS, the Ep share is
between 62% and 65% for the Italian context and 65% and
67% for the European (see Table 5). In combined systems,
the Ep ren share is lowered due to the natural gas contribution
and it results about to 46% and 51% for pellet stove (GBR-PS
and GBR-DPS), and about to 60% and 65% for wood-log
stove (GBR-WS), respectively for the Italian and the European
reference used.

Concerning the electric heater device (PS, DPS and WS),
the Ep,nen accounts for about 20% and 25%, respectively, for
the Italian and EU case. Moreover, when the pellet stove is
coupled with the radiator system (GBR-PS and GBR-DPS),
the Epnren related to natural gas is about 38% and drops
to 25% in a combined wood stove and gas boiler system
(GBR-WS). This difference is due to the prevalent use of
the stove caused by the low modulating capacity of
wood-log devices. The electricity share related to auxiliary
systems of pellet stoves (i.e. fans) is about 6% and for
the wood stove is about 3% considering both Italian and
European PEFs.

4.4 Economic analysis results

In this section, the analysis is also extended to the economic
aspect of household heating. The annual cost for the GBR
system can be estimated at 720 €/year, while it results at
about 460 €/year for PS and DPS and 350 €/year for WS.
Compared to the GBR reference case, biomass systems
reduce the annual cost — by 36% and 51% for pellet and
wood stove, respectively — but do not provide an optimal
heat distribution in the house, as shown in the previous
paragraphs. On the other hand, significant savings of
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Table 5 Percentage increase (positive) and decrease (negative) of the overall primary energy and non-renewable primary energy in the
different cases compared to the reference GBR configuration, considering European and Italian PEF values

PS DPS WS GBR-PS GBR-DPS GBR-WS
European Overall 35% 28% 32% -1% -1% -7%
PEF Non-renewable -53% -58% -55% -52% -52% -68%
Italian Overall 32% 26% 48% -1% -2% 5%
PEF Non-renewable -50% -54% -48% -46% —-46% -58%

17% are achieved in case of coupling the GBR-PS system
(600 €/year) and in the case of GBR-DPS and GBR-WS
system where the saving is about 36% (460 €/year) due to
the lower use of gas compared to the reference case.

5 Conclusions

In this work, the behaviour of different heating systems
installed in existing residential buildings was compared
in terms of final and primary energy consumption, using
an integrated TRNSYS and CONTAM dynamic model
to partly cover the lack of energy analyses related to the
presence of biomass burners in residential buildings. In
particular, the operation of a single stove system (pellet or

wood) placed in the living room and the combined use of a

stove and a standard heating system (radiators and boilers)

were analysed for a mild climate. It was found that:

- The opening of internal doors promotes an increase in the
air circulation inside the building (estimated between 55%
and 70%) when the heating system includes a device located
in one room, rather than in the case of distributed terminals;
for the case study analysed, simulations showed that 40%
of the energy needs of the night-zone could be covered by
the heat provided by the stove through air circulation.

- Biomass stoves are usually oversized for the heating needs
of the room in which they are located. This aspect is
emphasised in wood-burning stoves, which lead the room
to higher air temperatures, due to the lower capacity to
modulate the thermal output of these devices; with these
systems, the maximum operating temperature obtained in
the day-zone is 1.4 °C higher than with the pellet systems
and 2.7 °C higher than with the radiator systems.

In terms of final energy, the pellet stove leads to similar

results to the gas boiler and radiator system, while the

wood stove leads to an increase of 21% with the electric
heater and 9% with the gas boiler system.

- As far as primary energy is concerned, the use of electric
stoves combined with biomass stoves is unfavourable
(an increase between 26% and 48% was found compared
to cases without). On the other hand, the combination
of a gas heating system and a wood stove leads to similar
overall primary energy consumption, compared to a gas
boiler system (£5%).

- Although their use does not necessarily imply significant
final energy savings, biomass systems allow to increase
the share of renewable primary energy considerably; in the
analysed case study, the renewable share, which is zero in
the absence of biomass installations, increases to values
up to 50% and 65%.
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