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Heating and wood pellets 

Summary Summary 

Th e goal of this thesis is to investigate the possibility of replacing large heating boilers in communal fl ats by 
a wood pellet based system. Th ese biomass based boilers have diff erent characteristics compared to more 
conventional gas or oil boilers and therefore require diff erent control strategies. In order to achieve valuable 
results it is chosen to model a theoretical building (based on existing data) into a simulation program. A basic 
physical model is developed that is able to simulate a varying heat load and determine its infl uence on the 
system behaviour. Th e obtained analytical solution can be understood and optimized with the help of root-
locus design. Th is method will be used to determine the maximum required boiler power as a function of the 
used thermal storage volume. Th e best overall performance is achieved when the pellet boiler is equipped with 
a large heat storage tank. A 85% CO2 emission reduction can be obtained when the complete gas fi red installa-
tion is replaced by a wood pellet boiler. Th e carbon dioxide emissions that take place in this scenario originate 
form the indirect emissions caused by transport and production of wood pellets. For the diff erent scenarios 
discussed here the fuel supply range from 20 to 40 ton pellets in the coldest winter months which equivalents 
to one or two large truck loads a month.
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Since the start of the industrial revolution fossil fuels have been with us to supply the worlds energy needs. Due 
to large scale applications of these fuels the concentration of carbon dioxide in the atmosphere has risen signifi -
cantly over the pas few years and is believed to be responsible for the greenhouse eff ect. Long wave radiation 
from the earth’s surface is absorbed by these gasses and the trapped heat energy causes the earth’s atmosphere 
to warm up.  

Increasing oil prices, limited fossil fuel reserves and global warming are responsible for a growing interest in 
alternative forms of energy. Some might say that nuclear power is the answer since it is both CO2 neutral and 
cheap, but in addition to problems concerning long term radioactive waste, there are some other considerations 
with this form of energy that are easily forgotten. New types of nuclear power plants require, due to their 
complex nature, additional licensing, inspection and certifi cation. Th is adds delays to the construction time and 
increases the overall costs. Furthermore, at the end of its lifetime, safe plant shutdown and decommissioning 
costs considerable amounts of money. On the other hand, renewable forms of energy like wind and solar power 
are popular contenders, but their potential contribution to the total energy needs are quite low. Currently, en-
ergy from biomass holds the largest potential in replacing a considerable part of the fossil fuel market. Biomass 
can be converted to numerous forms of biofuels but the one that will be studied here are wood pellets. Th ese pel-
lets are a relatively new and increasingly popular biomass fuel which can be used as a direct fuel to deliver heat 
to households (small scale) or as an inexpensive and convenient alternative to fossil fuels in large scale heat and 
power plants.

Heat is one of the most important energy forms needed in the European Union since this market accounts for 
about half of the total energy need. Up and until today this market is dominated by fossil fuels (gas and oil), but 
modern wood pellet boilers can be an alternative to the more conventional heating systems. Th e advantages and 
disadvantages of replacing part of this market segment by biomass based fuels will be studied in the following 
chapters.

1. Introduction
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Th is study will look into the possibility of implementing wood pellet heating systems into existing building 
sites. Generally speaking, large space heating systems in fl ats or communal heating systems are based on gas 
fi red boilers. In stead of replacing these older boilers it is chosen to place the wood pellet system parallel to 
the existing installation. With this kind of setup it is possible to use the original boiler as a back-up system 
or as a peak loading boiler when the biomass system isn’t dimensioned to cover the full heat demand. Th e 
old and new (secondary) boiler have to be managed in such a manner that the largest part of the required 
heat load is delivered by the wood pellet boiler. Biomass based boilers have diff erent emission characteristics 
when compared to gas fi red systems and although biomass is considered to be CO2 neutral, other emissions 
are introduced and it is important to look at these for diff erent control strategies. Another point of interest 
is to examine the possibility of adding thermal storage to the system and whether it will help maximizing 
performance while minimizing emissions and peak load operation. To investigate this part in more detail, a 
physical model will be introduced together with basic control theory principles. Th e number of components 
in this model will be stripped down to the tree basic ones; i.e. burner, storage and heat load, in this manner 
the dynamics of the underlying system can be interpret more easily.

Diff erent combinations of parameters, e.g. the fraction of biomass versus fossil fuel in the total heat deliv-
ery, thermal buff er size, operating temperatures, all have their eff ect on the performance of the system. To 
investigate all these parameters, a suitable building site will be modeled in a specialized simulation program 
which will be used to relate the systems performance to the achieved CO2 savings and the investment costs. 
Another point of concern is the delivery of fuel. Unlike gas, which can be delivered by pipes, wood pellets 
have to be transported by road and depending on the storage capacity and heat demand of the building this 
will have a certain frequency.   

Scope of this thesis

Th is thesis represents my graduation work done at W/E Consultants in connection with the Eindhoven 
University of Technology. Th e goal of this project is to analyze the possibility of equipping / replacing large 
heating facilities with biomass based pellet boilers. In chapter 2 an introduction to wood pellets as bio fuel is 
given and a number of characteristics and regulations are described. Th ese will impose certain considerations 
and boundary conditions on the modeled system. Chapter 3 gives a short introduction on Laplace transform 
and its importance in control theory. A dynamic model of a simple heater plus thermal storage will be dis-
cussed. A short overview of the simulation setup in Trnsys will be discussed in chapter 4 plus the description 
of the diff erent types used in the model. 
Discussion about the obtained trnsys data will be given in chapter 5 together with a comparison of the result 
acquired form the analytical calculations done in Matlab. Finally in chapter 6 the conclusions of the here 
performed work will be given. 
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2. Wood pellets

Biomass and the Carbon cycle.

Th e earth holds a great deal of carbon, which is stored in its crust, mantel and atmosphere. Between these zones 
a slow and continuous exchange of carbon takes place through the process of photosynthesis and respiration. 
Th e process of photosynthesis is the ability of plants to capture and organically fi x energy from the sun. Th e 
chemical reaction can be described by the following equation,

    2 2 6 12 6 26 6 6sunlightCO H O C H O O+ ⎯⎯⎯→ +
.     

(2.1)

Sunlight is absorbed by chlorophyll in green plant cells and utilized by the plant to produce carbohydrates 
(glucose) from water and carbon dioxide. Glucose produced by the photosynthesis can be converted by the plant 
to starch for storage or combined with other molecules to form specialized carbohydrates such as cellulose. 
Th rough this mechanism the  earths vegetation is able to hold and store large amounts of carbon.
During the last century however the natural equilibrium of carbon emissions and recapture is disturbed due 
to human interference. Lots of inorganic carbon is stored in the earths crust in the form of coal, oil and natu-
ral gas. When these reserves are burned the carbon is released directly to the air in the form of carbon dioxide 
which brings about some large changes in the atmospheric concentration of CO2. Th e timescale of this process is 
much faster than the natural removal process.

Although biomass contains carbon and the generation of energy out of this fuel releases CO2, this CO2 is also 
taken out of the atmosphere during growth of the plant. In this way there is no net increase of carbon diox-
ide and therefore this form of energy is considered as CO2 neutral. In contrast to the carbon in fossil fuels the 
carbon in biomass has a cycle period from plant to the atmosphere and back of between one and some tens of 
years. Th erefore it is called a short cycle carbon whereas fossil carbon exists in this form already for millions of 
years. 
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Figure 2.1: 
Th e Annual 
mean Net Pri-
mary Produc-
tion is a mea-
sure of how 
much biomass 
is produced 
by photosyn-
thesis. It gives 
the net carbon 
absorption 
rate by living 
plants.

Th e worlds ability to store carbon in its vegetation can be indicated by the Net Primary Productivity (or NPP). 
It is an indication of the total amount of chemical energy fi xed by the processes of photosynthesis minus the 
chemical energy lost through respiration. NPP refers to a rate process, i.e. the net fl ux of carbon from the atmo-
sphere into green plants per unit of time. It is a direct indicator of actual yield of vegetation based on a process 
model, climatic data and satellite observations. 

Figure 2.1 shows the pattern of mean annual Net Primary Productivity for a twelve year period (1982-1993) [1]. 
Over half of the global annual net primary production was estimated to occur in the tropics, with most of the 
production attributable to tropical evergreen forest. Western and more pole ward continental areas have a lower 
productivity. Areas with high annual NPP are capable of producing lots of biomass and therefore hold a large 
potential regarding a sustainable fuel supply.

Potential energy from biomass 

When the annual NPP distribution is compared to the share of biomass fuels used in today’s total energy con-
sumption a diff erent image appears. Table 2.1 gives the percent share of biomass fuels in national energy con-
sumption [2]. Asia uses a lot of biomass based fuel, even more than they can produce, followed by Africa. Many 
of these countries depend heavily on wood for supplying local people with daily heating and cooking needs. 

In industrialized countries and countries with large fossil fuel resources biomass based fuels contribute a lot 
less to the total energy production. According to the annual mean NPP map (fi gure 2.1) America is capable of 
producing lots of biomass but their actual use stays low at 16% and 12% (North and South America respective-
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Table 2.1: 
Biomass energy potentials and current use in diff erent regions (EJ/a) (E = 1018)

Biomass potential North 
Amer.

Latin 
Amer. Asia Africa Europe Middle 

East
Former 
USSR World

Woody biomass 12.8 5.9 7.7 5.4 4.0 0.4 5.4 41.6
Energy crops 4.1 12.1 1.1 13.9 2.6 0.0 3.6 37.4
Straw 2.2 1.7 9.9 0.9 1.6 0.2 0.7 17.2
Other 0.8 1.8 2.9 1.2 0.7 0.1 0.3 7.6
=Potential, Sum (EJ/a) 19.9 21.5 21.4 21.4 8.9 0.7 10.0 103.8
Use (EJ/a) 3.1 2.6 23.2 8.3 2.0 0.0 0.5 39.7
Use/potential (%) 16 12 108 39 22 7 5 38

Source [2]

ly). Th e same holds for Europe where about 22 % of the potentially available biomass is consumed. Th is indicates 
that in these countries a partially biomass based fuel economy holds a large potential and can contribute to a 
sustainable energy supply and a global CO2 stabilization.

Estimates by Food And Agriculture Organization (FAO) show that the global use of wood is 3271 million m3 per 
year [3]. Roughly half of this amount (or the equivalent of 11.63 EJ) is in the form of direct fuel, e.g. as split fi re-
wood, mainly in developing countries. Th e remaining half is used as industrial raw material where the residues 
(for example saw from sawmills) can be used for the production of upgraded biofuels, e.g. suitable for energy 
production [2]. 

Wood pellets 

Wood pellets are standardized cylindrical fuel particles consisting of compressed sawdust and shavings, that can 
be by-products from timber industries and sawmills or from freshly harvested wood shavings. Th e properties of 
wood pellets diff er a great deal from the properties of fi rewood. Th is is mainly due to the homogeneity and low 
moisture content of the pellets, which is achieved by drying and pressing the sawdust and shavings.

Th e fi rst step in the production is drying the raw material from 50-55 percent moisture content to 8-12 percent. 
Th e dry shavings are grinded to a small and uniform particle size and mixed with dried sawdust before the mix-
ture is extruded through cylindrical holes of the pellet press matrix , as shown in fi gure 2.2. Th e pellet mill puts 
such pressure on the wood that the natural lignin that gave strength to the original tree is reformed and binds 
the wood particles together, it also produces a shiny glazing on the surface of each pellet. Th e friction gives rise 
to temperature of more than 100 degrees Celcius. Th e pellet strings are cut off  with a knife or automatically bro-
ken. Th e next step is cooling where the pellets are air quenched to set up the lignin and thus stabilise the pellet. 

Th is last step is also very important for avoiding mould formation within the pellets [4]. An optionally last step 
can be the fi nes separation where dust and very small pellets are fi ltered out and fed back to the pelletising 
process. Th e use of binding agent is not necessary, but may give more stable pellets compared to the binding by 
the natural wood lignin. 
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Figure 2.2: (a) illus-
trates the principle 
of a pellet press: a 
rollers press pushes 
the raw material 
through matrix holes 
and a knife cuts the 
pellets to the desired 
lengths, (b) close-
up of wood pellets, 
typical diameter is 6 
mm and the length 
ranges from 1 to 2.5 
cm, (c) photograph of 
a high volume pellet 
production press 
capable of producing 
30 tons an hour. 
Source: Buhlergroup 
AG. 

Possible binding agents may be Wafolin S or potato starch where the later is preferred since it does not contain 
sulphur and is easier to handle. Good strength properties of the pellets are important during transportation and 
storage (lower risk of dust explosions).

Th e cost factor of the diff erent steps in the production process of pellets are summarized in fi gure 2.3. When 
the basis material is freshly harvested wood a considerable amount of external energy is needed for drying the 
wood to the desired moisture content. With dry material this power consuming process can be omitted but this 
advantage is off set by a higher cost of the raw material.

Th e calorifi c value and density of wood pellets vary slightly depending on the used basis material, the drying 
process and optional use of a binding agent. Typical standards for the calorifi c value (energy content) are 17 
Mega Joule per kilo and 600 kilo per cubic meter for the bulk density. In most European countries, there are 
few or no laws written specifi cally for wood pellets. Often these come under the jurisdiction of only very general 
biomass laws. 

Only Austria, Sweden and Germany have offi  cial standards specifi cally for compacted biomass fuels. But the 
European Committee for Standardization (CEN) is preparing a European standard on solid biomass fuels, i.e. 
pellets. Th e diff erent standards are compared and listed in appendix B. 
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Figure 2.3: 
Share of the 
diff erent 
cost fac-
tors when 
producing 
pellets from 
wet or dry 
raw mate-
rial[5].

Wood pellets in the Netherlands, Europe and               
the rest of the world 

In the Netherlands the potential fuel wood production is quite low, the forested area is about 11 % of it’s total 
land area and it is estimated that the current wood production suited for fuel production is about hundred 
thousand tons annually [6]. Th is corresponds to a potential of 1.7 Peta Joule (Peta= 1015) when converted to 
wood pellets or 0.41 % of the total heating need in the Netherlands, which is 410 PJ annually [7]. If there is a 
big interest/growth in wood pellet heating the Netherlands will have to depend on import of this biomass. Th e 
total production of wood in Europe suited for fuel production amounts to 105.9 million ton (1791 PJ), mainly 
in Scandinavian countries [6].Because industrialized countries in Europe use lots of energy compared to their 
forestall area it is unlikely that there will be enough potential present to cultivate/generate wood to sustain a 
signifi cant amount of their energy need. Other parts of the world like North and South America have a large 
wood growing potential, far more than locally needed. Th is suggests that worldwide import and export will still 
be necessary to supply the necessary fuel to those who need it. 

A biomass based fuel economy has the advantage of being CO2 neutral but may give rise to a new problem which 
deserves some attention. In a forest, the outtake of logging residues leads to a loss of nutrients and an increased 
acidifi cation. Logging residues contain most of the mineral nutrients of the trees, such as calcium, nitrogen 
and phosphorous [8]. Th ese nutrients are removed from the forest with the logging residues and the forest soil 
becomes less fertile and, in long-term, less productive. Th is disturbances in the forest ecosystem can possibly be 
managed by returning ashes from the burned biomass. Th e ash must not be contaminated and must be returned 
in a suitable way. Ash recycling returns the mineral nutrients to the soil, but not nitrogen, which is released with 
air emissions during combustion. Nitrogen losses can be compensated for by fertilisation, so ash recycling plus 
fertilisation could be a relevant option for future forest management.

Th e current worldwide production (anno 2004/2005) of wood pellets is approximately 3.8 million tons annual 
[9]. Europe holds 195 pellets mills which produces roughly half of this amount, most of them situated in Aus-
tria, Italy and Scandinavia. Other big pellets producing nations are Canada and the US with producing capacities 
of 1 million and 800000 tons respectively [9]. 
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C.N. Hamelinck et al. [10] investigate the possibility of international bio energy transport to fuel a Dutch power 
plant. Diff erent supplying scenarios are looked upon and their eff ect on the fi nal price of bio energy (biofuel) is 
discussed. In case of wood pellets, possible East European, Scandinavian and Latin American supply chains are 
investigated. From a cost point of view, crops specially grown for pellet production, are the most expensive in 
Scandinavia and Eastern Europe leading to prices for pellets of approximately 125 an 95 euro per tonne deliv-
ered. Using industrial wood residue material (in stead of energy plantations) can reduces these price slightly (90 
€/tonne). Th e study shows that possible Latin American pellets can be available at lower prices (50-60 €/tonne 
delivered) because they benefi t from an abundance of cheap biomass, low production costs and inexpensive 
bulk transport. A substantial diff erence with European biomass is the transatlantic sea transport but this prof-
its from large scale and is relatively cheap compared to truck handling. Th e contribution of the (long) overseas 
shipping represents only 30-40 % of the total transportation cost [10]. 

As the demand for pellets increases other biomass wastes than wood chips and shavings can be considered as 
raw materials. Examples of these may be pellets from logging residues, energy crops, agricultural waste and the 
organic fraction of household waste. However, these new materials can be chemically more complex, contain 
pollutants and have higher amounts of mineral nutrients. Th erefore, the emissions and burning characteristics 
of pellets made of new raw materials must be studied before they possibly are introduced on the market.
       

Benefi ts of using pellets 

Usage of fossil fuels have their eff ect on the carbon dioxide concentration in the atmosphere. Fuels based on 
biomass do not suff er from this drawback, the carbon emissions released during usage are recaptured by the 
growing plants. When biomass is cultivated especially for the  purpose of energy production a closed carbon 
cycle is created. Politically a (partial) biomass based energy economy would also be favorable compared to the 
current fossil fuel one since the biomass growing potential is not constricted to a few countries (as it is the case 
with fossil fuels). Wood pellets are a very basic form of biofuel compared to other reformulated biomass such 
as bio oil or gas, this makes them very suitable for a gradual transition to a more sustainable energy economy 
based on biomass.

Th e high moisture content of unprocessed biomass is normally a drawback, leading to high transport costs and 
microbial degeneration during handling and storage. Th e variations in moisture content also give rise to an 
uneven combustion with unnecessary emissions and lower effi  ciency. For a direct comparison, wood pellets can 
be compared with dried wood chips which are an available alternative for wood heating.

Table 2.2: Comparison between wood pellets and chips

Wood Pellets Chips

Calorifi c Value
    -Per m3

17 MJ /kg
 11 GJ /m3

13,4 MJ /kg
2.7 GJ /m3

Water content 8-12% 25%

Density 600 kg /m3 200  kg /m3

Ash content (% of mass) 0,50% 1%
Source [11].
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Wood chips are more inhomogeneous than pellets, due to diff erences in dryness and structure, they also have a 
lower energy content and density. Fuel feeding systems for automated burners using wood chips require more 
maintenance due to the irregular nature of the chips. Th e delivery of the same amount of energy with wood 
chips requires roughly four times more storage volume compared to pellets. It is clear that drying and compress-
ing biofuels to pellets is preferred, the storage properties of wood pellets with low moisture content are favour-
able and they are more convenient to transport [12]. Th e processing costs are partially off set by lower transport 
and storage costs due to the higher energy density. Pellets can be automatically fed into the burner, do not need 
regular maintenance and have a lower ash content.

Compared to biogas, which is an available alternative, wood pellets have the advantage of being a relatively 
simple form of biomass. Th ey require less energy input for the conversion from raw material to fuel. Berglund et. 
al. [13] showed, that the energy input into biogas systems (i.e. large-scale biogas plants) overall corresponds to 
20–40% (on average approximately 30%) of the energy content in the biogas produced. Th e production of 1 ton 
of pellets requires an external energy input of 1.5 GJ which corresponds to about 10 % of the energy content of 
the produced pellets [14]. A gas based biofuel however, has the benefi t that it can be used in the current distri-
bution infrastructure, whereas pellets will have to be delivered to the end user by (mainly) road transports. Th e 
delivery cost is an important factor which should be considered when operating a pellet fuelled heating facility; 
distance to the pellet supply, delivered amount and frequency will all have their infl uence on the total transpor-
tation cost (and external energy input).  

Another advantage is that wood pellet fuel is cheaper than petroleum oil or gas and has a more stable price 
development. A Swedish study showed that there is no major increase expected in the price of wood, since both 
the domestic supply and the possibilities of import are large [15]. But this does not consider the price for oil and 
electricity needed to produce the pellets, it only represents the raw material cost. Roughly 40% of the produc-
tion cost of pellets accounts to external energy needs, mainly for the drying process [5]. When energy prices 
go up this will aff ect pellet prices as well. Cost price of small scale consumer market pellets are currently (anno 
2006) around 23 euro cent per kilo delivered [16]. Th is is slightly more than the prices given in the previous 
section and due to the relative expensive fi nal truck delivery cost whereas for a power plant scenario large bulk 
transports take place. But these pellets are still cheaper than gas (or oil) which currently cost 60 cent per cubic 
meter (resp. 55 cent per liter). Given the calorifi c value of gas 35.17 MJ /m3 (resp 35.7 MJ /l for heating oil) the 
cost of one Giga Joule of energy delivered, costs 14.2 euro with gas (resp. 15.4 euro for oil) compared to 10.4 
euro in case of commercial wood pellets.

 

Current pellets burners

Modern pellets stoves are almost as effi  cient as current gas boilers. Th ese new units can not be compared to 
older wood log boilers (effi  ciency of 70%) or even conventional fi replaces (effi  ciency of less than 10%). Biomass 
burns in two stages, during combustion it fi rst loses its moisture content at temperatures of up to 100oC using 
heat from other particles that release their heat value. As the dried particles heat up volatile gases containing 
hydrocarbons, CO, CH  and other gaseous components are released. Th e gases contribute about 70% of the total 
heating value. Finally char oxidizes and ash remains. Diff erent producers have patented various techniques 
to optimize this combustion process and achieving effi  ciencies of more than 90%. But basically they are all 
equipped with a two stage combustion system, separate heat exchanger chamber, automated fuel supply sys-
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tem and an electronic ignition heater. Computerized combustion control uses a lambda probe to measures the 
oxygen level in the exhaust gases and controls the air intake of the burner to insures complete combustion and 
obtain low emissions. Pellets, by their small size and low moisture content also help to increase fl ame tempera-
ture (of up to 800oC) and insure good combustion. 

Figure 2.4: KÖB PYROT Ro-
tary combustion (80-540 kW)
Continuous gasifi cation is car-
ried out on the moving grate 
with minimal primary air. Th e 
combustible gases rise into the 
rotary combustion chamber 
and are mixed with secondary 
air that had been diff used by 
the rotation blower and given 
spin impulse. Th is guarantees a 
perfect mixture of secondary air 
with the combustible gases.

Boilers for pellets are available from a few kilo watts (small domestic application) to several mega watts. Figure 
2.4 shows a pellet boiler and feeding system from the Austrian company Köb&Schäfer. A disadvantage of pellet 
boilers is that they require an additional fuel feeding and storage system and once a while the ashes need to be 
removed (although some of the bigger boilers have automated this process as well). Due to these reasons the 
investment cost of a pellet based heating system is 3 to 4 times higher than for a comparable conventional gas 
fi red installation. Th is will probably be a drawback for small scale use, i.e. individual domestic boilers but when 
the installation scales up the relative cost will decrease. Currently large fl ats or small communal heating installa-
tions are ideal candidates for a transition to pellet burners systems. 

      

Emissions related to pellets 

Even though pellet fuel is an environmentally friendly fuel with low emissions to air, it is of great importance to 
investigate the emissions from the burning of wood pellets. In order to get a view of the diff erent compounds in 
the smoke it is important to understand how diff erent loading conditions aff ect the emissions of health and en-
vironmentally hazardous compounds in the fl ue gasses. BLT Wieselburg in Austria and the TÜV in Germany are 
independent test institutes that have facilities to perform consistent tests between boilers of diff erent manufac-
tures. Table 2.3 shows the emissions from a pellet boiler and a comparable oil or gas boiler. Compared to conven-
tional gas or oil based heating systems, pellets also emit a considerable amount of dust. Besides a contribution 
to global warming, these fi ne particles can also be dangerous to humans, especially when they are small enough 
to be trapped in the small airways and alveolar regions of the lungs [17]. Steps can be taken to further reduce 
the emissions of these fi ne particles, by means of fl ue gas cyclones and dust fi lters, but for the tested 300 kW 
boiler the emission of 24 mg/m3 stays well below the maximum permitted 100 mg/m3 for wood burning installa-
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Table 2.3: Emissions of a 300 kW Köb&Schäfer pellet boilers compared to a conventional gas or oil boiler from 
Buderus (350 kW) . Th e tests were carried out by TÜV Munich (with recirculated fl ue gas, without deduster)

Rotation Firing
PYROT 300

Nominal Partial
load        load
100%      30%

Oil/Gas Burners
Buderus GE 350
Oil                Gas

CO 6           14 2.3              14.8

NOx 81         63 78.2             44.5

Dust 24           6 0                   0

Σ HC <1         <1 3                   0

SO2 27            - 130               0

Figures in mg/Nm³ based on 11% O2

Carbon monoxide even at low concentrations is very toxic and dangerous to humans when present in unven-
tilated spaces. In the atmosphere, CO will slowly oxides to carbon dioxide but it is still better to prevent the 
formation of this compound. Th is can be achieved by operating the boiler at near optimal conditions (i.e full 
load). During temporary disturbance and at start-up, the emissions are larger and have a diff erent chemical 
composition [11]. Th is indicated that modern automatic control and possibly use of intermediate heat storage 
buff ers can prevent numerous start-stops situations or long term partial load operation and thus greatly reduce 
the total emissions.   

Carbon dioxide emissions are never mentioned when considering wood pellet heating systems  since biomass is 
said to be CO2 neutral. Th is of course does not take into account that during the production and transportation 
of the used pellets external energy input is needed. Unless this input energy originate from renewable sources, 
additional CO2 emissions take place. For a better understanding it is best to look to at the avoided amount of 
greenhouse gas emissions when using biomass instead of traditional fossil fuels.

tions in the Netherlands as shown in table 2.4. Comparable larger boilers ( > 500 kW) however have emissions of 
50 mg or more which would imply the use of fi lters to meet regulations. For comparison, the euro V norm limits 
fi ne particle emissions (dust) for diesel vehicles to 20 mg/kWh (or 25 mg/km). 

Th e emissions of carbohydrates and sulphur dioxide from pellets are low compared to an oil burner but not as 
good as with a gas fi red system, where these emissions are non existent. When the pellet burner is operated at 
a reduced load, emissions decrease except for carbon monoxide (consequence of incomplete combustion due to 
lower temperatures).

Total installed power  MWth ..< 0.5 0.5 <..<1.5 1.5 <..< 5

Dust < 100 mg/m3 < 50 mg/m3 < 25 mg/m3

CO X X < 250 mg/m3

 HC                 X X < 50 mg/m3

Ref: 11 Vol. % O2

Table 2.4: Specifi cation F7 from the Dutch emission legislation (NeR - air) when burning clean wood fuels. NOx 
only has a restriction of 400 mg/m3 when an installation of more than 2.5 MWth uses contaminated demolition 
wood (i.e. chipboard)
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Figure 2.5: CO2 
emissions in kg per GJ 
delivered for pellets 
supply chains  from 
Scandinavian forestry 
residues, Scandina-
vian, Latin American 
(LA) and Eastern Eu-
ropean energy crops, 
to a Dutch power 
plant [10]. High val-
ues translate to less 
avoided greenhouse 
gasses.

Another interesting fact from the fi gure 2.5 is that overland train transport of pellets also emits considerably 
more CO2 than with the combination of ship and truck handling. Even from a cost point of view ship transport 
is to be preferred over railway transfer but for non coastal areas this may not always be an option. 

Conclusion    

Global energy consumption grows continuously whereas fossil fuel reserves keep on slinking. While the in-
crease of carbon dioxide in the atmosphere can be held responsible for global warming and climate changes, 
the transition to sustainable or alternative forms of energy will depend greatly on the price of crude oil. Recent 
high oil price of 70 dollar a barrel, two times as much as in 2004, have not lowered the demand as such and it 
has to be seen at which price the general public will start to worry about energy effi  ciency and fuel consump-
tion. Th ere are many alternatives available but most of them involve new technologies and those are besides 
innovative also expensive. Sustainable source like solar and wind power are popular but compared to biomass 
their potential contribution to the worlds energy needs are small. Biomass has the advantage of being CO2 
neutral, abundantly present and can be converted into several forms of fuel. In its most basic form, the biomass 
can be burned directly to deliver heat but it is also possible to use it as raw material for the production of more 
conventional energy carriers like (bio) gas or oil.

Figure 2.5 shows CO2 emissions for diff erent pellet supply scenarios. Th e delivery of one Giga Joule of energy 
from wood pellets emits between 1.5 and 6 kg of CO2 during production and transport. Th e lowest carbon diox-
ide emissions take place for European based energy plantations, mainly due to the logistic advantage. Unfor-
tunately these pellets are also the most expensive (given in the previous section). Pellets from South America 
can be imported for much lower prices but the longer transport also leads to higher overall CO2 emissions. Th e 
emissions of 5 to 6 kg of carbon dioxide however, is still only a fraction of the amount released when gas is 
used. Th e delivery of 1 GJ of energy based on gas leads to the emission of about 68 kg of carbon over its total 
lifetime (including the fi nal burning process) [9,10].  
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Fossil fuels are mainly associated with transportation and electricity production but it is often forgotten that 
heating is an evenly large consumer of primary energy derived from traditional carbon based fuels. Typical 
these systems are based on oil or gas but in case of household heating, combustion of wood pellets in small 
scale boilers can be an alternative. Th ese pellets are a relatively new form of biofuel where dry wood dust is 
compressed to form standardized cylindrical particles. Th e advantages of pellets over normal wood fuel (e.g. 
logs or chips) are that they have a higher energy density, better handling and burn much cleaner. Th e low 
moisture content also gives pellets better transport and storing qualities (no microbiological degradation). 
Compared to bio oil or gas the production of wood pellets is relatively simple and therefore require less energy 
input which in turn leads to lower production costs and less overall emissions. 

Modern wood pellet boilers are available that have automated fuelling systems, computer controlled com-
bustion and are capable of reaching effi  ciencies of more than 90 percent. Th e emissions of these boilers are 
comparable to the emissions of more conventional gas systems except for the emission of fi ne particles. But 
these dust emissions stay well below the current Dutch regulation (100 mg/m3 depending on the total installed 
power) and can be further reduced through the installation of dust fi lters. Th ere are also a few downside to pel-
let heating. Th e extra storage, fuel feeding system and new burner design makes these installations relatively 
expensive compared to conventional ones but when the technology matures these price will drop. At this mo-
ment larger heating installations (fl ats and communal heating) are well suited for a conversion to pellet boil-
ers. Th ese larger units are relatively less expensive and the modifi cation to the existing installation are minimal 
while off ering renewable heat to a large group of people. 

Biomass already represents 10 % in today’s energy consumption but based on the available potential this can 
be increased to 25 % or one quarter of the worlds total energy needs. For wood the current use is 3 % and es-
timates are that this can be scaled up to 10 %. Th us there certainly is room for an increase in biomass use, e.g. 
the production of densifi ed biofuels. To reach these goals, international transport of biomass (fuel) will stay 
an important factor since large vegetational yields and big energy consumers are often geographically apart. 
A recent study showed that the production of wood pellets in South America plus their transport to a Dutch 
power grid only causes 3-4 % of the carbon emissions that would take place when the same amount of energy 
would be delivered based on fossil fuels.

Pellets produced in Europe have even lower emissions of greenhouse gasses during production and transport 
but a slightly higher price due to raw material cost and the more expensive overland transport. Nevertheless 
are wood pellets on the market today already cheaper than oil or gas when it is bought in bulk. 

If the international community wants to achieve their commitments to the Kyoto Protocol and reduce their 
carbon dioxide emissions, fuel derived from biomass can greatly help in achieving this goal. In comparison to 
other alternative energy sources wood pellets benefi t from their simple nature and require no further technol-
ogy development before large scale market introduction can take place. In Europe, heating is a large consumer 
of energy and makes an excellent candidate for the application of renewable heat by means of wood pellets.
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3. Control Th eory

A space heating system in a building consists of a several components: the heat source, a distribution system and 
fi nal delivery system, releasing ‘warmth’ into a room. Th e generating part, usually a boiler or a furnace, involves 
direct combustion of mostly fossil fuels, where the released heat is transferred to a closed water circuit. Addi-
tionally a form of intermediate heat storage or buff ering can be applied between the boiler and the distribution 
system. A network of pipes and pumps transfers the warm water to the diff erent spaces where it will be used to 
raise the temperature of enclosed rooms. Th ere are several diff erent options to conduct this last step; heating 
wall mounted panels or an underfl oor system (direct radiation) or by forced air through a duct work (convec-
tion). But this last part will not be investigated in this report and will be assumed as ideal. 

Special interest will be the infl uence of a heat storage buff er on the total systems performance. In this chapter a 
simple physical model of a heating system (boiler, storage and heat load) will be modeled together with a basic 
introduction of control theory which will be used to determine the parameters that are important in under-
standing the systems behaviour. 

Heat Storage model 

Th e heating system with storage will be modeled by a continuous process consisting of a well mixed tank, heater 
and temperature controller as depicted in fi gure 3.1. Th e return temperature Tin of the heating loop will enter 
the tank at a constant fl ow rate [kg/h] and will depend on the heat demand Q [kJ/h]. Th e tank holds a constant 
volume of water V with specifi c heat capacity of Cp. It is desired to keep the temperature in the tank as close as 
possible to the design temperature Tset which in this case will be 90 oC since this is a common design temperature 
in existing heating installations. Th e controller continuously compares the actual temperature T with the set 
temperature and as long as there is a diff erence between them the heater will add heat to the tank.
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Figure 3.1: Feedback 
control of a simple 
water storage tank.

Th e net heat energy fl ow Q into a substance aff ects the temperature T of the substance according to the rela-
tionship

dT
dt C

Q= 1
(3.1)

where C is the thermal capacity in [kJ/ºC] of the system and Q is the diff erence between the energy fl owing into 
the tank and the energy leaving the tank [J/s]. 

When thermal losses are neglected, the tank’s energy balance can be written as; 

dT
dt

m
V

T T
V C

qin
p

control= −( ) + ⋅
ρ ρ

1
(3.2)

where rho is the density of water and qcontrol the action of the controller. Th e return temperature entering the 
tank at the bottom depends on the actual heat demand at time t:

T T Q t
m Cin

p

= − ( )
(3.3)

Th e heat demand Q is a function of time and is specifi c to the buildings orientation, construction, materials 
used and climate properties. Th e parameter to control is the temperature T in the tank and this is achieved 
by controlling the output of the heater based on the error between the actual temperature T and the desired 
temperature Tset. Th is is achieved by a process called feedback; the eff ect a control decision has on the parameter 
under control is fed back to the controller which compares it with the desired situation and sets a new controller 
output. Here, this is achieved by positioning a temperature sensor inside the tank which delivers its output to 
the controller. In terms of control theory, this is called a closed loop system with feedback, without this cou-
pling between output temperature and controller action the system is said to be open loop.
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Feedback and the Laplace transform 

Th e theory that is needed to analyze and optimize a control loop with feedback will be discussed in this section. 
An important concept here is the Laplace transformation [19]. It will play an important role in understanding 
the dynamic response of linear constant systems; for instance the response of a certain input signal or the total 
stability of the system.  
Realistic models usually obey diff erential equations that determine the relationship between input and output 
of a system. Th ese equations can be transform to the Laplace domain in order to analyze the system; it converts 
a time domain signal f(t) into a s-domain function F(s) by means of the integral: 

L f t F s f t e dt s jst{ ( )} ( ) ( )= = = +−
∞

∫
0

σ ω (3.4)

Here s represents the complex frequency, where omega is the real frequency. Th is way the diff erential equations 
that model a system’s behaviour can be transformed into a form, in the s-domain, which is easier to manipulate 
and interpret.

Th e time function can be obtained by the inverse transform;

L F s
i

F s e dsst

j

j

− =
−

+

∫1 1
2

{ ( )} ( )
π

σ ω

σ ω

(3.5)

In practice however, this relation is seldom used, instead complex Laplace transforms are broken down into 
simpler ones (partial fraction expansion) that are well known and listed in tables along with their corresponding 
time responses. Table 3.1 summarizes a number of common transforms that will be used throughout this work.

Table 3.1: Laplace transformations 
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A fundamental relationship in understanding the response of a system is the transfer function G which ex-
presses the relation between the Laplace transforms of the input signal X(s) and the output signal Y(s),

Y s G s X s( ) ( ) ( )= ⋅ (3.6)

Generally, the transfer function can be written as a rational function where the order of the numerator polyno-
mial N(s) is lower than that of the denominator D(s) for a physical system

G s N s
D s

a s a s a s a
b s b s b

n
n

n
n

m
m

m
m( ) ( )

( )
...
...

= = + + + +
+ + +

−
−

−
−

1
1

1 0

1
1

1ss b+ 0

(3.7) 

 Th e roots of N(s) are the zeros of the system and the s values for which D(s) = 0 are labeled as poles. Th ere is 
an important link between the system poles and the general nature of the response. In control engineering 
terms, this means that the pole-zero model of a system can be used to give valuable quantitative, as well as 
qualitative, information about how the system behaves. 

To illustrate this, consider a system with a step function as input as described in formula 3.8

X s
s

or x t for t( ) ( )= = >1 1 0 (3.8) 

 Suppose now that the denominator D(s) possesses a number of distinct, complex conjugate pairs of roots. It is 
most convenient to handle these by assuming quadratic factors in D(s) of the form s +( ) +⎡

⎣
⎤
⎦α β2 2 , correspond-

ing to poles at s j= − ±α β . Assume the general form of the transfer function is given by

G s As B
s

( ) = +
+( ) +α β2 2 (3.9) 

 Combined with equation 3.6 this gives the following output:

Y s
s

As B
s s

A s
s

C
s

( ) = ⋅ +
+( ) +

= ⋅
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+( ) +
+

+( ) +

⎡

⎣
⎢
⎢

⎤

⎦

1 1
2 2 2 2 2 2α β

α

α β
β

α β
⎥⎥
⎥

(3.10) 

 where for convenience B A C= +α β is substituted (inverse Laplace transform of table 3.1). Th is will convert 
the transfer function back to the time domain:

Ae t Ce tt t− −+α αβ βcos sin (3.11) 

 which, using the properties of sinusoids, can be combined as a single term

R e sin− +( )α β φt t (3.12) 

Figure 3.2: 
Open loop sys-
tem with trans-
fer function G
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Specifi c values of the new constants R and phi can be derived from the original constants A and B in the partial 
fraction expansion. However, here we will only address the general form of this term. A complex conjugate pair 
of poles at s j= − ±α β corresponds to an oscillatory component Re sin( )− +α β φt t in the response. All such 
components will eventually die away to zero as long as the poles of G(s) lie in the left half of the s-plane. Th e 
further to the left of the imaginary-axis the poles lie, the faster the component will decay. Similarly, the further 
a pair of complex poles lies from the real-axis, the greater the value of beta in the term Re sin( )− +α β φt t , and 
the higher the frequency of the oscillatory component in the response. If, on the other hand, poles lie in the 
right half plane the system response will always contain terms like R e sinα β φt t +( ) where alpha >0. Unless 
special eff orts are made to counteract these terms, the output will increase without limit. In particular, the 
output will increase without limit even if the input is removed: the system is unstable.
Th is is the most important stability criterion, expressed in terms of the s-plane: for a system to be stable all its 
poles must lie in the left half plane, as illustrated in fi gure 3.4. Even just one right half-plane pole means in-
stability, since the growing exponential term associated with it will eventually dominate the system response. 
Or equivalently, all the roots of the denominator D(s) in eq. (3.7) must have negative real parts. Because of the 
signifi cance of this, the equation D(s)=0 is known as the characteristic equation. 

Figure 3.4: Infl uence of transfer function poles location on the systems response. Poles in the right half plane will cause the 
output to grow exponentially (unless countermeasures are taken)  
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PI control 

When adding a closed loop control unit to a system, one aims to achieve fast control action with no steady 
state error and preferable no oscillations. To achieve this kind of response a PI-controller can be used. Inte-
gral action is usually combined with a proportional gain such that the controller output c(t) is the sum of two 
terms: one directly proportional to the error and one proportional to the integral of the error. Th is is described 
by the expression

c t K e t e t dt( ) ( ) ( )= +⎛
⎝⎜

⎞
⎠⎟∫

1
τ

(3.13) 

where e(t) is the error signal and tau the integral time. Th e integrating part will take care of the no-steady-
state-error requirement. As long as the input to the controller, the error signal, has any non-zero value, the 
controller will integrate this to give a rising or falling output which will cause the process output to change. Th e 
closed loop will not come to rest until the error has fallen to zero. Th e integral term will provide a correction at 
low frequencies, the proportional part is included to insure that there is still suffi  cient gain at higher frequen-
cies.

In the s-domain the transfer function of the controller C(s) takes the form

C s K
s i

( ) = +
⋅

⎛

⎝
⎜

⎞

⎠
⎟1 1

τ
(3.14) 

Here K and tau are the parameters that can be altered to get the proper feedback (e.g. systems behaviour). 

Th e purpose of the controller is to modify the zeros and poles of the transfer function of the device by alter-
ing the gain and integral time of the controller, the positions of these poles and zeros change. When this is 
done, the position and location of the transfer function, when drawn in the complex plane, will also change. 
A common control engineering tool is the use of root locus design. Th e root locus gives the closed-loop pole 
trajectories as a function of the feedback gain K. In this plot it is possible to graphically select the values of K 
for which the transfer function poles stay in the right half plane and at the same time optimizing the response 
characteristics of the feedback. 

For the PI controller in the stabilization loop the values of K and tau can be changed depending on the require-
ments. As stated above it is diffi  cult to know the exact transfer function of the system. Generally one wants 
the controller action to be as fast as possible at all frequencies so any error in the output will be compensated 
instantaneously. Th is would correspond to a high value of K and a small value for integral time tau. 

Going back to the model given in section 3.1 the action will be modeled as a proportional-integral controller

q q K T T
K

T T dtcontrol ss p set
p

set= + − + −∫( ) ( )
τ

(3.15) 

Where Kp is the proportional gain, Tset-T the error function and tau is the integral time constant or reset time. 
Th e qss in the above equation represents the energy input at steady state;
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q mC T Tss p set= −( ), (3.16) 

but under ideal conditions the return temperature will equal the set temperature when there is no heat de-
mand (Q = 0), so qss is zero. Th e above controller action accommodates cooling as well as heating: when the 
temperature in the tank rises above its set temperature the controller action will become negative. In the case 
of the central heating system modeled here, based on a design temperature of 90 degrees and wall mounted 
heating panels, the indoor temperature has to exceed 90 degrees Celsius in order to rise the tank’s temperature 
above 90 oC and cooling action takes place. Th is does not apply to oscillations caused by the transient response 
of the controller action (i.e. overshoot )   

Substituting these above equations in 3.2 gives:

dT
dt

m
V

T Q t
m C

T
K
V C

T T
K

V C
T

p

p

p
set

p

p
set= − −

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ + − + −

ρ ρ ρ τ
( ) ( ) ( TT dt) .∫ (3.17) 

Rearranging terms results in:

ρ
τ

V C dT
dt

Q t K T T
K

T T dtp p set
p

set⋅ = − + − + −∫( ) ( ) ( ) . (3.18) 

Th is is a linear, fi rst order non homogeneous diff erential equation. Since the coeffi  cients of this equation are 
real, the complex part of its solution can be discarded. If equation 3.18 is transformed to the s-domain, its 
solution can be obtained by means of the inverse Laplace transform. 

Block diagram and external load function

To obtain the transfer function of equation 3.18, one needs to fi nd the Laplace transform of the components 
in the diff erential equation and solve the resulting algebraic expressions for the relationship between input 
and output. In many control systems these equations can be written so that their components do not interact 
except by having the input of one component be the output of another. In these cases it is practical to draw 
a block diagram that represents the mathematical relationships of the system under consideration. Th is way 
equations can be solved by means of graphical simplifi cations.  

Figure 3.3: Gen-
eral feedback block 
diagram, where 
G represents the 
system under infl u-
ence of an external 
load function Q and 
controlled by C.
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Th e block diagram of the system modeled here is represented in fi gure 3.3 where Fset, H, F are the Laplace 
transforms of the respectively time domain functions Tset Qload and tank temperature T. C and G correspond to 
the transfer functions of the controller and the system. Solving the equations at position (1) leads to transfer 
function of the controlled system in the s-domain:

F G H C F F

F G C F G H C F

F
G C F H

G C

set

set

set

= ⋅ − + ⋅ −( ){ }
+ ⋅ = ⋅ − +( )

=
−( )

+1

(3.19) 

 In point (2) the output of the controller (i.e. heater or boiler) can be written as: 

C OUT
IN

OUT F F Cset= ⇒ = −( ) ⋅ (3.20) 

 Th e inverse Laplace transform of these two result will correspond to the time domain functions for the tem-
perature in the tank and the output (in kJ/h) of the heater. Th e expressions of C in the s-domain is given in 
equation 3.14 whereas Fset simply is the Laplace transform of Tset i.e. Tset/s. Transfer function G(s) of the system 
can be found from equation 3.1 and the Laplace transform of diff erentiation as given in table 3.1. To simplify 
calculations the starting temperature in the tank is chosen to be 0oC, i.e. T(t=0)=0 

ρ

ρ

V C s F s T H
F s
H V C s

G s

p total

total p

⋅ −( ) =

=
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( ) ( )
( ) ( )

0
1 (3.21) 

 If an expression of H, the load function in the s-domain, is specifi ed it will be possible to build a transfer func-
tion of the complete system under control and fi nd a solution by means of the inverse Laplace transform.

Poles and zeros of transfer function F will determine the systems transient response. Th e standard Matlab 
routine, rlocus(sys), to plot the poles and zero trajectories in the s-domain can not be used in this case. Matlab 
routine ‘rlocus’ considers a single input single output system without the infl uence of external disturbances 
(i.e. Qload) where the closed loop transfer function H takes the familiar form
 

H s Y s
X s

K G s
K G s

( ) ( )
( )

( )
( )

= = ⋅
+ ⋅1

(3.22) 

 with G the transfer function of the open loop (without feedback)
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4. TRNSYS

TRNSYS is a transient systems simulation program with a modular component-based structure. Th e math-
ematical model for each component, called type, is a subroutine of the main program, written in Fortran and is 
solved separately and sequentially. Th at means they are calculated one after the other (sequently). Trnsys dis-
tinguishes between parameters, which are constant, and inputs, which can be time dependent. If components 
form a loop, then the equations of the components are solved by iteration. A convergence tolerance limit value, 
which can be defi ned by the user, defi nes the maximal number of iterations and accuracy of the calculation 
results. A tight convergence limit gives consistent results but will increase the computational time. Th e user 
specifi es the diff erent components that make up the total system and the manner in which they are connected 
by means of a graphical interface. Th e Trnsys library includes many of the components commonly found in 
thermal and electrical energy systems, as well as component routines to handle input of weather data or other 
time- dependent forcing functions and output of simulation results. Th e modular nature makes it possible to 
facilitate additional (mathematical) models not included in the library or to create new components that do 
not exist in the standard package. Trnsys is well suited for detailed analyses of building related energy situa-
tions whose behaviour is dependent on the passage of time. In this chapter the most important components 
models of the system, the store model and the pellet boiler model are described.

Simulation model

Pellet boilers on the market today are still relatively new and relatively expensive compared to conventional 
heating units. Small scale domestic boilers are available but at this moment these are too expensive to compete 
with conventional high effi  ciency gas boilers. But when considering buildings with larger boilers the relative 
cost of a pellet installation decrease which makes them more suitable for a transition to renewable heat deliv-
ery. 
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In order to investigate the possibility of integrating a pellet burner in a communal heating application it is im-
portant to develop a model which is able to simulate the performance of this system under varying boundary 
conditions. In particular, the model has to incorporate the characteristics specifi c to a biomass boiler, which 
will possibly require a diff erent control strategy than is the case with a conventional gas fi red installation. Trn-
sys will be used to build a hydraulic model of a heating installation in a large building, where two non-standard 
components will be added to simulate the behaviour of a biomass burner.   
 
With the implementation of a biomass based heating system in old or new buildings there are diff erent scenar-
ios possible regarding the dimensioning of the diff erent components. In order to achieve the best performance 
the model should be able to simulate all the diff erent possibilities. Th e diff erent parameters here are:
 
- Climate data, temperature and solar irradiance 
- type of building and its orientation 
- energy need (heating + domestic hot water)
- intermediate heat storage with adjustable temperature and/or separated domestic hot water.
- use of thermal stratifi cation in the storage vessel
- type of boiler and the installed power (primary and secondary )
- diff erent design temperature levels in the heat distribution net

Th e model should be able to generate:

- the energy need of the total building on an hourly basis
- the diff erent burner operating patterns (modulating or full load) in combination with     
  diff erent buff er strategies
- the needed amount of pellet fuel, to estimate useful storage capacity 
- the CO2 emissions in the original situation (based on a gas fi red installation)
- reduction of carbon dioxide emissions when part of the total heating load is generated with a  
  biomass boiler

Figure 4.1: 
Concept of the 
simulation 
model show-
ing the main 
components; 
boilers, heat 
storage and 
distribution 
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Th e fi nal simulation should address the following situations:

- big boiler - small heat buff er or use large heat storage and continuous (smaller) boiler with 
   regards to the overall system effi  ciency, emissions and fuel consumption (storage)
- eff ect of separate DHW tank, loading the DHW tank from the main storage buff er or direct   
  from the boiler (e.g. keeping the main storage buff er at lower temp. )
- avoided carbon dioxide emissions compared to normal situation  

Variable control options  

- variation of the main buff er volume (5 -20 m3) 
- variation in the installed pellet power (25-50-75-100% of heat maximum load)
-- supply temperatures 90/70 or 70/40 oC (lower design temperatures lead to lower distribution 
   losses ) 
- use stratifi ed main heat tank 
- gas boiler in stead of pellet boiler
- infl uence of keeping boiler on high standby temperature on the total energy consumption

Building type, Prebid

Th e modeled building chosen for this simulation purpose is a ten storey high residential fl at consisting of 100 
individual dwellings or apartments. Th is type of fl at is very common in the Netherland, representing about 
20% of the total housing market [20]. For application of biomass based heating this type of buildings are well 
suited since they often employ collective heating systems. Assumptions made about size, materials and heat 
transfer coeffi  cients are based on data given in [20].

Figure 4.2: Common 
residential fl at in the 
Netherlands, the build-
ing model in prebid will 
be based on this type of 
building.
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For simulation purposes two situations are looked upon: 
 - the old situation, where the insulation and installations are left unchanged from the original building  
 (typically constructed between ‘66 and ‘88 )
 - renovated situation, it is common practice to renovate these kind of fl ats where better outer shell 
 insulation and glazing is applied to reach more up to date standards

Building part

U value [W/m2K]

Reference situation

U value [W/m2K]

Renovated

Roof 0.98 0.2

Façade (brick wall) 1.54 0.29

Façade (panels) 1.37 0.45

Windows 2.8 1.1

Door (front and balcony ) 2.88 0.97

Table 4.1: Heat transfer coeffi  cient of the diff erent (outer shell) building parts used in Prebid  to simulate the total 
annual space heating  need.

Th e two situations are modeled in Prebid, a small program embedded within Trnsys, containing detailed librar-
ies on material properties. In Prebid it is possible to stack diff erent layers of materials together to form com-
plete construction parts, e.g. the façade consist of an outer brick wall, an insulation layer and an inner wall. 
Th e overall heat transfer coeffi  cient of the assembled building parts are given in table 4.1 for the original and 
renovated situation. Th e U-value of the modeled windows in the reference situation include the framework and 
double glazing whereas the glass used in the renovated situation is modern high insulation glass (hr++). Diff er-
ence between façade, roof and door in both situation is the thickness of the used insulation material.      

Prebid generates the necessary input fi les needed by the building description model (type 56 in trnsys) in the 
main program. Th e modeled building is assumed to be symmetrical about its long axis and  the orientation of 
the building is chosen that the main façade (window side) is facing South-East. Weather data and solar irradi-
ance used in the simulations are based on the standard reference year from ‘de Bilt’ in the Netherlands. Th e 
desired indoor temperature is set to 20 degrees Celsius.

Th e in fi gure 4.3 displayed simulations show that applying double glazing (hr++) and enhanced outer shell 
insulation (roof and façade) have a signifi cant infl uence on the total heating requirement. Where the original 
situation needs 3750 giga Joule annually this has dropped to 2131 GJ in the better insulated situation which 
is a 44% saving. Th e reference situation has a higher indoor temperature in the summer months compared to 
the better insulated option (31.5 ºC versus 30.9 ºC) but temperatures drops at night are higher. Temperature 
fl uctuations in the renovated situation are lower during these months, meaning higher temperatures at night. A 
partial solution can be by increasing and controlling the ventilation amount (but this consideration will not be 
modeled in this work and this parameter will be left unchanged). 
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Figure 4.3: Yearly heat demand and temperatures (indoor and outdoor) of the original situation (top). Th e high-
est space heating demand of 1.7 106 kJ  occurs in the month December (t = 8264h). Total annual heat demand is 
3.75 109 kJ or 3750 GJ. Th e  renovated situation (bottom) has a maximum heat requirement of 1.01 106 kJ and 
an annual energy need of 2131 GJ.
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Th e orientation of the building also plays an important role on the annual space heating need. When the refer-
ence building is orientated with its main façade facing South, the energy requirements is  4124 GJ (facing East 
it sums to 3881 GJ). Due to the symmetrical form of the modeled building a South facing main façade implies 
the other windowed wall to be facing North, meaning higher losses and less solar irradiance through this fa-
çade. Th e in this work following simulations will be based on a South-East orientation. 

Domestic hot water demand 

In order to take into account fairly realistic domestic hot water (DHW) demands it is chosen to generate load 
profi les based on a six minute timescale, 100 liter a day, data given by transsolar [25]. Here a statistical model, 
based on actual measurements, is introduced which can than be used to generate load profi les for any given 
situation (e.g. the total amount of daily hot water consumption for a particular house, building,…) 

Basic Assumptions:

For the six-minute profi les only draws with a duration of 6 minutes are taken into account. 
Th e actual values of the fl ow rates  are spread around the mean value with a Gauss-Distribution:

prob m
m mmean( ) exp=

− −( )1
2 2

2

2σ π σ
(4.1) 

Figure 4.4: DHW-
Profi le for the 6-minute 
time scale: Nr of draws 
in dependence of the 
fl ow
rate. Th e deviations 
from the Gaussian 
function are due to the 
descretization of the 
fl ow rate [25].

Th e total probability function of a particular draw-off , depends on variations of the load profi le during the year, 
the weekday, the day and holiday as defi ned in:

prob = prob(year)*prob(weekday)*prob(day)*prob(holiday)

prob(year): Th e distribution of the DHW-consumption during the year is described by a sinus function with an 
amplitude variation of 10 % of the average daily discharge volume. Th is variation models the lower hot water 
consumption during the summer months. 

prob(weekday): Variations of the probability of draw off s per day at diff erent weekdays are: 0.9 for Monday to 
Th ursday; 1.0 on Friday and 1.2 on Saturday and Sunday.
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prob(day): Th e probability of particular draw-off  during the day is found by defi ning four separate categories of 
loads (e.g. small: washing hands, medium: dish-washing, etc.. ) and combining them, this results in:

prob(day) = 0.14*prob(small)+0.36*prob(medium)+0.4*prob(shower)+0.1*prob(bath)

For every category a mean fl ow rate and standard deviation are defi ned, each category-profi le is generated 
separately and superponed afterwards [26]. Th e resulting dhw distribution during the day is given in fi gure 4.5.

prob(holiday): A period of two weeks of no DHW-consumption between June 1st  and September 30th is taken 
into account for each individual 100 l/day load profi le. Th e starting-day of the holiday is given by a random num-
ber generator. 

Th e modeled building houses 100 individual dwellings which each will use 100 liter a day (average hot water 
consumption of 2 adult persons). Th e total daily hot water consumption of the building thus adds up to 10.000 
l/d. Th e values of the fl ow rate and the time of occurrence of every incidence were selected by statistical means 
described above. Th e average, end user, hot water temperature at a tap point is chosen to be 40 degrees Celsius, 
confi rm isso 55 publication [27]. Temperature in tubing and storage tanks will be higher but is mixed with cold 
water at the tap.

Th e top graph of fi gure 4.6 clearly shows the daily repetition pattern of the generated domestic hot water profi le 
as well as higher loads during morning and evenings. In the second graph the power consumption of an entire 
year is represented, as calculated from: 

Q m c T= ⋅ ⋅ Δ (4.2) 

 Th e six minute fl ow profi le is integrated to hourly fl ow rates [l/h] which are used to calculated the energy 
requirement of raising its temperature 27 degrees to a tap point temperature of 40 ºC. Cold water temperature 
is assumed to be constant throughout the year at 13 ºC. In fi gure 4.6 the energy requirements also reveal the 
lower power need during the summer months. Maximum dhw load of 72.5 kW occurs in the month February (t 
= 991h).  Th e actual power requirement will diff er slightly form these numbers since heat losses are neglected 
and the actually dhw circuit heats less water, but to a higher temperature (60 degrees for storage) which is mixed 
with cold water at the tap.

Figure 4.5: Probabil-
ity distribution of the 
DHW-load in the course 
of the day
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Figure 4.6: Top graph shows the total dhw draw during the fi rst 10 days of the year, superponed from 100 individual 
100 liter a day profi les . Th e bottom graph displays the entire year where the energy required to raise the water tem-
perature from 13 to 40  degrees is displayed in kJ/h and kW. 

System confi guration

Th e heating system that will be modeled in Trnsys consists of several functional components: boilers, buff er 
tanks, pumps, heat exchangers and valves. Th e basic fl ow scheme of the heating system is given in Figure 3.7. 
Th e exact layout as used in trnsys consists of several more components but these are omitted here, the total 
layout drawing can be found in appendix D. 
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Figure 4.7:  Basic hydraulic layout, 
original situation is indicated in the 
purple box.

Th e placement of the biomass boiler and optional buff er tank in the heating system are parallel to the already 
present gas boiler. Th is way the older fossil fuel boiler can still be used as a back up boiler or act as a peak load 
boiler. Th e tank will be heated by the pellet boiler through pump P1 and deliver its heat to the building through 
heat exchanger HEX1. Th e main heating tank will allow stratifi cation, meaning diff erent temperature levels 
within the tank are possible, increasing its thermal performance. When the heat capacity of the buff er tank 
plus pellet boiler aren’t suffi  cient to cover the total demand the valve FD1 will bypass a part of the return (cold) 
fl ow through the gas boiler. When the temperature in the domestic hot water tank drops below its desired 
temperature fl ow diverter FD2 will add heat to the tank by presenting hot water to heat exchanger HEX2. Th e 
dhw circuit contains drinking water and has to be completely separated from the heating system water, this is 
accomplished by HEX2 and an internal heat exchanger in the dhw tank.

Diff erent types used in simulation setup

Pipes and tank

 Trnsys type 31 will be used to simulate the diff erent pipes in the test setup. Important parameters are of 
course the length and the inner diameter of the pipe but to calculated the loss of heat to the environment it is 
necessary to specify the overall heat loss coeffi  cient U. Th is overall component can be calculated from the value 
of the thermal resistance of the diff erent layers forming the tube wall. Heat transfer coeffi  cients add inversely, 
like resistances

U
R R

h R
R R R

k
R R R

k h
i

i
i pipe insulation o

= =
+ + +∑

1 1
13

1

3 2 1 3 3 2ln( ) ln( ) (4.3) 
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Th e U value of an insulated pipe duct can be split up in four separate parts; 2 conduction and 2 convection 
terms. Direct heat transfer takes place through piping and insulation material, described by kpipe and kinsulation 
respectively. Th e two convection terms describe the heat transfer from the hot fl uid to the inner pipe and from 
the outer shell of the insulation to the ambient air. But these heat transfer coeffi  cients (hi,ho) depend on the 
fl uid fl ow parameters. All heating pipes between boiler storage and building are modeled to have a diameter of 
80 mm. Th e inner convection transfer hi depends strongly on the fl ow regime inside the pipe, which is either 
laminar or turbulent. In fl uid mechanics this is characterized by the dimensionless Reynolds number, the ratio 
of the inertial forces to viscous forces,

Re = ⋅ ⋅ρ
η

w

w

v d
(4.4) 

 where rho is the density and eta the dynamic viscosity of water, v the particle speed and d the inner diameter 
of the tube. Th ermodynamic properties of water at diff erent temperatures are listed in table 4.3. For Reynolds 
numbers larger than 2300 the fl ow inside the pipe is considered to be turbulent and the Dittus-Boelter heat 
transfer correlation can be used to calculate the heat transfer from water to tubing wall [21]. In this situation 
the Nussel number is given by;

Nu = ⋅ ⋅0 023 0 8 0 3. Re Pr. . (4.5)  

 where the Prandtl numbers are given in table 4.3. Now the Nussel number can be used to calculate the heat 
transfer rate from fl uid to pipe. 

h
Nu k

di
fluid=

⋅
(4.6) 

Temperature

T

Cº

Density

ρ

kg/m3

Dynamic vis-
cosity

η

10-5 Ns/m2

Thermal

Conductivity

k

w/mK

Prandtl num-
ber

Pr
0 1000 179 0.57 13.36
10 999 131 0.58 9.39
20 998 101 0.60 6.99
30 996 80 0.62 5.40
40 992 65 0.63 4.32
50 988 55 0.64 3.57
60 983 47 0.65 3.01
70 978 41 0.66 2.57
80 972 36 0.67 2.23
90 965 32 0.68 1.97
100 959 29 0.68 1.76

Table 4.3: Th ermodynamic properties of water.
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Old pipes

Steal/rockwool

New pipes

Plastic/polyethylene foam

R1 [m] 0.04 0.04

R2 [m] 0.045 0.047

R3 [m] 0.065 0.1

k pipe [W/mK] 46 0.35

k insulation [W/mK] 0.04 0.035

Figure 4.9: Overall U value dependence in the fl ow region of 162-25000 l/h for the old and new, better insu-
lated, pipes

Table 4.4: Dimensions and material properties of the pipes used in the simulation

In the laminar region (fl ow 0- 162 l/h) the Nussel number can be assumed to have a value of 3.66 [21]. Th e cor-
responding U value (eq. 4.3 and 4.5) in this case is 1.6041 W/m2K for the steal pipes. Th is clearly concludes that 
the infl uence of the inner heat transfer coeffi  cient is small compared to the eff ect of the other components in 
equation 4.4. Th e parameter U in type 31 will be set to a value of 1.61 for pipes in the old situation and 0.45 for 
new tubes. 

For the tank, modeled by type 4d in trnsys, a similar approach is used to calculated the overall U value. Th e fl ow 
inside the tank is assumed to be laminar (small particle speed v due to the large diameter) and determines hi. 
Heat transfer from the outer shell to its surroundings can be calculated with the relationship given in equation 
4.7, describing the free convection from a heated vertical cylinder [22]:

h T
Lo = ⋅ Δ⎛

⎝⎜
⎞
⎠⎟

1 42
1 4

.
/

(4.7) 

 where delta T is the temperature diff erence between the outer surface of the pipe and the surrounding tem-
perature and L the height of the cylinder. Th e tank chosen for simulation is a steal tank with a radius of 1 meter 
and an insulation thickness of 20 centimeters holding water at an average temperature of 80 degrees Celsius. 
Th e infl uence of the tanks height and thus volume on the outer heat transfer coeffi  cient is small.  Figure 4.10 
shows the total U value for heights ranging between 1 and 10 meter, corresponding to storage volumes of 
roughly 3 to 30 cubic meter. In the proceeding calculations a value of 0.13 W/m2K will be used for the tanks 
heat transfer coeffi  cient.  
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Figure 4.10: 
Overall U value 
dependence of 
the storage tanks 
height/volume. 
Indicating that 
the heat loss 
decreases when 
tank’s height is 
increased

Th e thermal performance of a water-fi lled energy storage tank, subject to thermal stratifi cation, can be mod-
eled by assuming that the tank consists of N fully mixed equal volume segments. Th e degree of stratifi cation is 
determined by the value of N. If N is equal to 1, the storage tank is modeled as a fully mixed tank and no strati-
fi cation eff ects are possible. At the end of each time interval, total mixing of the appropriate adjacent nodes 
eliminates any existing temperature inversions. Th e tank model used for simulation has 2 inlets and 2 outlets 
taps of which one inlet position is variable, causing the ‘cold’ return fl ow to enter the node that is closest to it 
in temperature (mode2). In large vertical tanks this can technically be achieved by equipping the thermal store 
with a linear diff user as is schematically represented in fi gure 4.7 [23]. Initially the main storage tank of 5000 
liter will be modeled to have 6 nodes, each 26.5 centimeters in height, resulting in a total tank height of 1.6 
meter. Th e volume of the dhw storage tank is 7500 liter (constant throughout this work) and will be assumed 
to have 3 nodes.

Pumps and fl ow rates between the components

In trnsys there are several components to model pump behaviour but the one used in this project is type 3d 
(pump with no power coeffi  cients). Th is model computes a mass fl ow rate using a variable control function, 
which must have a value between 1 and 0, and a fi xed (user-specifi ed) maximum fl ow capacity. Th e pumps 
power need can be calculated and a user-specifi ed portion of this power may be converted to fl uid thermal 
energy. But these former two options will be omitted here.

Pump P1 will have a constant fl ow rate based on the maximum power of the biomass boiler and the diff erence 
in supply and return temperatures in the system. For a 400 kW boiler and a delta T of 20 degrees this leads to:

m Q
c T

kg hP1 17183=
⋅ Δ

=max / (4.8) 
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Th e pump P2 in the main heating loop will have a variable fl ow rate depending on the heat requirement of the 
building plus dhw demand, its maximum however will depend on the highest heat demand. From the simula-
tions made in the previous sections this occurs in the month December (t = 8264h) and combined with the dhw 
requirement (in l/h) at that time a heat fl ow of 2.08 106 kJ/h is needed. With a design temperature diff erence 
of 20 degrees the maximum fl ow rate of pump P2 is 24821 kg/h.

Pump P3 is either switched on or off , depending on the temperature in the DHW tank, its fl ow rate is dimen-
sioned on the maximum requirement for the DHW load as given in the previous section. Th is occurs in the 
month February (t = 991h) where Qmax is 2.61 105 kJ/h and delta T again is 20°C (store is loaded to 80 degrees 
and return temperature is 60 degrees), this results in a P3 fl ow of 3114 kg/h. 

Th e fl ow rate of pump P4 is variable and equals the fl ow rate of P2 minus fl ow P3. 

Th e domestic hot water pump P5 will also vary depending on the load demands, given in the previous section, 
but due to strict regulations can not be stopped completely. Dutch regulation, Isso publication 55, requires 
that the temperature at a hot water tap point must be at least 60 °C and when a recirculation system is used 
the return temperature should stay above 60 degrees [27]. Th is will prevent the formation of the legionella 
bacteria, dangerous to humans, which fl ourish at temperatures between 20 and 50 degrees but die at tempera-
tures above 60. In large buildings a sustained minimum fl ow through the complete dhw network will insure 
that there are no parts with insuffi  cient temperature and that the outermost dwellings do not have to wait for 
warm water. To determine this constant minimum fl ow one has to consider heat loss in the dhw pipes and the 
desired supply Ts and return Tr temperature as given in equation 4.9. Th e dhw distribution pipe is 1000 meters 
in length and 38 mm in diameter with a 40 mm insulation cover, the U value for this pipe is 0.58 W/m2K (equa-
tion 4.3). 

q
l U T T
T T c

w env

r p
min

s

=
⋅ ⋅ −( )
−( ) ⋅ ⋅

⋅∑
ρ

103
(4.9)  

 Tw represents the average water temperature inside the tube and Tenv is the environment temperature. With a 
supply and return temperatures of 63 respectively 60 degrees this leads to a steady state fl ow rate of pump P5 
(when there is no direct water demand) of 1700 l/h and a  maximum fl ow rate of 6400 l/h.

For consistent results during simulation it is required in Trnsys that the mass fl ow through a pipe section dur-
ing the time step is smaller than the water contained in the pipe. Since the modeled pipes are 8 cm in diameter 
and 1000 m in length, this condition requires the mass fl ow through the pipe to be smaller than 5 m3/h (or 
1.13 m3/h for dhw pipes). Flow rates as high as 25 m3/h occur within the heating system which would limit the 
timestep to 12 minutes or less. Because data, as specifi ed for the dhw draw-off s, is given in a six minutes times-
cale it will be chosen to use this value for the simulation time step as well. 

Control signals for pumps and fl ow diverters

In the project trnsys type 2 is used to model an On-Off  switch, this diff erential controller generates a control 
function that can have values of 0 or 1. Th e output value is chosen as a function of the diff erence between up-
per and lower temperatures, TH and TL. compared with two dead band temperature diff erences, delta TH and 
delta TL. Th e new output value  is dependent on whether the previous was equal to 0 or to 1. Usually, its output  
is connected to the input giving a hysteresis eff ect.
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Figure 3.11: Diagram 
representing the tempera-
ture dead band and
action of type 2 when TL is 
monitored as an input

Pump P1 will be used to store the buff er tank with heat provide by the wood boiler, P1 will be switched off  
when the temperature in the bottom of the tank reaches its set value (type2) and if the minimum operation 
time of the boiler is satisfi ed (Type123). Th is last type is exclusively used to control the boiler operation and 
has 3 possible outputs: [0,1,2] respectively [off , on, wait] but here only output 0 and 1 are used to reach the 
minimum operating time of the boiler. Th is will prevent the boiler form oscillation between its on and off  state 
during consecutive time steps. Since the minimum off  time or ‘wait’ time is not used it will be equal to the time 
step of the simulation. Th e control signal used to operate P1 and the pellet boiler is given by:

controlP type type1 2 1 123 1 =   max ( , - - )

 Th e heat requirement in the building will determine the fl ow rate of pump P4. Th e pipes transporting warm 
water in the building (space heating and DHW tubes) lose heat to the environment, 50 % of this heat leakage 
is assumed to be useful for space heating and thus lower the total heating need. Th e fl ow in the system is not 
stopped completely to prevent infi nite start-stop limits (division by zero)     
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 Pump P2 will have the same fl ow rate as P4 when there is no heat demand from the dhw tank, e.g. when dhw 
tank’s temperature is 63 degrees or higher, type2(dhwOnOff ) is set to 0. If there is dhw demand fl ow P2 will be 
raised with the constant fl ow of P3 

controlP controlP flowP flowP dhwOnOff
flowP

contro

2 4 4 3
2

= ⋅ + ⋅( ) ( )

llP dhwOnOff3 =
 

 Th e DHW demand and its constant off set fl ow determine the fl ow rate of pump P5 

controlP dhwDemand
flowP

5 1700
5

= +

 When the temperature in the top of the tank is suffi  cient high, the complete (cold) return fl ow will pass 
through the heating tank. If this temperature drops below its desired temperature, e.g. the buff er and pel-
let boiler can not supply the design temperature of 90 degrees, type2 controlling the gas boiler (gasOnOff ) is 
switched to 1. A part of the fl ow will then bypass the tank and fl ow through the gas boiler to be heated. Th is 
bypass fl ow depends on the maximum heating rate of the biomass boiler (thus on fl owP1, which is the maxi-
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mum fl ow that the wood boiler can heat, given the design temperature diff erence). Th e mass fl ows controlled 
by FD1 are given by: 

controlFD flowP
controlP flowP

gasOnOff g1 1
2 2

1 1=
⋅

⎛
⎝
⎜

⎞
⎠
⎟ ⋅ + −min , ( aasOnOff

m m controlFD
m m controlFD

)

( )in
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1

2

1 1
1

= ⋅ −
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 Control signal for fl ow diverter of the DHW loop will depend on the temperature in the DHW tank (Tdhw>63 
corresponds to dhwOnOff  = 0) 

controlFD dhwOnOff flowP
controlP flowP

m m co
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Burner model type 170 

Non-standard type 170 is used to model the behaviour of the two boilers in the test setup. Developed by 
Transsolar GmbH this type was originally written to model a gas fi red auxiliary heater with fl ue condensa-
tion but later rewritten to incorporate the use of wood or oil as main fuel. Type 170 is used along with type 
123 which is its dedicated controller and able to alter several parameters and inputs of the burner, based on 
outputs of other trnsys components. Both models and source code are written in German, a translation and 
description of the parameters, inputs and outputs are given in appendix C. Th e setup specifi ed in fi gure 3.7 re-
quires the use of two boilers, one to simulate the original gas fi red installation and another to model the added 
biomass boiler. Unfortunately, the source code of these components is not written to reinitialize for each 
iteration it is called upon, meaning that when more than one type 170 is present in the same trnsys project, 
parameter settings are exchanged between the two boilers which results in incorrect output. A solution to this 
problem has been the creation of a new type 171 based on the same fortran source code and recompiling the 
dynamic linked library embedded in Trnsys.     

A short description of the functioning of type 170 is given below [26]. Diff erent to gas or oil which are stan-
dardized fuels, wood is subject to greater variations due to fl uctuation in density, composition and calorifi c 
value. Th e wood specifi cations depend on: 
• Th e type of wood (fraction of bark, coniferous wood, hardwood,...) 
• Th e wood’s humidity u [%] (modeled as an input in type170)
Th e calorifi c value of absolutely dry wood fl uctuates less between the diff erent types of wood. Th erefore it has 
a constant average value of  hu 18.5 MJ/kg or 5.15 kWh/kg. 
Now, the calorifi c value is only partly dependent on the wood’s humidity an can be calculated as following: 

h

u

u kJ kgu =
−

+

18500 2501
100

1
100

[ / ] (4.10) 
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Th e factor 2501 kJ/kg describes the enthalpy of evaporation of water at standard temperature . Th e humidity 
ration depends on the condition of the wood; water-free (0), dry (10%), air-dry (17%), forest-dry (30%) and 
harvest-fresh wood (50%). In case of wood pellets this value is considered to be constant at 8 %.

Regarding a wood pellet system with automated fuelling, one can assume the fuel composition as constant and 
obeying the chemical formula CHmOn. Coeffi  cients m and n are 1.44 and 0.66, resulting in the following com-
position: 50 weight-% carbon, 6 weight -% hydrogen and 44 weight -% oxygen. By formulating the chemical 
equations for oxidizing wood under these circumstances, the fuel-constant can be defi ned by

A m n= + + =1
4 2

1 03. (4.11) 

 Th is fuel-constant describes the oxygen-usage for total combustion of 1 mol fuel. Now the excess of air in the 
burn chamber of a boiler is described by: 

λ = actual amount of air
stoichiometric required amount of air (4.12) 

 Th e following assumptions are made for the reaction equation and the calculation of the effi  ciency:
• All hydrocarbons (Dioxins,  ...) in the soot and exhaust are neglected. Th e incomplete combustion is incorpo 
   rated by the formation of CO.
• Further obnoxious substances like nitrogen oxidants and sulphur dioxide are neglected.
• All exhaust gases behave like ideal gases, which means that the pressure is assumed to be constant.
• Th e air for the combustion contains of 21 volume-% oxygen and 79 volume-% nitrogen. Th e humidity is as
   sumed 0 %.
Now the chemical equation describing the complete reaction for the combustion of wood is given by:
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 From this formula the stoichiometric coeffi  cients in the exhaust can be determined. With beta, which is to be 
entered as a parameter, states the carbon monoxide content of the dry exhaust related to the C-content of the 
fuel. It describes the performance of the fuel. If there is no CO, the oxidation is complete, the combustion ideal. 

β =
+

[ ]
[ ] [ ]

CO
CO CO2

(4.14) 

Based on measurements and data specifi ed by the manufacturer the value of beta will be 0.05 for the here mod-
eled pellet boiler. 

For fl ue gas condensation to occur in the wood burner, the water content of the fuel has to be at least 30% and 
the total power should exceed 500 kW. Since pellets have a low moisture content fl ue gas condensation will 
only occur in the modeled gas boiler. Type 123 allows the implementation of a minimum operation time for the 
burner described by type 170. In case of the pellet boiler this time is set to 30 minutes, meaning that when this 
boiler is switched on it will stay on for the specifi ed period, even if the heat demand is met. When the boiler is 
operating while the immediate heat requirement is below the lower modulation boundary of the boiler, excess 
heat is dissipated together with the fl ue gasses. Th ese lower operation limits are set to 20 % for the gas and 30 
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% for the pellet boiler. Th e minimum off  time of the pellet boiler is not set and thus equals the simulation time 
step (6min). In standard large gas fi red heating facilities, usually no buff er tanks are present and small heat 
requirements are met by oscillating the boiler between its on and off  state. Th e here modeled gas boiler therefore 
will not have a minimum on or off  time specifi ed.     

Other types used in the trnsys model

Type 9: Data reader, this component serves the purpose of reading data at regular time intervals from a external 
fi le, converting it to a desired system of units, and making it available to other TRNSYS components as time-
varying forcing functions. Th is component is used to read the weather data, solar irradiances and dhw profi les. 

Type 11b: Temperature controlled fl ow diverter in this case used as a  tempering valve: controlling the tempera-
ture of a mixed fl ow by adjusting the amount of “cold” fl uid that bypasses the heat source. In heating applica-
tions, it is common to mix heated fl uid with colder supply fl uid so that the fl ow stream to the load is no hotter 
than necessary.

Type28b: Simulation summary, used to generate daily, weekly, monthly or seasonal summaries of information 
computed in  the simulation. Makes use of the Reversed Polish Notation (RPN) to manipulate the (calculated) 
data in the stack. In RPN the operands precede the operator, thus dispensing with the need for parentheses. For 
example, the expression 3 * ( 4 + 7) would be written 4 7 + 3 *.
 
Type 56: Multi-Zone Building, this component models the thermal behaviour of a building (up to 25 thermal 
zones, but the here chosen building will have only one zone). Th is type reads the fi le generated by Prebid (speci-
fi ed in the previous section) and outputs the required heating rate Q and the indoor temperature Tout .       

Summary of parameters used in the trnsys simulation

Description parameter name [unit]

Maximum nominal heat output wood 
boiler

150-285-400-485-570 [kW]

Lower modulation boundary (part load 
operation ) wood boiler 30 [%]

Maximum nominal heat output gas boiler

570 [kW]

Lower modulation boundary (part load 
operation ) gas boiler 20 [%]

Boiler design temperatures

90/70 (old)

70/40 (new) [°C]

Hex1 <> space heating loop

Stor2 <> DHW loop

1000

1000 [m]



46

Heating and wood pellets Heating and wood pellets 

Diameter of heating pipes 

Diameter of DHW pipe

(DN) 80

(DN) 32 [mm]

Overall heat transfer coeffi cient (or loss 
coeffi cient) of piping

1.61 (old)

0.45 (new) [W/m2.K]

total volume of Stor1, the main storage 
tank 0 - 5- 20 [m3]

height of the  nodes (Stor1) 0.26 [m]
insulation of Stor1 & Stor2 0.13 [W/m2.K]

volume of DHW storage tank 7.5 [m3]
DHW design temperatures 

Tsupply

Treturn

Ttap

Tcold

63

60

40

13 [°C]

Minimum DHW fl ow through pump P5 
(Hex1 <> Stor) 1700 [kg/hr]

Simulation starting time (trnsys15 ) 1 [h]
Simulation stop time 8760 [h]
Simulation time step 6 [min]
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5. Results and Discussion

Trnsys simulations

First a simulation of the original situation with the standard gas fi red installation will be conducted. Th e heating 
loop and domestic hot water loop are combined to form the total load profi le that will be used during the test 
(see fi gure 5.1). Th is yearly heat demand clearly shows high loads during the winter months (t = 0 corresponds 
to 1 January) and a lower more steady demand during the summer (when only dhw is needed). Peak loads occur 
in February and December where the total load exceeds 500 kW. 

Figure 5.1: 
Total heat 
requirement 
during the 
year in kJ/h 
and kW for 
the original 
situation. 
Th e dhw 
demand can 
be clearly 
seen during 
the summer 
months.
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Th e given heat demand does not take heat losses or production effi  ciencies into account meaning that the 
actual heat usage will be higher. Simulation of the original situation is performed by setting the power of the 
pellet boiler and the volume of thermal storage tank to zero. Th e gas boiler is dimensioned to 570 kW.  

Th e simulation in fi gure 5.2 shows the main temperature levels in the system. Th e design temperature of 90 de-
grees is maintained throughout the year and the required temperature levels in the dhw circulation circuit and 
at the tap are met. Th e purple temperature band is caused by mixture of cold (13C°) and warm (62 C°) water at 
the tap point to reach the end usage temperature of 40 degrees and this happens for every dhw occurrence. Th e 
load curve of the gas boiler follows the heating profi le given in fi gure 5.1 except in the summer months where 
the burner toggles between on and off  (charging the dhw buff er). Total gas usage of the reference situation is 
123900 m3 and the carbon dioxide emissions over the course of 1 year add up to 314 ton. 

Figure 5.2: 
Trnsys on-
line plotter 
(type 65b) 
output for 
the reference 
situation 
where only 
a gas fi red 
installation 
is present to 
provide the 
building of 
warm water 
and space 
heating.

When the reference situation is switched to a pellet heating system, the goal is to maximize performance while 
lowering installed peak power of the boiler. Th e Dutch regulation given in chapter 2 states that, without the 
use of expensive fi lters, the maximum installed power of a residential wood burning installation is restricted 
to 500 kW. Since the heat load peaks at 555 kW a combination of a 400 kW pellet boiler plus 5 m3 storage tank 
will be investigated in the simulation. Th e resulting temperature levels and boiler load are shown in fi gure 5.3. 
During the highest peak loads (i.e. occurring in February and December) this combination is not to able deliver 
the desired heating design temperature of 90 degrees (Temp_to_load). Th e combination of a buff er and smaller 
boiler does however result in higher loads of the boiler which will increase the effi  ciency of the system. Before 
randomly trying diff erent combinations of buff er and boiler sizes, we will return to the analytical model derived 
in chapter 3.
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Figure 
5.3: Com-
bination of 
a 400 kW 
pellet boiler 
with 5000 
liter of heat 
storage. 

Comparing results with the theoretical model

When the infl uence of the storage buff er size is analyzed with the physical model introduced in chapter 3, it will 
be necessary to incorporate the yearly heat demand into equation 3.18. Th e combined heat demand of fi gure 
4.1, as used in the trnsys simulations, is a discreet function of time (based on a 6 min timescale). Th is signal has 
to be translated to a continuous function so that it can be used in the analytical model. In order to analyze this 
heat demand the Fourier spectrum will be computed in order to reveal the diff erent periodic signals present 
in the original signal, thus decomposing it into a spectrum of individual frequency components. Th e discrete 
Fourier transform of an input signal consisting of N samples is given by:

F n
N

f k e n N
j k n

N

k

N

( ) ( ) ... ,= = −
−

=

−

∑1 0 1
2

0

1 π

(5.1) 

 and the magnitude of F(n) corresponds to 

F n F F F Freal real imag imag( ) .= ⋅ + ⋅ (5.2) 

 Th e fi rst part of the transformed series F(0) corresponds to the average of the input series, more commonly 
known as the DC component. Nyquist found that two times the time step between data points determines the 
highest frequency component to be seen in the spectrum. In this case, where the sample rate is 6 minutes, this 
frequency is 1.4 mHz. Figure 5.4 shows the fast fourier transform (FFT) of the heat load. Th e fi rst two com-
ponents in the spectrum, the dc component (t=0) and fi rst harmonic (ground frequency) of the year (period 
8762h) are omitted in order to reveal the smaller harmonics.
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Figure 5.4: 
Analyzing the 
heat requirement 
using Fast Fourier 
Transform reveals 
the basic frequen-
cy components. 
Lower data tip 
shows the 4th har-
monic of the year 
contribution (pe-
riod Ti=1068h). 
Th e upper data tip 
gives the ampli-
tude of the fi rst 
harmonic of the 
day-night oscilla-
tion (Ti=24h).

Th e main frequencies appearing in the spectrum correspond to periods of 8762h and 24h, together with their 
corresponding higher harmonics, these respectively match the summer-winter (year) and day-night (24h) 
oscillations. It is possible to model the heat load as a sum of cosine functions:

Q t DC A t
Tload i

ii

( ) cos( ).= + ∑ 2π
(5.3) 

 A plot of the fi rst four harmonics of the year plus the 24 h component are plotted in fi gure 5.5. If more har-
monics are included, the resemblance of Qload to the actual heat requirement will enhance.

Figure 5.5: 
Building a con-
tinuous heat load 
function using the 
fi rst 4 harmonics 
of the year and 
day frequencies.
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With this load function, plugged into the model deducted in chapter 3, it will be possible to analyze the system 
and fi nd a solution of diff erential equation 3.18. Th e parameters of the PI action can be optimized in the s-do-
main to achieve the best performance of the system under infl uence of this imposed heat load. 
However, increasing the number of harmonics in the load function will also lead to a higher order polynomials 
in the transfer function (equation 3.7) which in turn will complicate the optimization process. More harmonics 
will lead to more s/(s2+a2) terms in the transfer function and more poles in the system. Since the exact form of 
the heat load is of minor importance it is chosen to describe Qload with only the 3 terms; the DC part, the day-
night fl uctuation and the year oscillation. Th e function and its Laplace transform are given by:

Q T DC A t B t

H s DC
s

As

s

load ( ) cos cos

( )

= + ⎛
⎝⎜

⎞
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+ ⎛
⎝⎜

⎞
⎠⎟

= +

2
24

2
8762

2

π π

++
+

+π π2

2
2

2

212 4381

Bs

s

(5.4) 

 Th e coeffi  cients A, B and DC are based on the Fourier spectrum which was derived from the heat demand of 
the original situation (max. peak power of 555 kW). Th e resulting function, plotted in fi gure 5.6, indicates the 
boundaries of maximum and minimum load which the modelled controller (boiler) plus heat storage should be 
able to cover.

Figure 5.6: 
Qload used  in 
the analytical 
model, indicat-
ing the range 
between which 
the real heat 
demand can be 
expected. Th e 
actual heat 
load as given in 
trnsys is shown 
in light purple.

When the specifi ed H is plugged into equation 3.18 it will be possible to construct the transfer function of the 
closed loop. Th e algebraic calculations are conduced in Maple and given in appendix D. Th e solution of tempera-
ture in the tank for a storage volume of 5000 liter and arbitrary PI-values of K=2 106 and tau = 3h are given 
below

T t t t( ) . cos( . ) . sin( . ) . cos( .= − − − ⋅ ⋅−90 0 058 0 26 0 085 0 26 1 4 10 7 2 106 −−

− − − −− ⋅ ⋅ − −

4

4 4 0 048 06 4 10 7 2 10 89 3 0 17 24 9
)

. cos( . ) . cos( . ) .. .e t et 0048 0 17t tsin( . )
(5.5) 



52

Heating and wood pellets Heating and wood pellets 

Figure 5.7: Temperature in tank and heater output (equation 3.19 and 3.20) as calculated form the model 
derived in chapter 3. Th e storage tank modeled is 5000 liter and the value for K=2e6 en tau = 3h. Th e power 
the heater has to generate follows the heat demand, meaning low power in summer months and high in the 
winter.

Evident from the simulation is that the transient response shows an initial overshoot before reaching its set 
point temperature (going from 0 to 90 degrees). A fl uctuation remains to be seen in the controlled tempera-
ture and although small and not really a concern in a actual heating system it will be examined. To explain 
this, we will look in more detail to the poles of the transfer function in the s-domain. Standard rootlocus com-
mand in Matlab (rlocus) can not be used to plot the pole-zero map for increasing gain values due to reasons 
discussed in chapter 3. Instead, a small Matlab routine is written to plot several pole-zero systems, each cor-
responding to one gain value K,  in the same graph. Th e Matlab routine code can be found in appendix D. the 
resulting root locus plot is represented in fi gure 5.8 where the gain value of each system is included along the 
Z-axis (not shown in the fi gure but useful to reveal the gain of a specifi c pole location when using data mark-
ers). Th e oscillation of the temperature can be explained here by two pole pairs, originating from the imposed 
Qload on the system. Th e position of these poles on the imaginary axis (0.26 and 0.00071 in the frequency 
domain) match the period of cosine factors of equation 5.4. As seen in fi gure 3.4, poles on the imaginary axis 
lead to oscillatory components in the time domain. Location of these poles is fi xed, regardless the value of K 
and tau but what does change however is the location of the zero added by the PI-controller. Th e inserts in 
fi gure 5.8 show the zero approaching the poles for increasing gain values. Th e eff ect of a zero location near a 
pole reduces the amount of that term in the total response [28], meaning that a higher K value will suppress 
the amplitude of the corresponding oscillation component of solution 5.5.       
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Figure 5.8: Plot 
of zero-pole 
location of the 
transfer function 
given in equa-
tion 3.18. 100 
systems are plot 
for gain values 
ranging from K 
= 2 104 to 2 106 
and an integra-
tion time of 6 
min. Zeros are 
plotted as circles, 
poles as crosses 
.Inserts show the 
two open loop 
poles originating 
from the im-
posed Qload and 
the approaching  
zero’s added by 
the closed loop 
controller. 

Decreasing the integration time to 0.1h changes the rootlocus map and shifts the zero location path closer to 
the poles on the imaginary axis , further reducing its eff ect on the overall oscillation in the tank’s temperature as 
seen in fi gure 5.9.

Th e infl uence of the integration time with a fi xed gain value on the temperature in the tank is displayed in 
Figure 5.10. An integration time of 6 minutes leads to the smallest oscillation in the achieved temperature of 5 
mC°, integrating 3 hours results in a 0.1 degrees fl uctuation.   
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Figure 5.9: Same 
pole-zero plot as in 
fi gure 5.8 but with an 
integration time of 6 
min.

Figure 5.10: 
Fluctuation of 
the solution 
(i.e. Ttank) as a 
function of the 
integration time 
of the PI-con-
troller. Other 
parameters are 
V=5000 l and K 
= 2 106.
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Th is way, the here presented rootlocus design method can be used to optimize the dynamic response of the sys-
tem enabling fast response, low overshoot and high damping of the induced oscillations. But the main concern 
here is to look at the infl uence of the total output power of the heater in function of the chosen storage volume 
of the tank. For diff erent volumes the rootlocus plot will be used to chose the PI control parameters, gain and 
integration time, in such a manner that the output power of the heater is minimal while keeping the variation 
of the controlled tank temperature less than 0.1 degree.

For a tank volume of 5 m3 as modeled above, the solution to equation 3.20, which is a measure for heater out-
put will be investigated. Th e maximum imposed heat load here is 2 gigajoule (555 kW). Th e lowest values of the 
controller output is 1.93 gigajoule (corresponding to the integration time of 3h, at the expense of a 0.1 degree 
drop in Tset). Th us a 5000 liter storage buff er leads to a 70 MJ (20 kW) drop in the required peak load. When 
this procedure is applied to the same system with a  20 m3 tank the maximum peak load drops to 1.67 giga-
joule, corresponding to a 330 MJ drop (or 91kW).  

Pellet boiler plus storage simulations  

From the theoretical model calculations a 20 m3 buff er should be able to lower the maximal peak load of the 
boiler to 465 kW. Th ese values are set in the trnsys project and the new pump fl ow rates are recalculated based 
on the considerations of section 4.5. Figure 5.11 give the simulation results of this scenario. Here the supply 
temperature of 90 degrees is reached throughout the year with only 2 slight drops (2 degrees) that are caused 
by the maximum load (in February and December). 

Figure 5.11: 
Combination 
of a 465 kW 
pellet boiler 
with a heat 
buff er tank of 
20000 liter.
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For this particular combination the yearly consumption of wood pellets is 276 ton and the carbon dioxide emis-
sion total to 436 ton. Th e calculated average effi  ciency of the boiler in this case is 89.63 % and total operation 
time is 4731h with 1880 starts. Monthly numbers of CO2 emissions, pellet usage and running time are summa-
rized in the plot below (fi gure 5.12).

Figure 5.12: 
Simulation 
summary 
(type28) results 
for a 465 kW 
pellet

Evident is that the winter months December, January and February require high heat loads  which translates to 
fuel needs of approximately 45 ton a month. Given a fuel storage capacity of 32 m3 or 53 tons (installation spec-
ifi ed in appendix E) this will require one refi ll, approximately two large trucks, in the coldest winter months.

Keeping the boiler at a standby temperature of 90 degrees when not in use (parameter 4 of type 170) causes 
a 25 % increase of the annual pellet consumption while lowering the average yearly effi  ciency to 85%. Th is is 
explained by the constant, relatively small, amount of fuel that is needed to keep the heat exchanger in the 
boiler at 90 degrees. Since the use of a heat buff er tank takes care of small (instant) draw-off s this option will be 
discarded in the simulations.

Th e number of nodes (i.e. temperature levels) in the stratifi ed tank has a small impact on the thermal perfor-
mance of the total system. Increasing the number of nodes from 6 to 12 for the main storage tank will result in 
a 3.5 % increase in fuel use but will lead to a more stable load temperature (Temp_to_load in fi g. 5.11 and 5.3). 
Th e explanation can be found in the fact that more nodes across the tank result in smaller temperature steps be-
tween the adjacent nodes. Th e top node therefore is subject to a smaller variation in temperature which leads to 
steadier outlet fl ows (the top node contains the outlet tap from where water is pumped into the space heating 
loop). Th e simulation given in fi gure 5.11 was achieved with twelve nodes for the main buff er tank.
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Figure 5.13: Infl uence of the number of ‘thermal’ nodes in the main buff er on the temperature in the top of the 
tank (which is the temperature to load). Doubling the number of nodes (from N=6 to 12) results in more stable 
supply temperatures

Next, seven diff erent heat delivery strategies will be simulated; the yearly results are summarized and given in 
fi gure 5.14. Scenario 1 and 2 show the fuel usage and CO2 emissions of the original and renovated (new) situ-
ations where only the existing gas boiler is used. Scenario 2 assumes better insulation values for the building 
and pipes in addition to lower supply and return temperatures (70/40 C°) to reduce transmission losses. Th e 
gas burner, as primary or peak loading boiler, in all scenarios is the original 570 kW installation. Scenario three 
through seven will model pellet boilers with diff erent maximum heating powers ranging from:

• scenario 3: 570 kW for the original situation without use of thermal storage
• scenario 4: 465 kW in combination with 20 m3 storage tank
• scenario 5: 400 kW + gas boiler (pellet boiler is dimensioned at 75% of the maximum heat demand)
• scenario 6: 285 kW + gas boiler (dimensioned at 50% of the heat demand)
• scenario 7: 150 kW + gas boiler (dimensioned at 25% of the heat demand)

Scenario 4 is the only one to employ a thermal storage tank and no additional gas fi red installation. Th e pump 
fl ow rates are recalculated for each scenario based on the considerations given in chapter 4. Th e emissions that 
take place during production and transport of the used pellets are based on an average of 6 kg CO2 emission 
per GJ delivered (as specifi ed in section 2.7). For natural gas a total of 68 kg carbon dioxide emissions per GJ 
delivered is assumed (this includes production and transport).
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Figure 5.14:
Diff erent 
scenarios 
regarding the 
heat delivery 
strategy show-
ing the yearly  
usage of fuel 
(gas/pellets) 
and the caused 
CO2 emissions. 
Indirect CO2  
emissions take 
place during 
production and 
transport of the 
used  pellets.

Applying better insulation and lower design temperatures to the original (reference) situation lead to a 17% 
reduction in gas consumption and CO2 emissions. In case of scenario 3, only pellet heating without a buff er, the 
570 kW pellet boiler has a average yearly effi  ciency of 84.8 %. Th e use of a 465 kW pellet boiler with a 20 m3 
storage tank actually lower the total pellet consumption with 11 ton (4%) when compared to the situation with 
a larger boiler and no buff er (scenario 5). Th e mean yearly effi  ciency of the 465 kW boiler in scenario 4 is 89.6 
%. Th e eff ect of the large 20 m3 buff er on performance of the boiler is to reduce the number of starts during the 
year; 1880 starts in scenario 4 versus 4220 for scenario 3. Th is boiler “short cycling” occurs when an oversized 
boiler quickly satisfi es process or space heating demands, and then shuts down until heat is again required. 
Reducing the number of starts will lead lo lower non CO2 emissions since during start-up the temperature in 
the burning chamber is low, which results in incomplete combustion.
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Figure 5.15: 
Monthly sum-
mary of scenario 
6, this clearly 
indicates that 
the pellet boiler 
of 285 kW takes 
care of bulk of 
the heating load 
whereas the sec-
ondary gas boiler 
is only used 
in the winter 
months.  

Th e 75% pellets and 25% gas combination (400 kW pellet boiler) actually consumes a fraction more pellet than 
scenario 4 (100% pellets plus 20m3 buff er). Monthly summary results of scenario 6 are given in fi gure 5.15 and 
show that the peak loading gas boiler only operates in the winter months.

Finally, the total resulting CO2 emissions of the diff erent scenarios are compared to the carbon dioxide emis-
sions of scenario 1. Th e direct CO2 emission resulting from the burning of wood pellets will not be accounted for 
in the total resulting emissions. Th e achieved reductions are schematically represented in fi gure 5.16.  

Detailed pricing information about installation costs are found in appendix E. Applying insulation results in the 
highest investment cost. To meet regulations, the in scenario 3 modeled boiler of 570 kW will require the use 
of an additional fl ue gas treatment system (multi cyclone fi lter) which cost approximately 100.000 € extra. Th e 
price diff erence between the last 4 options is due to the smaller installed boiler power and the buff er tank in 
scenario 4.

Figure 5.16: Obtained CO2 emissions when normalized to scenario 1. Also include is an estimate of the investment 
cost for realizing the diff erent scenarios in the heating installation.  
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6. Conclusion

Recently, worldwide carbon dioxide emissions and their eff ect on global warming are becoming an issue of 
increasing public interest. Where transport and electric power are always directly linked to the problem, space 
heating is not. Th e delivery of warm water and heat to residential buildings is good for about 50 % of the energy 
requirement in western countries, indicating that there still is a large potential to be exploited. In this work, 
heating systems will be studied which are based on the fuel derived from biomass. Th is type of fuel, can be 
regarded as CO2 neutral because biomass needs the same amount of carbon dioxide to grow. Regarding heat de-
livery the use of wood pellets has the advantage of being a relatively simple form of bio fuel, thus requiring low 
pre-combustion energy needs which translate to lower overall CO2 emissions. 

To investigate and implement the characteristics of a pellet burning system a suitable building site and heating 
system has been modeled in Trnsys. Th is software package is specially developed to model energy related instal-
lations/designs in buildings. A complete setup of boilers, heat storage and load function is modeled in detail and 
diff erent boundary conditions are explored to determine the total system performance, energy consumption 
and CO2 emission. Th e high fl exibility and the great level of detail also have its disadvantages. Modeling of sys-
tems with Trnsys is time demanding and requires good knowledge of both the program and the physics of the 
system to be simulated. Careful handling of the large number of parameter values is necessary to prevent errors.  
In general it is necessary to check simulation results repeatedly and compare them with separate simulations 
calculations.

A basic physical model is developed that is able to model a varying heat load and determine its infl uence on the 
system behaviour. Th e obtained analytical solution can be understood and optimized with the help of rootlocus 
design. Th e here represented method will be used to determine the maximum required boiler power as a func-
tion of the used thermal storage volume. Th e results obtained from this theoretical model agree very well with 
to the simulation done in Trnsys. 

For the chosen building (i.e. maximum heat load of 555 kW) the scenario modeling a 465 kW pellet boiler plus 
20 m3 buff er tank leads to the best overall performance. Th e number of boiler starts in this situation is the 
lowest of all modeled scenarios which will also lead to lower non-CO2 emissions. Th e fuel consumption of the 
modeled building consisting of 100 individual fl ats, total to 45 ton during winter months which would require 
2 large truck supplies a month. Th e installation cost of this scenario amounts to 330 euro per kilowatt installed, 
with a CO2 reduction of 85% compared to the original situation where only a gas fi red boiler is present. Th is is 
much lower than the 800 €/kW installed of a heat pump based heating system which currently is often used to 
reduce CO2 emissions. When the cost of this scenario is translated to avoided ton carbon dioxide, the invest-
ment cost is 570 €/tonCO2.
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Appendix A: Forest resources

About 30% of the worlds surface consists of woodland and forest where the average area on each continent var-
ies. Th e global situation is summarized in table A1 and the corresponding wood volume and woody biomass is 
displayed in table A2.

Tabel A1: Forest resources, area (ha) year 2000

 

Land area 
(ha) (106)

Forest area 
(ha) (106) % Plantations (ha) 

(106)

Forest area 
per capita 

(ha)
Africa 2978 649 21.8 8 0.8
Asia 3084 547 17.8 115 0.2
Europe 2259 1039 46.0 32 1.4
North and Central America 2136 549 25.7 2 1.1
Oceania 849 197 23.3 3 6.6
South America 1754 885 50.5 10 2.6
World 13 063 3869 29.6 171 0.6

Table A2: Forest resources, above-ground biomass volume.

 

Forest 
area (ha) 

(109)

Volume 
(m3/ha)

Volume (m3) 
(109)

Woody biomass 
(tonne/ha)

Woody 
biomass 

(tonne) (109)
Africa 649 72 46 109 70
Asia 547 63 34 82 44
Europe 1039 112 116 59 61
North and Central America 549 123 67 95 52
Oceania 197 55 10 64 12
South America 885 125 110 203 179
World 3869 100 386 109 421
Source [4]

Th e energy content or caloric content (combustion) of fi rewood depends mainly on how dry it is. Freshly har-
vest wood (green wood) is about 10 MJ/kg, air-seasoned wood about 16 MJ/kg. Th e potential heat content per 
kilogram of wood is roughly equal for all wood varieties. Th e total worldly forest resources of 420 (109) tonne, 
theoretically holds 4200 EJ (EJ = 1018) of energy potential. Of course only a small fraction of this can be used 
for energy production. For comparison: the worlds yearly energy consumption (anno 2003) is approximately 
440 EJ annual [18].
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Appendix B: Legislation and standards

Quality standards for pellets in European countries

In the most European countries, there are few or no laws written specifi cally for wood pellets. Often these come 
under the jurisdiction of only very general biomass laws. Only Austria, Sweden and Germany have offi  cial stan-
dards specifi cally for compacted biomass fuels. Th e European Committee for Standardization (CEN) is preparing 
a European standard for biomass fuels. Comprehensive work has been done on defi ning standard methods for 
analysing and classifying pellets which are defi ned in the report of CEN/TC 14961. In the table below the most 
commonly used standards together with the new CEN classifi cation system of pellets are listed. (Source: Euro-
pean Pellet Centre)
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Appendix C: Trnsys parameters 

Parameters, Inputs and Outputs for Controller - TYPE 370
Boiler with optional calorifi c value usage

PARAMETERS 16 
1 Tbws (TSET) – supply temperature Tbws for domestic hot water    [°C]
 heat exchanger. Th is parameter has an impact if INPUT(6)=0
 not used
2 BRSTO – kind of combustible       -  
  1 = natural gas L
  2 = natural gas H
  3 = liquid gas
  4 = wood
3 Tamb (TRAUM) – room temperature near the boiler    [°C]
 20
 Tbetr (TBETRB) – stand by temperature of the boiler    [°C] 
 During stand by of the burner the temperature of the boiler is set to Tbetr if the
 temperature falls below the lower temperature (Tbetr-Th yster) of the hysterese given by PAR(5)
 20
5 Th yster (HYSTER) – Hysterese for PAR(4)      [°C]
 5
6 Th max (THMAX) – Maximum mean boiler water temperature   [°C]
 Based on this temperature the maximum longwave radiation as well as stand by 
 losses are calculated.(Th is is the maximum value specifi c from each boiler)
 70
7  Pmax (PMAX) – maximum heating power of the boiler    [kJ/h]
 1440 000 kJ/h or 400kW for the wood burner
 2000 000 kJ/h or 555kW for gas burner
8  LAMBDA – excess air coeffi  cient       -
  Gas boiler:  approx. 1.1 - 1.3
  Wood fi red boiler:  approx. 1.5 - 2.5
 2 wood
 1.2 gas
9 MODGR – lower boundary of modulation (part load operation)   % 
 0.3 wood
 0.2 gas
10 MkeWa – Mass of the boiler water content      [kg]
  remark: By adapting the PAR(10) the thermal mass of the boiler 
  itself can be considered.  
 755 l wood
 1000 l gas
 this in fact acts as an extra buff er tank (when used with energy balance check this will result in an error  
 larger than 2% for the fi rst time step when considering the energy  balance of the main storage tank…)
11 DTabgas – temperature diff erence between fl ue gas and return temperature [°C]
 within the heat exchanger. (make an assumption for a medium status, from manufacturers data ? 
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 For boilers with exhaust gas condensation this diff erence 
 is quite low) temperature of the exhaust gas temperature of a 300 kw PYROT boiler varies between  
 110 °C and 180 °C (min and max load). Th e diff erence of the average of these two 
 values (145 °C) with the return temperature ( 70°C) gives 75°C  
 also has an important infl uence on the total effi  ciency of the boiler (etaK)
12 Sverl – long wave radiation losses (manufacturer data)    %
 Th e coeffi  cient determines the maximum radiation losses at the rate of the
 maximum heating power of the boiler PAR(7).
 0.03
13  Bverl – standby losses (manufacturer data)     %
 Th e coeffi  cient determines the stand by losses at the rate of the
 maximum heating power of the boiler PAR(7).
 0.03
14  Modus – Simulation mode       -
  0 - old
  1 - new with pulse
 0  (with short timesteps the fl ow of water through the boilers heat exchanger is small compared to the  
 amount of water contained in the heat exchanger which gives incorrect simulation results since the   
 assumption of a linear temp gradient is not correct. When using the pulsed operation mode timesteps  
 should be smaller than 1  min) /the pulse behaviour is best suited for simulation of small gas fi red boilers
15  S – Number of segments in the heat-transfer agent     -
 not used
16 TRG0 – Flue gas temperature before 1st segment.     [°C]
 Th is is the exhaust gas temperature from combustion (manufacturers data).
 140 (not important in  mode 0)
17 MHEIZMIN – Minimum heating mass fl ow                             [kg/h]
 wood; depending on power installed
 24000 gas

INPUTS  10
1  RL – return temperature        [°C]
 input form storage buff er
2  Mptk_H – mass fl ow rate of the heat transfer fl uid                 [kg/h]
 18000  for wood 400 kw  boiler
 variable for gas boiler (depending on the load ) 
3  TLuft – temperature of inlet fresh air applied to the combustion process  [°C]
 input from weather data reader
4 TVL – set point for the inlet temperature of the controller    [°C]
 design temperatures 90/70
5 TRL – set point for the return temperature of the controller   [°C]
 70
6  BtrArt – mode of operation       -
  0 = Domestic Hot Water
  1 = heating and domestic hot water
7  Cp_w – specifi c heat capacity of the heat transfer fl uid (generally water)          [kJ/kgK]
  Cp < 0 => specifi c heat capacity is set internally
  Cp > 0 => specifi c heat capacity is provide externally
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 (If set to –1 the Cp for water is calculated dependent on the temperature)
 4.19
8  w_Holz – water content of the fi re wood      %
 With the water content given in PAR(8) the moisture of the wood is
 calculated internally.
 water content of pellets is 8%
9 beta – CO-content of the fl ue gas based on the total C-content of the wood  %
 Th e coeffi  cient determines the rate of the incomplete combustion
 that means    = 0 => complete oxidation of carbon to CO2
     = 1 => total Carbon oxidizes to CO only
10 cont – Signal from control unit for burner-status     -
 (connected to output 1 (cont) of type 323) 1 !! only used with modus 1, with pulse, but when this parameter  
 is unconnected and set to zero the boiler does not transmit fl ows that are below the MODGR (thus below a 
 certain min. fl ow…)
 0 for wood burner (controlled by Equa P1 and thus type 123)
 
OUTPUTS 29

1  TVL – boiler supply temperature       [°C]
2 Mpkt_H – mass fl ow of the heat transfer fl uid              [kg/h]
3 Tabg – fl ue gas temperature at the inlet of the heat exchanger    [°C]
4 TTau – Dew point temperature at the beginning of condensation.   [°C]
5 Phomax – total supplied heat by combustible (according to Ho)   [kJ/h]
6 Phumax – total supplied heat by combustible (according to Hu)   [kJ/h]
7 PBverl – standby loss        [kJ/h]
8 Prad – long wave radiation losses during operation of boiler   [kJ/h]
9 Ptherm – heat losses by fl ue gases      [kJ/h]
10 Pkond – heat fl ux due to condensation      [kJ/h]
11 Pzuges – supplied heat considering the boiler effi  ciency    [kJ/h]
12 Pchem – losses caused by the incomplete combustion / oxidation   [kJ/h]
13 Qzuges – heat fl ux exchanged with the heating loop    [kJ]
14 Vpktf_abg – volume rate of the wet fl ue gases                 [m3/h]
15 Vpktr_abg – volume rate of the dry fl ue gases                [m3/h]
16 Verbr – consumption of combustible – natural gas / wood               [m3/h]
   Units dependent on the combustible: m3/h for gas kg/h for wood.
17 Mpkt_kond – mass fl ow rate of the condensate                [kg/h]
18 t_EIN – on-time during one cycle time      [h/h]
19 anlbel – working load        %
20 TK – boiler effi  ciency rated to Hu       %
21  TF – combustion effi  ciency rated to Hu      %
 Th is is the combustion effi  ciency, while boiler effi  ciency 
 is further reduced by radiation losses.
22 Vtherm – thermal losses of fl ue gases rated to Hu     %
23 Vchem – chemical losses due to incomplete combustion rated to Hu  %
24  Vkond – heat gains caused by fl ue gas condenstation rated to Hu   %
25  Vrad – long wave radiation losses rated to Hu     %
26 xCO2tr_abg – volume rated concentration of CO2 in dry fl ue gas   %
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27  xCOtr_abg – volume rated concentration of CO in dry fl ue gas   %
28  tHeizm – mean heat transfer fl uid temperature in boiler at actual time  [°C]
29 tm_alt – mean heat transfer fl uid temperature in boiler at time before actual [°C]
30 Ktemp – Temperature of boiler water in the last segment.     [°C]

 
Parameters, Inputs and Outputs for Controller - TYPE 123

PARAMETERS 13

1 TVN – Standard inlet temperature      [°C]
 design temperatures 90/70
2 TRN – Standard return temperature      [°C]
 70
3 TAN – Standard outside temperature      [°C]
 5.3 has great impact on the output (design)  temp to type 370!!! +
4 TRAUM – Desired value for the ambient temperature    [°C]
 20  
5 TAX – Maximum outside temperature at which the heating should   [°C]
 operate  (if TA > TAX then boiler shut down)  
 40 degrees ? otherwise the heater will shut of and the dhw temp will drop
6 TWN – Target temperature WWSP (Domestic Hot Water )   [°C]
 not used if CWW is set to 0
7 MWN – Nominal dimension stream with WWB (DHW preparation )           [kg/h]
 not used if CWW is set to 0
8 MHN – Mass fl ow for heating                 [kg/h] 
 Th is setst the value of the fl ow rate through type 370 (the boiler). output(5) mk is  connected to Mpkt_ 
 H of type 370. It is not suffi  cient to set the pump P1 to the desired  fl owrate, this value has to correspond  
 as well
9 n – Heating element exponent n       [-]
 not used
10 m – Heating element exponent  m      [-]
 not used
11 NAT – Night-time heating reduction of the heating net parameters   [K]
 not used
12 takt – Minimum fall time       [min]
 60 min
13 lauf – Minimum running time       [min]
 60 min

INPUTS 7

1 TA – momentary outside temperature      [°C]
 input from weather data
2 TUMG  – Ambient temperature       [°C]
 connected to output 1 of type 56 (BUI) = simulated  indoor temperature 
3 NA – Status of the heating 0-day, 1-reduction     [-]
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 0
4 TWW – momentary temperature WWSP      [°C]
 not used
5 TWR – current return temperature WWSP     [°C]
 not used
6 TRI – current return temperature of the heating     [°C]
 input
7 CWW – controller for the hot water tank      [-]
  1 = dhw preparation on
  0 = dhw preparation off 
8 TEIN – Status of the boiler in the last time step     [-]
  Output (18) from boiler type 370, t_ein 
9 KTEMP – Temperature of boiler contents in the last segment   [°C] 

OUTPUTS 6

1 cont – Status for the boiler 0-free, 1-ML, 2-MST    [-]
 ML: minimum operation time = on  MST: minimum fall time = off 
2 TV – Target supply temperature       [°C]
3 TR – Target return temperature       [°C]
4 TRI – momentary return temperature      [°C]
5 mk – Nominal dimension stream                [kg/h]
6 takt_ein – Boiler switched on (1), invariably (0)     [-]
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Appendix D: Matlab and Maple calculations 

transfer function in maple:
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Matlab loop to calculate the frequency spectrum of the heating load generated in Trnsys

Q=[data from TRNSYS];
Y=ff t(Q);
% Y(1) = [0]; %setting fi rst element zero will reveal second element
% Y(2) = [0];
N = length(Y);
power = 2/N*abs(Y(1:N/2)).^2;
freq = 1.3888889e-3*(1:N/2)/(N/2);
plot(freq,power), grid on
title(‘Frequency content of Q(t)’)
xlabel(‘frequency (Hz)’)
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Matlab code to plot the root locus of a system with external applied function 

syms tau V;                       %n=number of pole/zero systems to form root 
n = 100;                         %locus plot
tau = 24;                        %integration time for I control 
V = 5000;                        %volume of the buff er tank [l]
K=zeros(n,1);                    %defi ning a matrix of gain, poles and zero
nulpunten = zeros(5,n);          
polen = zeros(7,n);
for i=1:n
    K(i,1)=K(i,1)+3e4*i;         %calculating poles/zeros for increasing K
    teller= [-.1621020481e42*tau+.7420744828e37*K(i,1)*tau, .7420744828e37*K(i,1), -.9047661881e40*ta 
 u+.5086136480e36*K(i,1)*tau, .5086136480e36*K(i,1), .2615399224e30*K(i,1)*tau-.2920529132e34*tau,  
 .2615399224e30*K(i,1)];
    noemer= [.3454768980e39*tau*V, .8245272029e35*K(i,1)*tau, .2367879096e38*tau*V+.8245272029e35*K( 
 i,1), .5651262759e34*K(i,1)*tau, .1217613639e32*tau*V+.5651262759e34*K(i,1), .2905999138e28*K(i,1) 
 *tau, .2905999138e28*K(i,1), 0];
    sys=tf(teller,noemer);       %building transfer function
    z = zero(sys);
    for k=1:5                     %each colom of the 5 by n matrix houses the 
        nulpunten(k,i)=z(k);     %zero’s of one system (one gain value K)
    end
    p = pole(sys);               %idem for the 7 poles of the system
    for m=1:7
        polen(m,i)=p(m);
    end
        
end
nulpunt1=nulpunten(1,1:n);      %fi rst row of ‘nulpunten’matrix corresponds  
nulpunt1s=nulpunten(1,1:1);     %to the displacement of the fi rst zero with 
nulpunt2=nulpunten(2,1:n);      %increasing K, nulpunt1s is the starting  
nulpunt2s=nulpunten(1,1:1);     %location of this zero path in the s-plane
nulpunt3=nulpunten(3,1:n);
nulpunt3s=nulpunten(3,1:1);
nulpunt4=nulpunten(4,1:n);
nulpunt4s=nulpunten(4,1:1);
nulpunt5=nulpunten(5,1:n);
nulpunt5s=nulpunten(5,1:1);
 
pool1=polen(1,1:n);               %idem for the 7 poles of the system
pool1s=polen(1,1:1);
pool2=polen(2,1:n);
pool2s=polen(2,1:1);
pool3=polen(3,1:n);
pool3s=polen(3,1:1);
pool4=polen(4,1:n);
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pool4s=polen(4,1:1);
pool5=polen(5,1:n);
pool5s=polen(5,1:1);
pool6=polen(6,1:n);
pool6s=polen(6,1:1);
pool7=polen(7,1:n);
pool7s=polen(7,1:1);
 
close;
%plotting pole and zero paths 
plot3(real(nulpunt1),imag(nulpunt1),K,’:go’,real(nulpunt2),imag(nulpunt2),K,’:ro’,real(nulpunt3),imag(nulpun
t3),K,’:mo’,real(nulpunt4),imag(nulpunt4),K,’:mo’,real(nulpunt5),imag(nulpunt5),K,’:ro’,real(pool1),imag(pool1
),K,’--bx’,real(pool2),imag(pool2),K,’--bx’,real(pool3),imag(pool3),K,’--bx’,real(pool4),imag(pool4),K,’--cx’,real(p
ool5),imag(pool5),K,’--cx’,real(pool6),imag(pool6),K,’--gx’,real(pool7),imag(pool7),K,’--gx’);
hold on
plot3(real(nulpunt1s),imag(nulpunt1s),K(1),’ko’,real(nulpunt2s),imag(nulpunt2s),K(1),’ko’,real(nulpunt3s),ima
g(nulpunt3s),K(1),’ko’,real(nulpunt4s),imag(nulpunt4s),K(1),’ko’,real(nulpunt5s),imag(nulpunt5s),K(1),’ko’,rea
l(pool1s),imag(pool1s),K(1),’kx’,real(pool2s),imag(pool2s),K(1),’kx’,real(pool3s),imag(pool3s),K(1),’kx’,real(poo
l4s),imag(pool4s),K(1),’kx’,real(pool5s),imag(pool5s),K(1),’kx’,real(pool6s),imag(pool6s),K(1),’kx’,real(pool7s),i
mag(pool7s),K(1),’kx’,’MarkerSize’,10); 
hold off 
 
set(gca,’Xgrid’,’on’);          %setting grid, ticks and labels in plot
set(gca, ‘XTick’, 0);
xlabel(‘Re(s)’);
set(gca,’Ygrid’,’on’)
set(gca, ‘YTick’, 0);
ylabel(‘Im(s)’);
set(gca,’Zgrid’,’on’)
zlabel(‘K’);%K is plotted along Z-axis to reveal gain value in data marker
view(2);                        %fi xes plot3d to X-Y view
 
datacursormode on
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Appendix E: Drawings

Figure: 
project glo-
baldhw.TPF 
as modeled 
in IISBat of 
TRNSYS 15
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Figure: Prin-
ciple drawing 
Autocad drawing 
showing a prin-
ciple drawing of 
the heating system 
setup. All the 
components/types 
used in the IlSBat 
trnsys simulation 
are displayed here 
with all their logi-
cal input/output 
connections.
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Appendix F: Boiler costs

LVB Wood Drying & Energy Systems B.V. is the offi  cial importer of Köb & Schäfer wood burners and they sup-
plied us with detailed pricing information of a containerised package boiler (pricing December 2006). Th is fac-
tory off ered solution includes a pellet silo and is pre-installed in a modifi ed shipping container. Th is reduces the 
cost of on-site construction to a minimum.

 Type     : PYROT 300-540
 Power     : 300-540 kW  
 Medium    : Hot water maximaal 110 C
 Maximum operation temperature : 95°C
 Maximum pressure    : 6.0 bar
 Dimensions    : dept  3.080 mm (excl. dustfi lter)
      : Width  1.590 mm (zonder schroef)
      : Height  2.340 mm (excl. fl ange)
 Weight     : 6.244 kg (empty)
 Water content    : 1.408 liter
 Installed electrical power   : Fans    : 2.38 kW  
      : Screw   : 1.1 kW
      : Ignition   : 1.5 kW

 Fuel container CAS-6,0 (32m3) + transport screw (6 m)    € 33.850,00
 Fire latch          €   1.452,00
 Pyrot 540 kW         € 49.979,00
 Pyrot 300 kW         € 28.979,00
 Container housing        € 22.101,00 
 Water connections and shunt        €   5.035,00
 Control unit and electronics        €   7.590,00
 Cyclone fi lter         €   5.980,00
 Chimney and fl ue gas piping        €   6.355,00

 Transport
 Electric wiring
 Assembly
 Start up & training         € 10.350,00

 Additional storage tank 2900 liter       €   1.457,00

Th e extra cyclone fi lter is installed to insure that the dust emissions demand of 100mg/m3 for installations be-
low 500kW is reached when the pyrot is fueled with wet wood chips or demolition wood instead of wood pellets 

contact information:
Zuidwal 6 - 4141BE   Leerdam - Holland
tel. (+31) 345-619 788 - Fax (+31) 345 616 905
E-Mail: offi  ce@lvb-wood.nl
Skype: Receptie LVB Wood
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Kara energy systems BV supplies a total wood pellet burning facility (including 70m3 pellet storage, bunker, 500 
kW boiler, electronics, installation) for 130.000 euro. Universal transporting belt system, to use diff erent forms of 
wood fuel will cost an additional 50.000 euro. When the total installed power exceeds 500 kW Dutch dust regula-
tions require the use of an additional multi cyclone dust fi lter which will cost around 100.000 euro.

contact information: 
KARA Energy Systems B.V.
Plesmanweg 27 - 7602 PD Almelo - Th e Netherlands    
E-Mail: kara@kara.nl

Wood fi red CV systems Velp

Sells Austrian Fröling wood burners, a complete household pellet system (15kW) costs about 13.000 euro.  

contact information: 
Hout-CV Velp
Kerkstraat 54 - 6883HV Velp - Th e Netherlands    
Tel 026-38 82 205
E-Mail: info@hout-cv.nl

Figure: containerized 
package solution from 
Köb&Schäfer.
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Viessmann Gas fi red HR++ boilers:

Vitocrossal 300 370 kW: 21.782 euro
Vitocrossal 300 575 kW: 28.488 euro

Installation : 900 euro

Heat storage buff er 2000l : 1185 euro

Buderus HR++ gas fi red boilers:

Logano plus GB434 300 kW: 17.108 euro
Logano plus GB434 540 kW: 32.175 euro

Installation  465 euro
Control module  784 euro

Insulation costs of reference building 

Prices are based on “investment cost EPA-measures” from SenterNovem. Prices anno 2006 (excluding VAT) and 
based on large scale renovation. Surface areas are given in subsection of the building type. 

Building part   Area [m2] Euro/m2 Total [€]
Façade brick  2x (534+302) 100  167200
Façade panels 2x 650  57  74100
Roof   802  27  21654
Floors  10x 802  14  112280
Doors  2x 220  49  21500
Glazing hr++  2x 780  33  51480
   
Total investment:     421214

total investment cost for better insulation would be 4212 euro/dwelling.

From the same document: cost of a electric heat pump (ground-source) central heating system are around 800 
euro per kilowatt installed when a collective installation is employed. For a traditional gas fi red central heating 
system in combination with domestic hot water supply the investment cost is around 100 euro/kW.  
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