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Abstract

A model was build for a heating system equipped with a Biomeiler and a heat pump. A Biomeiler
is a compost pile in which water pipes are placed. The compost pile heats up due to the metabolic
heat generation of the microbial populations which inhibit the compost pile. These populations feed
on the organic matter inside the pile. The water running through the pipes heats up due to both
sensible and latent heat transfer from the moist air in the porous medium of the pile to the water
flow. The water flow conducts this heat from the pile and transports it to a wall heating system used
in a building. The building extracts heat from the water flow before it is returned to the Biomeiler.
The temperature of a Biomeiler is highly dependent on substrate type, pile size and porosity and
ambient conditions. These factors influence the heat loss due to convection and evaporation. After
several months the Biomeiler outlet flow is often too low for the wall heating system, even though the
Biomeiler still produces useful heat. In order to use this heat, a heat pump is added to the system.
This will elevate the temperature of the Biomeiler outlet stream to a temperature suitable for the
wall heating system (40°C).

The presented model simulates the microbial growth and death rate, substrate conversion rates and
heat generation inside the pile. A heat balance consisting of the heat generation, heat losses from
convection and evaporation, the heat load of the water and the heat capacity of the pile itself is used
to calculate the corresponding temperature at each 1 hour time instant for one year. Set points are
used to determine when heat is demanded by the building, when the heating system can be operating
and when the heat pump needs to be turned on.

Numerical calculations showed that the Biomeiler produced almost 45 MWh of energy after one year
resulting in 2.47 kWh-kg~! of biodegradable organic matter. Nearly half of this energy is lost to
the environment and the other half is used for the wall heating system. This heating system can be
operational for 73% of the time that heating is demanded by the building. Almost 31% of this time
the heat pump was needed to elevate the wall heating inlet temperature.






Nomenclature

A Area [m?]

Ai.  Inner cross-sectional area [m?]

BPHEX Brazed plate heat exchanger

BV S Density of biodegradable volatile solids [kg-m™3]

By,  Coefficient of microorganism yield on oxygen [kgoxy kge_hl]
B, Coefficient for maintaining microbial metabolic functions [kgexy (kgpop-h) ]
CFC Chlorofluorcarbons

COy Carbon dioxide

COD Chemical Oxygen Demand [kg-kg™!]

COP Coefficient of Performance -]

C Carbon

cp Specific heat coefficient [kJ-(kg-K)™! ]

D Diameter [m]

dp Particle size [m]

E Heat transfer rate [kJ-h™1]

fa Temperature dependent function, limiting microbial death of population [-]
fe Temperature dependent function, limiting the microbial growth of population [-]
h Inert fraction of death microbial biomass -]

GPHEX Gasketed plate heat exchanger
GWP Global Warming Potential [-]
g Gravitational constant [m-s~2]
HoO Water

H Height [m]

H, Combustion heat of compost [kJ-kg™!]



Ipile

Oo
ODP

Convective heat transfer coefficient [kW-(m?-K)™! |
Insulation layer of pile [m]

Enthalpy [kJ-kg™! ]

Heat of vaporization of water [kJ-kg™! ]

Growth coefficient of Contois equation [-]

Michaelis constant [kg]

Thermal conductivity [W-(m-K)~! |

Hydrolysis rate constant of biodegradable organic matter [h=1]
Maximum microbial death rate [h—}]

Mass transfer coefficient [kg-(m?-s)~! ]

Reaction kinetics constant [h~!]

Length [m]

Lewis number [-]

Mass [kg]

Moisture content [kg-kg™']

Mass flow [kg-s™!]

Ammonia

Nusselt number [-]

nodes [-]

Oxygen

Ozone depletion potential

Prandtl number [-]

Pressure [N-m~2]

Heat kW]

Vapor quality [kg-kg™!]

Heat flux [kW-m~2]

Microbial growth rate [kg-h™!]

Biodegradable organic matter degradation rate [kg-h™!]
Heat resistance [(m2K)-kW~!]

Gas constant [J-(mol-K)~!]



Re  Reynolds number [-]

r Radius [m)]

S Mass of substrate [kg]

s Entropy [kJ-(kg-K)™!]

T Temperature [°C]

t Time [h]

U Overall heat transfer coefficient [kW-(m?K)™]
14 Volume [m?]

Vaisp  Volumetric compressor displacement [m?-s~1]
v Velocity of [m-s™!]

WPHEX Welded plate heat exchanger

W Work kW]

_1]

w Absolute humidity / Humidity ratio [kgvap-kg,;,
X Mass of microbial population [kg]

x Mass fraction [kg-kgpi]

Ty  Volume fraction [m3.m.’]
Yo, Oxygen half saturation constant [kg]

Ys Coefficient of the microbial yield on the substrate [kgpop-kge_hl]

Y. Coefficient of easily hydrolysable substrate to microbial biomass conversion [kgpop-kg;hl]
Yig  Metabolic heat generation [kJ-kg™!]

A Delta [-]

p Density [kg:m™?]

€ Porosity [-]

n Second law efficiency -]

Teomp,is 1sentropic compressor efficiency -]

K Air permeability [m?]

w Microbial growth rate [h™!]

1 Dynamic viscosity [Pa-s]

Mmax Maximum microbial growth rate [h=!]

10) Relative humidity [-]

v Specific volume [m3kg~?]






List of Subscripts

amb Ambient.

ass Assumed.

b Biodegradable.

bio Biologically.

C Cold.

¢ Content / Combustion.
cc Nodal point.

cellu Cellulose.

cmpt Component.
comp Compressor.
cond Conduction.

conv Convection.

d death.
disp Displacement.

dm Dry matter.

eh Easily hydrolysable organic matter.

evap Evaporator.

FAS Free air space.
fg Fluid to gas / vaporization.

film water film.

g Growth.
gen Generated.

gluc Glucose.



H Hot.
hg Heat generation.

HP Heat pump.

i Inner pipe.

in Inlet.

inf Infinity.

ins Insulation layer of the pile.

is Isentropic.

1 Inert.

lat Latent.

m Mesophilic.
max Maximum.

min Minimum.

n Time instant.

nat Natural.

o Outer pipe.

om Organic matter.
opt Optimum.

out Outlet.

oxy Oxygen.

phex Plate heat exchanger.
pop Population.

R Rapidly.

Rb Rapidly biodegradable.
rr Time instant.

rw Reactor wall.

S Slowly.

s Surface.



sat Saturated.
Sb Slowly biodegradable.

sub Substrate.

T Temperature.
t Thermophilic.
thres Threshold.

tot Total.

vap Vapor.

vol Volume or volumetric.

w water.

wf Working fluid.
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Chapter 1

Introduction

The production and usage of energy is an important topic in the present day field of research. For
centuries, energy technology has been mainly focused on economical responsibilities, like generating
profits, and on social responsibilities, like promoting social justice, equity and well-being. Only during
the last decades, researchers started to include the environmental responsibility by taking the envi-
ronmental impact of a solution into account and trying to maintain or enhance the ecological health
of the planet. Only when all three fundamental dynamics are included and balanced, a sustainable
solution will come forward, as shown in figure 1.1 (Adams et al., 2006). A sustainable solution can be
interpreted as a development which meets the needs of the present without interfering with others’
abilities to meet their own needs.

Bearable Equitable

Environment \ y;gple Economic

Figure 1.1: Venn diagram describing sustainability as a combination of three fundamental responsi-
bilities in development (Adams et al., 2006)

Figure 1.2 shows that the vast majority of the produced energy originates from fossil fuels like coal,
oil and gas. Only a fraction is produced from renewable energy sources like solar, wind and hydro
power!. Although fossil fuels are widely available and cost efficient, it will not be sustainable due to
the environmental damage caused by emissions. The excessive amounts of greenhouse gasses released
in the atmosphere by using fossil fuels poses a serious threat to life on earth. These gasses cause
global warming which, among other things, lead to melting of polar ice, rising sea levels, ocean
acidification, extinction of animal species, extreme precipitation (Field, 2014) and yield loss of food
production (Leng, 2018). Therefore, almost every country in the world signed the so-called Paris
Agreement in which they agreed to mitigate global warming and keep the global temperature rise well

"https://www.iea.org/statistics/



below 2°C under pre-industrial levels (Nieto et al., 2018). In order to reach this goal, two important
aspects of energy production and usage must be taken into account. Firstly, the production phase,
whereby renewable energy must be the main energy source. Something counts as renewable energy
when the energy source is continuously renovated by natural phenomena on a human time scale.
This can be geothermal energy or solar energy. Solar energy is the source from which secondary
renewables originate, like solar, wind, hydro-power, tidal and biomass. Secondly, energy utilization,
whereby energy efficiency is influenced by optimizing technologies, human habits and processes. A key
role in this phase is the energy recovery which makes use of, for example, waste heat from one process
to reduce the heat input for another process (Zampieri, 2018). Also, waste management systems
which fully use the available waste streams from different industrial sectors are a way to achieve a more
efficient energy system. These aspects are essential for realizing a circular economy (Caizan Juanarena
et al., 2016).

15 000 000
12 500 000
10 000 000
[}
S 7500000
-
2500 000
]
1950 1995 2000 2005 2010 215
® Coal Matural gas @ Nuclear
@ Hydro @ Geothermal, solar, etc. @ Biofuels and waste

Primary and secondary oil

Figure 1.2: Total Primary Energy Supply (TPES) by source.

1.1 Biomass

In 2017, biomass accounted for 10% of the total primary energy supply in the world?. Biomass is a
cluster name for organic material which originates from animals and plants and is considered a renew-
able energy source. Biomass includes materials like crops, agricultural and forestry residues, organic
components of garbage, algae, industrial residues and animal residues (van de Kaa et al., 2017; Darby,
2014). Especially the dry matter of plants, which is also known as lignocellulosic biomass is worth
noting. This type is composed of cellulose, hemicellulose, and lignin® and accounts for around half
of the total worldwide biomass supply with a big advantage that it is not competing with the food
production industry. Moreover, it is widely available at low cost, making it sustainable as an energy
source in contrast to the widely used fossil fuels (Alonso et al., 2012).

2https://yearbook.enerdata.net/total-energy/world-consumption-statistics.html
3http ://www.biocore-europe.org/pagee027 .html?optim=what-is-lignocellulosic-biomass--



Over time, all these components have been storing energy from the sun, which in turn can be re-
leased by means of a conversion mechanism into electricity, heat, fuels or chemicals (McKendry,
2002). Firstly, thermochemical conversion, by means of combustion, gasification and pyrolysis. In
case of combustion of the biomass, the chemical energy is directly released in the form of heat which
can be used directly or it can be further processed into electricity. The well-known disadvantage
of combustion is that it releases harmful fine particles into the atmosphere causing environmental
problems (McDonald et al., 2000). Oftentimes, lignocellulosic biomass is used for combustion due
to the complex nature of the molecules, making it less suitable for efficient production of first-grade
bio-fuels or -gasses. For the production of those fuels, easily degradable biomass like sugars and oils
are used, through another conversion mechanism, namely biochemical conversion. This conversion
type is accomplished by means of fermentation and composting processes. During fermentation, the
biomass is anaerobically broken down, so in the absence of oxygen, by bacteria into much simpler
components whereby bio-fuels or bio-gasses are formed. This process takes place at slightly elevated
temperatures and does not produce any heat. Composting, on the other hand, is an aerobic process
and does require oxygen for the conversion to take place. This process does not produce bio-fuels or
bio-gasses, but only nutrient rich compost which can be used as fertilizer for agricultural purposes.
Furthermore, heat is released during composting which makes it an interesting sustainable heat source
when harnessing this instead of wasting it to the environment. The latter is where the focus of this re-
search is put. Although, both the combustion and composting process produce carbon dioxide (CO2),
a larger percentage of carbon remains in the useful compost compared to the ash from combustion,
making composting a beneficial way of storing carbon dioxide.

1.2 Biomeller

Composting can be an industrial process whereby the goal is to produce as much compost in the least
amount of time in order to increase the revenue. While on the other hand, it can also occur in nature
on a natural time scale whereby the duration of the process is significantly longer. Composting can
also be done by people themselves, being somewhat of a combination of the previously two mentioned
methods, and can have real benefits for the owners.

Jean Pain developed a method in the 1970s to construct a compost pile and harness the heat released
during the composting process (Pain, 1972). A big circular pile of biomass consisting of mostly moist
wood-chips was build around a spiraling water hose. The water flowing in the hose conducts heat
from the pile to a place where it can be used. This system is called a Biomeiler or a Compost Heater.
Besides heat, a Biomeiler also produces high grade fertilizer which can be sold or used for personal
gardening purposes. Figure 1.3 and 1.4 show a schematic layout of a Biomeiler and a heating system
combined with a Biomeiler, respectively?.

‘http://native-power.de/en/native-power/choose-system-you-need



Figure 1.3: Schematic layout of a Biomeiler

Heat Exchanger

Figure 1.4: Heating system combined with a Biomeiler

He also combined heat and bio-gas production by placing a compost filled sealed tank with a water
hose wrapped around it inside a compost heap. The anaerobic degradation of compost inside the
tank produces the bio-gas, methane (CHy), while the compost around the tank produces heat due to
aerobic degradation. The anaerobic process works best at elevated temperatures, around 37 °C which
is realized by the aerobic process®. Any excess heat is taken away by the flowing water in the hoses
and can be used elsewhere.

Shttps://www.motherearthnews.com/organic-gardening/jean—-pain-zmazg80mazraw



1.3 Research assignment

In this section the assignment and goals will be clarified.

1.3.1 Current heating system

Figure 1.5 shows an example of a heating system with a functioning Biomeiler. The ”Tempierung
afgifte systeem”, or wall heating system, is a collection of copper heating tubes located at different
heights in the walls of the house. This system heats up and dehydrates the walls resulting in less
conductive heat loss through the walls. Besides this, the walls function as a form of heat storage. In
this case, the Biomeiler which is connected to a plate heat exchanger, heats up the outgoing stream
from the wall heating system. This stream flows directly into the wall heating system or into a heat
storage tank. A water temperature of 40°C flowing into the wall heating system is enough to heat up
the building to a comfortable level. Furthermore, the storage tank is connected to a wood fired central
heating kettle and a solar collector which provide additional heat to the system when the Biomeiler
does not generate enough.
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Figure 1.5: Schematic layout of a heating system

1.3.2 Problem statement

During the low temperature period, the Biomeiler alone can prevent a house from freezing, but it
cannot make it comfortable for living. In that case, the wood fired kettle needs to provide the
additional heat to the system. Furthermore, if the temperature of the return flow to the Biomeiler is
too low, so under the temperature in which the microbes thrive, the microbial population will shrink
to a point that the heat production will stop altogether until the pile temperature increases again.



1.3.3 Possible solution

A heat pump can provide a solution to the given problem statement. Mainly by transforming the
low temperature heat flow to a high temperature heat flow which is more suitable for, for example,
heating living areas to a comfortable level or for heating green houses. Furthermore, regulating the
heat extraction from the Biomeiler via a heat pump can possibly influence the return flow temperature
and extend the lifetime of a Biomeiler by maintaining a healthy microbial population.

1.3.4 Goal of the research

The goal is to investigate whether is it feasible to replace the wood fired kettle by a water-water heat
pump which is placed between the wall heating system and the Biomeiler. This is done by building a
model of a heating system in Matlab and performing numerical calculations. The model will consist
out of the following parts:

e Kinetic model of the heat generation in a compost pile.

Model of the heat transfer from a compost pile to the water pipes.

Model of the different heat losses of a compost pile.

A heat pump model.

Modeling of the varying ambient conditions and the varying heat demands from a single free
standing house.

First, a thorough literature study will be done to find out how the heat generation in a compost pile
works and what the heat losses of the compost pile are. Then, the heat transfer mechanism from the
pile to the water pipes will be investigated. With this information, the heat source side of the heat
pump is known. Thereafter, the heat demand of the building will be investigated.



Chapter 2

Literature study

In this chapter, an overview is given of recent studies related to composting kinetics, heat transfer
mechanisms and heat pumps. The study is mostly focused on the composting process.

2.1 Composting

Composting has been briefly presented in section 1.1, but will be further elaborated in this section.
Compost can be best described as the product of a controlled or uncontrolled biological decomposition
of organic materials resulting in a humus-like and stable substance (Chen et al., 2011). Traditionally,
a controlled environment will be on the industrial level, whereby the aim is to have an as high as
possible conversion rate. Self-evidently, this results in the highest efficiency and thus high revenue
which is desirable for the industry. However, the composting process takes place with or without
the interference of humans, only in nature it will not be under optimum conditions resulting in lower
conversion rates.

In nature, small insects break down the materials into smaller particles, which makes it more suitable
for microbial degradation. After this, microbes will inhibit the compost pile and start to colonize it,
although in many cases the microbes are already present in the biomass. These microbes are respon-
sible for the degradation of the organic matter and are therefore essential to initiate the composting
processes with the enzymes being the catalysts for this reaction, which is also illustrated in Fig. 2.1.
They use the carbon (C) present in the organic matter as an energy source. In the presence of oxy-
gen, this carbon is then oxidized into carbon dioxide (COz) (Chen et al., 2011). Equation 2.1 gives
the combustion reaction which is comparable to what happens during composting. This reaction is
exothermic and will therefore release heat into the atmosphere. During the process COs is also re-
leased into the atmosphere, making the pile more dense, resulting in less air space. This is unwanted,
because as can be seen from Eq. (2.1), sufficient oxygen is needed in order for the desired reaction to
take place. When the pile gets depleted from oxygen, the process will change from aerobic conditions
to anaerobic conditions. This unwanted change results in smelly odors, bio-gas formation and lack of
heat generation.

Ca(H20)5(8) + aO2(g) = aCO2(g) + SH20(g) + heat (2.1)



02

S

‘ microbes (bacteria, fungi, actinomycetes)
enzymes
C/N ratio
CO:2 moisture
> || ORGANIC MATTER HUMUS temperature
« proteins
pH
HEAT « carbohydrates ___/"
> | -lipids
- lignin

Figure 2.1: Schematic presentation of the composting process (Tuomela et al., 2000).

There are several ways to classify microbes, e.g., based on their cell structure, cellular metabolism
or difference in cell components. For convenience of composting, the many types of microbes are
classified based on the temperature range in which they are active. Figure 2.2 shows the different
classifications of microbes based on their cardinal temperatures. The maximum of each curve gives
the temperature at which the growth rate is highest for a certain class of microbes. The upward trend
is caused by the Arrhenius effect, which describes the relationship between the temperature and the
chemical reaction rate'.

/OptimaITemperature
Hyperthermophiles

Mesophiles
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Figure 2.2: Temperature dependence of microbial growth rate.

For composting, the mesophiles and thermophiles are most relevant, because they thrive in the relevant
temperature range. Hereby, the mesophiles initiate the process at around 10-20°C. After this, due
to the reaction heat released by the degradation of the biomass, the temperature in the pile starts
to increase. At a certain point, around 50°C, the thermophiles start to take over and the mesophilic
population shrinks as a result of the elevated temperatures. At this stage, a lot of heat is released
and the pile temperature starts to increase rapidly and typically reaches temperatures up to 65-
70°C within 72 hours. This high temperature or so-called active phase, can last up to several weeks
depending on pile configuration like pile size and feedstock and on the ambient conditions. However,
this phase must last at least a couple of days in order to kill off pathogens and weed seeds. At this

"Mttps://courses.lumenlearning.com/boundless—microbiology/chapter/temperature-and-microbial-growth/



stage, it is important that the pile is aerated enough, because oxygen is used rapidly, but necessary
for the reaction to take place resulting in high quality compost production. During the active phase,
the bulk of the rapidly biodegradable material is broken down. After a certain time, the thermophilic
population starts to shrink due to decreasing nutrients in the pile. The lower activity causes the pile
temperature to decrease and mesophiles take over again. The rest of the material in broken down at
much lower rates during the curing phase, which can take up to 6 to 12 months or even longer. The
different stages of composting are schematically shown in Fig. 2.3.

A=mesophilic phase
70 T B=themophilic phase
C=mesophilic phase
60 D=maturation phase
]
°. 50
o
2 40
[ .
2 30+ Active phase Curing phase
Q
© 20+
104
A, B c , D
Time

Figure 2.3: Different phases during the composting process (Chen et al., 2011).

2.1.1 Composting factors

In the previous section it has been explained that the composting process depends on the microbial
populations inhibiting the pile. For the microbes to thrive, five key factors have been identified.

2.1.1.1 Feedstock

The most important elements for microbial activity and growth are carbon (C) and nitrogen (N).
Carbon acts as an energy source for the microbes as well as a building block, as 50% of a microbes’
mass consists of carbon. Nitrogen is essential for cell growth and activity. Generally speaking, green
and moist materials contain lots of nitrogen, whereas brown and dry materials have high carbon con-
centrations.

It has been generally accepted that the C:N ratio must be around 30:1 by weight. During the compost-
ing process, this ratio drops to about 10-15:1, as part of the carbon is released to the atmosphere as
CO4 and part is incorporated into the microbial cells together with the nitrogen. When the microbes
die, both the carbon and nitrogen become available again as feedstock. The given ratio minimizes the
chance that excess nitrogen will form ammonia gas, which gives the pile an undesirable scent, whilst
enough nitrogen will be present to stimulate microbial growth.

As noted before, the biomass composition consists of multiple complex molecules containing carbon,
which all have different degradation rates with some being fast and some being slow. Generally,
carbohydrates are the most rapidly degradable compounds, followed by hemicellulose, cellulose and
lignin as shown in Fig. 2.4. The carbohydrates are sugars, proteins, fat and starches, while the slowly
degradable compounds are materials like leaves, barks and wood-chips. It is evident that the rapidly



degradable compounds are almost entirely used up during the thermophilic phase, while the rest of
the compounds take up way more time to decompose during the curing phase (Chen et al., 2011).

END OF
SUGAR THERMOPHILIC PHASE
(TEMPERATURE DROPS)

PROTEIN

FAT

CELLULOSE
HEMICELLULOSE

LIGNIN

Figure 2.4: Decomposition of different compounds in the biomass (Trautmann & Krasny, 1998).

2.1.1.2 Moisture content

Moisture is essential for the metabolism of the microbes and thus for the microbial activity. Generally,
a moisture content of 50 - 60 % is sufficient to guarantee optimum microbial activity without depriving
the pile from oxygen. An excessive amount of moisture can take up pore spaces in the pile which results
in less space for oxygen, causing unwanted, anaerobic conditions. Materials like straw and wood-chips
contain lots of fibers, making them moist from itself without filling up pore spaces. Drier materials
like manure and grass are more prone to filing up pore spaces when moist is added (Chen et al., 2011).

During operation, the moisture level will drop due to evaporation. Evaporation takes place due to
the absolute humidity difference between the environment and the pile itself and is stimulated by
the elevated temperature of the pile?. Water is also produced inside the pile due to the composting
reaction, but can be neglected in comparison to the initial moist levels present in the pile.

2.1.1.3 pH-value

The pH-value, measure of acidity or alkalinity, influences the growth and activity of microbes. Mi-
crobes prefer conditions with a pH-value between 6.5 - 7.5. At higher values, ammonia is more likely
to volatilize to the environment. Most of the time, it is difficult to determine the exact value and
keep it within the optimum range, therefore little effort is done in doing so.

2.1.1.4 Temperature

The pile temperature has a tremendous effect on the microbial growth and death rate and is con-
sidered to be important. Monitoring the temperature profile inside the pile gives a rough indication
of how well the composting process is doing. Higher temperatures result in faster degradation and,
when kept at these high temperatures for several days, will kill pathogens and weed seeds. This will
make the compost safe to use as a fertilizer. Experimental studies have shown that microbes thrive
under certain temperatures and die off when temperatures get either too low or too high (Rosso et

Zhttps://www.brighthub.com/environment/science-environmental/articles/104601.aspx

10



al., 1993). Where the death rate is significantly higher at temperatures above the maximum.

Although the composting process is most efficient at thermophilic temperatures, this might not always
be desired. In this situation, the feedstock will be used up rapidly, causing the lifetime of a Biomeiler
to decrease significantly. It can be more beneficial when heat from the pile is used for, for example,
domestic heating, to have a lifetime longer than 12 months. Otherwise most of the heat might still
be wasted to the environment.

2.1.1.5 Oxygen content

The oxygen content was mentioned several times already and proved to be crucial for aerobic com-
posting. Microbes can survive in an oxygen concentration as low as 5%, but function optimal in
an oxygen (O2) concentration of around 10%. Despite the fact that the air contains 21% oxygen,
concentrations in the pile can reach significantly lower values due to the composting reaction, which
uses up oxygen and carbon to form COs. Therefore, it is necessary that the pile is aerated either
naturally or actively. This is done by leaving the pile open to the environment for wind to replenish
the oxygen in the pile. Active measures, like air fans, can also be used, but will require additional
power to operate. An other measure is turning of the pile material, but this can be difficult when the
pile is used as a Biomeiler due to the water pipes.

2.1.2 Modeling: Composting kinetics

In this section the summary of the literature study on the composting kinetics is presented. The main
differences between these models are the reaction type, number of in- and outputs, heat generation
mechanism and use of spatial gradients. Depending on the focus of the study, models were build using
different combinations of the composting factors in their reaction kinetics. In many cases, experiments
were done using a composting reactor in which the aeration rate could be controlled.

Kulcu & Yaldiz (Kulcu & Yaldiz, 2004) proposed a model to determine the aeration rate and kinetics
of composting agricultural components like grass trimmings and wastes from tomatoes, pepper and
eggplant. Four forced aeration reactors and one natural convection reactor were used in this study.
Figure 2.5 shows the experimental data of the pile temperature for the five reactors.
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25 A

Temperature ( °C)

20 -

15 4

10

o1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 1718 19 20 21
Days after start

Figure 2.5: Experimental data of pile temperature over time.

Four applicable kinetic models were analyzed from which followed that the model from Eq. (2.2:
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Right) gave the best fit with the experimental data. In this model, the rate of decomposition (kr tot)
depends on the pile temperature (T), moisture content (M) and the COs rate (C) in the composting
reactor. The constants a, b, ¢ and d are determined using experimental data and statistical analysis
and can be varied to suit other feedstock and operating conditions. The degradation of organic matter
as a function of time (Eq. 2.2: Left) follows first-order kinetics (Haug, 2018). The study showed that
the natural convection reactor experienced insufficient Oy supply and accumulated COo. Further-
more, the aeration rates for the first two reactors also resulted in insufficient Os supply, while the
highest aeration rate in reactor 4 caused the pile to cool too quickly, thus suppressing the degradation
rate. The third reactor showed best results at an aeration rate of 0.4 liter air per minute per kilogram
organic matter.

d(Mom) , a (e
Aom) _ kot - Mom th kg = — Mo (To)—(d) 59
dt ot M ot = (cp) ¢ ! (2.2)

Petric et al. (Petric & Selimbasgi¢, 2008) proposed a model for the composting process of different
ratios of poultry manure and wheat straw by integrating the reaction kinetics with the heat and mass
transfer between the three phases which exist inside a compost reactor. Hereby, creating a dynamic
model for the composting reaction. The mass flow of air could be controlled and uniform temperatures
in the liquid and solid phases were assumed. The composting rate has the same form as that of Eq.
(2.2: Left), however, an exponential constant (n) was added and a different reaction constant was
used, as shown in Eq. (2.3).

dMom
dt

= —krtot - Moy, with Ky tot = kr,1 - kr,0, - Kr,H,0 - FrFas (2.3)

In order to account for the moisture content, the air leaving the reactor was assumed to be saturated.
The uniform temperature assumption is plausible due to the fact that there is almost no heat resis-
tance between the compost matrix and the air in the reactor. Lastly, uniform substrate is assumed,
allowing spatial variations to be neglected resulting in average values with statistical variations. Fur-
ther simplifications imply that all heat capacities are constant, enthalpies are pressure independent
and the gasses are taken as ideal gasses. Equation (2.3: Right) shows that the overall reaction rate
constant is a function of temperature, oxygen content, moisture content and free air space. The
different reaction rate constants are empirically determined by several researchers, like Haug (Haug,
2018), Stombaugh (Stombaugh & Nokes, 1996), Andrews (Andrews, 1973) and Schulze (Schulze,
1962). Equation (2.4) is used to describe the stoichiometric relation during the degradation of organic
matter, where a, b, ¢ and d represent the molar fractions of the specific components in the organic
part of the substrate.

4a +b—3c— 3d b—3d

C.HyO.Ng4 + ( 1 )OQ —  aCO9 + (T)HQO + dN Hg (2.4)

This study showed a good fit for the pile temperature between experimental data en model predictions
over the whole composting period, as can be seen in Fig. 2.6. It has been found that for a poultry
manure and wheat straw mixture, the optimum values for initial moisture content and airflow are
70% and 0.54 L-min~'kg,1  respectively.
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Figure 2.6: Comparison of experimental data and model results of the pile temperature over
time (Petric & Selimbasié¢, 2008).

Bialobrzewski (Bialobrzewski et al., 2015) proposed a model describing the aerobic composting pro-
cess of sewage sludge and wheat straw in a forced aerated cuboid shaped reactor by integrating 11
first-order differential equations. The reaction rate constant of this model depends on the mesophilic
and thermophilic microbial populations, which have their own specific heat generation capacities.
Variations in the constants and initial values for winter and summer were included. The size and ac-
tivity of the microbial population depends on the pile temperature and available easily hydrolysable
substrate for the microbes. According to this study, temperature has the biggest influence on the com-
posting process from a bio-engineering point of view. Many others developed mathematical models to
characterize the degradation process by different kinds of microbial populations such as mesophilic,
thermophilic and several types of fungi. However, none of these models were characterized by different
metabolic heat generation potentials during the degradation of the substrate.

A homogeneous substrate with a uniform temperature profile was assumed, due to sufficient mixing
and a well insulated reactor, respectively. Furthermore, two groups, mesophilic and thermophilic,
populations are taken into account due to their significant difference in properties. The effect of tem-
perature on the population growth and death rate was described by Mason (Mason, 2006). Here, also
the air coming out of the reactor is saturated and equal to the temperature of the pile. The initial
mesophilic population density is twice as dense as the thermophilic population (Wolna-Maruwka &
Dach, 2009). To simplify this model, it is assumed that a moisture content decrease of several or more
than 10% will not significantly affect the microbial growth. Furthermore, due to active aeration, it is
assumed that the reactor is provided with sufficient oxygen to guarantee an aerobic process. So, the
reaction rate constant will only depend on temperature and available easily hydrolysable substrate.
Equation (2.5) shows the stoichiometric equation by Haug (Haug, 2018) that is used for this study to
model the mass balance. Here, all the subscripts and pre-factors are determined by the components
and the stoichiometric relations. Contrary to the model of Petric & Selimbasic, this stoichiometric
equation also accounts for the substrate, first term on the left side, to be converted into microbial
biomass, first term on the right side.

CoHyOcNg+0.5(ny+2s+1r—¢)Oy — nCyH,OyN, + sCOy +1H20 + (d—nz)NHz (2.5)
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The microbial population was described by the difference between the microbial growth rate, with
use of the Contois equation (Contois, 1959), and the microbial death rate. The Contois equation,
Eq. (2.6), is a function of easily hydrolysable substrate concentration (Sep) and contrary to a Monod
type function, also a function of microbial concentration (X). The mesophilic population converts the
rapidly biodegradable organic matter into easily hydrolysable substrate (Sen) and the thermophilic
microbial population converts the slowly biodegradable organic matter into Se,. The model takes into
account that death microbes are incorporated into the rapidly biodegradable organic matter. The
easily hydrolysable substrate increases due to the conversion of rapidly and slowly biodegradable or-
ganic matter and decreases due to the activity and growth of the microbial biomass. Heat is generated
by microbial activity multiplied with the metabolic heat generation coefficients of the two microbial
populations. The constants and coefficients are optimized for fitting the model to the experimental
data.

Seh

-_ 2.
KoX + Sen ( 6)

n= /LmaX(

The study showed that microbial activity is lower in winter than in summer and that the micro-
bial metabolic heat coefficient of mesophilic microbes is higher in summer than in winter, while for
thermophiles it is the same for both seasons. Figure 2.7 shows that the model predictions are in line
with the experimental data and clearly shows the transition point between mesophilic an thermophilic
phases.
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Figure 2.7: Comparison of experimental data and model results (Bialobrzewski et al., 2015).

A more recent study (He et al., 2018) describes the composting process of pig manure and wheat
straw and is based on the work of Bialobrzewski (Bialobrzewski et al., 2015) and others, but it added
temperature distribution and gas flow characteristics to the aerobic composting process. This model
includes spatial gradients inside the composting pile, making it an extensive and complex model.
Both the continuity and Navier-Stokes equations in the calculation domain of porous media are used
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to govern the air flow inside the pile. The heat balance describes the heat transfer mechanisms in
the porous medium and includes the transient term, heat convection, thermal diffusion and the heat
source term. However, this model, contrary to the model of Bialobrzewski, uses only one microbial
population type. Due to the significant impact temperature has on microbial growth, it makes also use
of the temperature reference correction equation (Rosso et al., 1993) and the temperature hysteresis
equation (Bialobrzewski et al., 2015). This study also incorporated the effect of oxygen levels on
microbial growth, because heat generation and oxygen consumption are highly affected by microbial
activity (Haug, 2018; Kaiser, 1996). Equation 2.7 gives the net growth rate of the microbes. The first
and second term on the right-hand side of Eq. (2.7) give the microbial growth (Rg) and death rate,
respectively. The net growth rate is written in the form of a first-order kinetics reaction, including the
porosity (€) of the compost pile. The biodegradable organic matter degradation rate (Rs) is modeled
according to Eq. (2.8), with Yg being the coefficient of the microbial yield on the substrate.

dxX Sen pYo,
11— = : kg faX 9.7
(L= = fan K.X + Sen Ko, + pYo, afa (2.7)
dSa, 1
=(1— =_—_—. 2.
Rs=(1-9% " =~ Rq (28)

2.1.3 Summary: Composting kinetics

The goal of this research assignment is to investigate whether a heating system with a Biomeiler
and a heat pump is feasible and if a heat pump can prolong the lifetime of a Biomeiler. For this,
it is important to know the temperature of the water that comes out of the Biomeiler and what the
temperature is of the returning flow. As can be seen in Figs. 2.5, 2.6 and 2.7, the composting reactors
only reach high temperatures for a couple of days to several weeks after which the temperature starts
to drop to slightly elevated temperatures compared to the ambient temperature. These values will not
be high enough to properly heat up the water to the desired level. However, most of the results from
literature are based on relatively small composting reactors, which indeed result in lower tempera-
tures for shorter periods. According to measurements from Stichting Biomeiler®, the temperature
for larger compost piles will remain higher for much longer periods.

A Biomeiler functions well if it operates within the temperature range of the microbial population.
Therefore, the pile temperature is the most important factor because the population size and activity
must be optimal. A kinetics model based on microbial population size will be used. A combination
of the above described studies will be used for the development of the model. These are as follows:

e Two microbial, namely mesophilic and thermophilic, populations will be modeled (Bialobrzewski
et al., 2015).

e Microbial growth rate according to the Contois equation and thus dependent on population and
easily hydrolysable substrate mass (Contois, 1959).

e Microbial growth and death rate both depend on temperature according to temperature reference
correction equation (Rosso et al., 1993) and the temperature hysteresis equation (Bialobrzewski
et al., 2015), respectively.

Shttps://biomeiler.nl/
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Death microbial biomass is incorporated into the rapidly degradable organic matter (Biatobrzewski
et al., 2015).

The conversion factor for solid substrates converted into glucose, an easily hydrolysable sub-
strate, is used (Pujol et al., 2010).

Sewage sludge and straw are used as biomass (Bialobrzewski et al., 2015).

Heat is generated due to microbial activity and their specific metabolic heat generation coeffi-
cient (Bialobrzewski et al., 2015).
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2.2 Biomeiler

In the previous section several methods were presented to model the composting process and the heat
release during this process. A Biomeiler is a great way of using this heat while also producing valuable
compost. It is a method for sustainable heat generation without producing useless and harmful waste.
Here, an overview of the different approaches to model a Biomeiler are given.

2.2.1 Modeling: Heat transfer from Biomeiler to water pipes

The heat load of a Biomeiler is determined by the amount of heat that is extracted from the pile
through the water pipes. Water is pumped through the pipe, usually in a circular pattern to increase
the residence time of the water inside the pile. During this period the water heats up due to the
driving forces between the pile and the water stream.

Modeling of the heat load is done by Zampieri (Zampieri, 2018). For this model, the following
assumptions have been made:

1. The space surrounding the pipes is considered to be a porous, solid material consisting of organic
matter with moist air filling up the interstices.

2. The outer walls of the pipes are only in contact with the moist air thus neglecting the solid
material contact with the pipes.

3. The pipe temperature is lower than the dew point temperature of the moist air resulting in
water condensation on the outer pipe walls. A thin water film is formed on the outer pipe walls.

4. The spatial temperature profile throughout the pile is considered to be uniform, but can change
with time.

5. The temperature of the water film is uniform and equal to the outer pipe wall temperature.

Normally, the overall heat transfer coefficient can be found using the electrical analogy for heat trans-
fer through circular pipes via the one dimensional radial heat transfer model. Hereby, the total heat
resistance from air in the pile to inner water flow consists out of the outer convective heat resistance
between still, moist air and pipe outer wall, the conductive resistance of the pipe material and the
inner forced convective heat resistance caused by the water flow. The heat resistances are all in series,
so the heat flux, flowing from pile air to the inner water, is uniform.

2.2.1.1 Outer heat flux

Due to assumption 3, mass is also transferred from outer moist air to the outer pipe wall. Meaning
that the total energy transfer is a summation of the heat transfer due to a temperature difference
(sensible heat flow) and the energy carried by the mass flow (latent heat flow). The driving force
of the latter is the humidity ratio difference. Figure 2.8 shows, from left to right, the temperature,
humidity ratio, enthalpy and relative humidity profiles. The temperature, humidity ratio and enthalpy
all decrease, from high temperature values at infinity, to saturated values at the film surface. At the
boundary layer, the moist air is in equilibrium with the condensate, thus the values at the film are
equal to the saturated values. Due to this assumption, the simple electrical analogy is not applicable
for this situation.
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Figure 2.8: Film formation on water pipe.

According to ASHRAE (Brickman et al., 1996) the governing equation for dehumidifying air is given

by Eq. 2.9. Here, the heat flux (¢) depends on both the sensible and the latent heat flux between
moist air at infinity and the wetted surface, being the water film on the outer pipe wall.

= Q = h(T; T; ko (wy ' 2.9

q= Z = ( inf — ﬁlm) + m(wmf - wﬁlm)lfg ( . )

The mass transfer coefficient (ky) which determines the mass transport of the water vapor, can be
evaluated by using the Lewis number. The Lewis number is the ratio between the thermal diffusivity
and the mass (or molar) diffusivity*. A relation exists between the heat and mass transfer coefficients
between moist air and water, because both depend on the same transport mechanism (Mansour &
Hassab, 2012), shown in Eq. (2.10: Left). According to ASHRAE the Lewis number is close to 0.845
for moist air, but is generally set to unity as the computation error is negligible. So, the equation
can be simplified, as shown in Eq. (2.10: Right). By assuming a value for the outer heat transfer
coefficient, the mass transfer coefficient can be computed. The assumed value for the convective heat
transfer coefficient was later adjusted to match the model with the experimental data.

h h
= km = for Le =1 (2.10)
Cp,inf * km Cp,inf

wlro

Le

Equation 2.11 shows the governing equation after the Lewis number is set to unity, by introducing
the enthalpy of the free air stream and the saturated air at the film surface.

_Q
1=

= km[(iinf - iﬁlm) - (winf - wﬁlmﬂw,sat — WinfCp,vap (Tinf - Tﬁlm)] (2-11)

This equation can be further simplified by neglecting the variation of liquid water and superheated va-
por, shown in Eq. (2.12). The computing error resulting from this simplification is about 0.5% (McQuiston
& Parker, 1982). Now, the heat flux depends on the mass transfer coefficient with the enthalpy dif-
ference as a driving force.

= km(iinf - Z‘ﬁlm) (212)

“http://www.thermopedia.com/content/922/
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2.2.1.2 Conduction

For this section the concepts from Mills (Mills, 1999) are used. The heat resistance through the pipe
wall can be determined by Fourier’s law in the cylindrical configuration, as shown in Eq. (2.13), and
is only dependent on the geometry and material of the pipe.

n oS
Reona = - (2.13)

2.2.1.3 Forced convection

The forced convective resistance is determined using dimensional analysis. In order to find the correct
correlation for the Nusselt number, first the Prandtl and Reynolds numbers need to be calculated.
This is done using Eq. (2.14).

_ waivw Pr — HwCp,w

R
c [T -

(2.14)

The Dittus-Boelter equation for fluid heating, shown in Eq. (2.15: Left), can be used since the flow is
turbulent (Re > 10,000) and Pr > 0.5. With the Nusselt number known, the convective heat transfer
coefficient can be calculated. Both are calculated using Eq. (2.15). Equation (2.16) is used to find
the corresponding forced convective heat resistance on the inner pipe wall.

Nu - kg
Nu = 0.023Re8 P04 ;= 1}) (2.15)
i
. AT 1 1
Q nv,i = hiAiAT = —— R, nv.i — = 2.16
o Reonv,i O R A 27 Lpipe (2.16)

2.2.1.4 Film temperature

To find the correct heat flux, the film temperature must be known at each instant. The method to
do this is elaborated in this section.

The heat resistance from outer pipe wall to the water stream can be calculated using the electrical
analogy model for one dimensional radial heat transfer.

! L 1 ) (2.17)

— U(Thim — To) with U= — =
( il ) b Rtot (Rcond Rconv,i

q:

| O

The heat flux from moist outer air at infinity to inner water must be equal everywhere. Therefore,
Eq. (2.18) must hold.
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q= = km(iinf - iﬁlm) = U(Tﬁlm - Tw) (218)

=[O

The film temperature is not known. In order to compute this, the heat transfer is discretized in space
and time. For each pipe node at each time instant, Eq. (2.18) is iteratively balanced using the Secant
Method, as shown in Eq. (2.20). The enthalpies of the moist air are computed using the moist air
laws (Lampinen, 2015), as shown in Eq. (2.19).

exp 77.345 + 0.0057T — 723571
782

_ Psat (2.19)
—0.622(— Dt
Wsat (To1325 = psat)

isat = 1.006T 4 wgat (1.84T + 2501)

Dsat =

Tn-l - Tn-2
f(Tn-l) - f(Tn-Z)

Tn = 4Ln-1 — f(Tn—l) : (220)

2.2.2 Summary: Heat transfer from Biomeiler to water pipes

Modeling of the heat transfer must be done using an iterative method, because the heat flux (Eq.
(2.18) depends on both sensible and latent heat transfer. This iteration process is set to find the film
temperature at each node and time instant for which the heat flux of both the sensible and latent
heat transfer are almost equal.

Refprop, contrary to Eq. (2.19), will be used to find the saturation pressure of the water vapor. The
absolute humidity, however, will be calculated using Eq. (2.19). The enthalpy of the saturated moist

air will be calculated according to Eq. (2.21). Here, Refprop will be used to find the temperature
dependent values for specific heat (c¢,) and heat of vaporization of water (igy).

isat = Cpoair(T) - T+ Weat (Cpvap(T) - T+ ige(T')) (2.21)
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2.2.3 Modeling: Thermal balance of Biomeiler

The thermal balance for the Biomeiler accounts for the different heat flows. In literature various heat
flows are taken into account depending on the composting reactor and environment. Therefore, a
distinction has been made for two separate situations. First, thermal balancing for composting in
a reactor with controlled environment. Secondly, thermal balancing for composting in an outdoor
environment where the process is influenced by ambient conditions.

2.2.3.1 Thermal balance of a compost reactor

Wang (Wang et al., 2014) build a model to simulate an estimate for the thermal balance (Eq. 2.22)
during composting of swine manure and wheat straw. The study uses a small scale composting reac-
tor with and without insulation to simulate the effect of insulation on the magnitude of the different
heat terms of the thermal balance. In this model, the authors accounted for heat generation of the
composting reaction, convective heat transfer due to an active air stream, conduction through the
reactor wall and latent heat of evaporation of water. The heat capacity of the system contained the
heat capacity of the reactor walls and the heat capacity of the mixture of compost with moisture
content. Heat loss through the walls follows the standard electrical analogy equation with an overall
heat transfer coefficient. Finally, the equation for latent heat of evaporation was regressed with data
from Klejment (Klejment & Rosinski, 2008).

dr

(Msubcp,sub + Mrwcp,rw)% = Egen - Econv - Ewall - Elat (2'22)

The heat generation is modeled using the difference in the biodegradable volatile solids density (BV'S)
multiplied with the pile volume and combustion heat of compost, (H.) going from 18,000 kJ-kg~! to
16,000 kJ-kg=!, as shown in Eq. (2.23). The combustion heat term decreases over time due to de-
compression of the biodegradable volatile solids.

Ebio =—V. Hc (223)

Other models, such as the thermal balance model from Bialobrzewski (Bialobrzewski et al., 2015),
accounted for metabolic heat generation by microbes and the convective heat loss to the environment
only. Here, the enthalpies are calculated based on the method of Strumillo (Strumilto, 1983) and air
humidity was calculated using general equations describing the properties of humid air. A correction
factor was applied to account for heat loss due to opening of the reactor for sampling. The convective
heat loss was based on Mason (Mason, 2006), whereby the enthalpies of the air are calculated with
empirical equations with the assumption that the air leaving the pile is saturated at pile tempera-
ture (Lv, 2007).

He (He et al., 2018) made use of the heat transfer mechanisms in the porous medium region. This
included, a transient term, heat convection, thermal diffusion and a heat source term. The latter
comprises of convective heat loss due to gas flow and the heat generation from microbial activity. In
this case, the relative air humidity is calculated according to Zhang (He et al., 2018).
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2.2.3.2 Thermal balance of a Biomeiler

It became evident that many researchers made use of composting reactors, meaning that the com-
post was shielded from the environment by some sort of an insulation layer or reactor wall. Also,
forced aeration was used, which made sure that all the mass flow was forced through the pile. For this
study, the compost pile is open to the environment, which leads to different heat transfer mechanisms.

Firstly, Zampieri (Zampieri, 2018) incorporated a heat load in the thermal balance. This heat load
accounts for the heat loss from the pile due to convective heat extraction by the water flow. This
mechanism is explained in section 2.2.1 and will be further elaborated in section 3.4.3.

Secondly, there is no forced aeration through the pile, because the ambient air will choose the path of
least resistance. So, the ambient air stream will flow around the compost pile and will extract heat
from the pile due convective heat transfer, according to Eq. (2.24). A Biomeiler can be assumed
to be a vertical massive cylinder. This term depends on the convective heat transfer coefficient, the
outer surface area of the pile and the temperature difference between air flow and pile surface. The
convective heat transfer coefficient is determined using the method from Mills (Mills, 1999). Here,
a correlation from Churchill (Churchill & Bernstein, 1977) is given to calculate the average Nusselt
number corresponding to forced flow around a cylinder. The Nusselt number can be used to calculate
the convective heat transfer coefficient as there is a linear correlation between them (Mills, 1999).

CQcorw = hAs,pileAT (224)

Thirdly, there is no insulation layer or reactor wall around the compost pile. Also, the combination
of low thermal conductivity and relatively high volume to surface ratio makes sure that the pile
does not have an uniform temperature (Ahn et al., 2009). Instead, a uniform temperature core with
only a temperature gradient in the outer layer will be assumed (Wang et al., 2016). A temperature
gradient in the outer layer is relevant, because it will significantly decrease the heat loss due to forced
convection by the ambient air flow, making the model more realistic. The conductive heat loss will
depend on the material and the geometry of the pile with the temperature difference between the
ambient air and the uniform core as a driving force (Mills, 1999), as shown in Eq. (2.25). The area
is calculated using the mean radius of the insulation layer and the height of the pile.

dr

eond = —k Ajps——— 2.25
Q d sd"’pile ( )

Lastly, the latent heat transfer will also differ from the term used in reactor style composting process.
It is assumed that the ambient air stream does not penetrate the pile. Therefore, this will not be
the source that flows through the pile. This flow will be the velocity of the natural convection (vpat)
and determines how much oxygen will be present in the pile and how much moist and reaction gasses
are taken away (Szanto et al., 2007). The latent heat transfer depends on the natural convection
mass flow (rina) through the pile and the heat of vaporization of water with the absolute humidity
difference as the driving factor, as shown in Eq. (2.26). The magnitude of the natural convection
velocity depends on the porosity of the pile with the temperature difference between the pile core and
the surrounding air as a driving force (Beukema et al., 1983).

Qlat = mnat . Atop,pile . Z’fg -Aw (226)
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2.2.4 Summary: Thermal balance of Biomeiler

Many different models for the thermal balance have been developed. The main differences are in the
complexity and reactor type. This research focuses on a compost pile open to the environment instead
of in a reactor, which greatly influences the thermal heat balance. The convective heat transfer term
described in literature will not suffice, because the air flow is not forced through the pile. Instead, the
air rather goes around the pile which will change the convective heat transfer term significantly. The
latent heat term is modeled using the difference between ambient absolute humidity and the saturated
absolute humidity at pile temperature. Contrary to shielded composting piles, the rate at which this
happens depends on the natural convection velocity instead of forced aeration through the pile.

Furthermore, the pile is split into two regions, namely a pile core and an outer shell of a certain
thickness. Inside the core, transient conditions are not taken into account, making it possible to
model the core according to the lumped thermal capacity method, thus assuming a uniform spatial
temperature. The outer shell, however, does have a temperature gradient which results in an outer
shell temperature which is lower than the core temperature. The conductive heat loss is not taken
into account due to the transient behaviour.

The composting pile in this research is a Biomeiler, so heat is extracted from the pile by the water
flow inside pipes which conducts the heat elsewhere.

The thermal balance for this study will contain the following mechanisms:

e A pile heat capacity which takes the specific heat capacities of the different substrate compo-
nents, moisture and microbial biomass into account according to Bialobrzewski (Bialobrzewski
et al., 2015).

e Varying pile mass due to degradation of organic matter, and changes in microbial biomass (Biatobrzewski
et al., 2015). It is assumed that the water content will stay constant.

e Metabolic heat generation due to the activity of two microbial populations according to Bialo-
brzewski (Bialobrzewski et al., 2015).

e Convective heat loss using equations for forced convection around a vertical cylinder from
Mills (Mills, 1999).

e Dividing the pile into a core with a uniform temperature and a outer shell with a temperature
gradient due to conductivity of the material (Wang et al., 2016).

e Latent heat loss due to evaporation of the water content inside the pile according to Wang (Wang
et al., 2014) by using a mass transfer rate resulting from natural convection (Szanto et al., 2007).

e Heat loss due to heat extraction by the water flow (Zampieri, 2018).

2.3 Space heating

Humans prefer to live in pleasant conditions. Temperature takes a large part in this. A well accepted
standard indoor temperature is 20°C (Zangheri et al., 2014). Oftentimes, the ambient temperature is
lower resulting in heat loss from the building. To maintain a pleasant temperature, heat needs to be
added to the building by means of a heating system.
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2.3.1 Heating systems

There are several ways for heating buildings of which an overview will be given in the following section.

2.3.1.1 Radiators with water heater

The most common way is by means of a water heater which heats up water. This water is then
pumped, via pipes, through radiators which are often placed underneath windows inside the building.
These radiators heat up and start to radiate heat into the room. However, convection takes the largest
part in heating the building by heating up the surrounding air. Disadvantage of this, is that hot air
rises, so heat will not be spread evenly and the hot air can easily escape through doors and windows.
Also, the water needs to be in the range of 60 - 65 °C, which is relatively high. Furthermore, water
heaters generally use fossil fuels like oil or natural gas which produce unwanted harmful emissions.
Condensing boilers, however, make the system more efficient and can be a good alternative. Figure
2.9 gives several examples of systems®.

Warm-Air
Registers

Radiators

Baseboards

Warm-Air
Furnace

Steam Boiler

Furnaces heat air,
while boilers heat water.

Figure 2.9: Various types of heating systems.

2.3.1.2 Air vents with furnace

This system makes use of a furnace which heats up the air. In turn, the hot air is blown through ducts
which deliver the air to the building rooms. These systems burn oil or gas, the heat from this heats
up a metal heat exchanger which in turn heats up the vented air. A drawback is that a lot of heat
is lost through the flue gas. About 30% of the energy must remain in the flue gas to guarantee that
the flue gas safely rises through the chimney. Again, fossil fuels are used as a source which release
harmful greenhouse gasses into the atmosphere.

2.3.1.3 Floor heating system

This system makes use of pipes underneath the floor. These pipes heat up the floor mass which then
starts to radiate heat. This system is excellent for using heat pumps, because low temperature water

“https://smarterhouse.org/heating-systems/types-heating-systems
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can be used. Advantage of this system is that the majority of the heating is due to radiation from
the warm floor. This results in a comfortable and evenly spread temperature throughout the room
even at lower room temperatures. However, these systems are more expensive to install compared to
radiator systems.

2.3.1.4 Wall heating system

Wall heating systems can be compared to floor heating systems, only with shorter response times.
In this case, the walls heat up and become a draught-free low-temperature radiator, emitting gentle
heat for a pleasant living environment. An extra advantage of this system is that it dehydrates the
walls resulting in less heat loss to the surroundings. Also, a lower air temperature is possible without
reducing comfort®. These systems are also healthier than convective systems, because there is little
to no air circulation, leaving dust and contaminants on the ground. These systems are excellent in
combination with heat pumps, condensing boilers or solar energy systems like solar collectors. The
average wall temperature in operation is about 25 °C and will not have to exceed temperatures above
35°C, even on cold days”.

2.3.2 Modeling: Heat demand of the building

A wall heating system with a water-water heat pump will be used to heat a single free standing family
house located in Berlin, Germany. The wall heating system must be provided with a water stream at
around 40°C.

The heat demand will be quantified by the findings from the ENTRANZE project by Zangheri et
al. (Zangheri et al., 2014). This project is meant to actively support policy making by providing the
required data, analysis and guidelines to achieve a fast and strong penetration of net-Zero Energy
Building (nZEB) and Residential Heating and Cooling (RES-H/C) within the existing national build-
ing stocks. The report provides an overview of the energy needs for heating, cooling and domestic hot
water (DHW) needs for different building types, located in different European climates. A dynamic
tool is used to simulate the energy needs during the year for 4 building types in 10 different climates
in Europe.

The data for a free standing family house located in Berlin, Germany will be used as it most resem-
bles the building in Stiinzel, Germany. This house will have an underground level and two floors over
ground level with a total floor area of 140 m? and a surface to volume ratio of 0.7. The schematic
layout and the remaining data of the house configuration can be found in Appendix A.

The calculated heating demand for residential buildings is based on an indoor temperature of 20°C
during winter and 26°C during summer. Furthermore the minimum air change rate at maximum
occupation rate is set to 0.5 h™!. The results are given in monthly and hourly heating values in
kWh-m~2 and Wh-m~2, respectively. Figure 2.10 and 2.11 give the monthly and hourly energy needs,
respectively.

Shttp://thegreenhome.co.uk/heating-renewables/underfloor-heating/wall-heating-systems-explained/
"http://heating.danfoss.com/PCMPDF/Handbook Wall-Heating VGETA202.pdf
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Figure 2.10: Monthly energy needs for heating, cooling and DHW of a single family house located in
Berlin, Germany (Zangheri et al., 2014).
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Figure 2.11: Hourly energy needs for heating, cooling and DHW of a single family house located in
Berlin, Germany (Zangheri et al., 2014).

2.4 Heat pump

A heat pump is a device that transfers thermal energy from a heat source to a heat sink and upgrades
the energy to a higher temperature level. Interestingly, the heat pump moves the thermal energy
in the opposite direction of spontaneous heat flow direction. In order to accomplish the described
thermal energy transfer, the heat pump needs external power, or work. A heat pump can be used
for both cooling, like with a refrigerator or an air conditioner, or for heating. The main advantages
of heat pumps are that they are highly efficient compared to gas-heating systems and it is possible
to use environmental heat sources, like water, ground or air (Kiss & Infante Ferreira, 2016). High
efficiencies are realized, because the system is able to recover heat from environmental sources and
only a relatively small amount of work needs to be added, which is also shown in the heat balance
from Fig. (2.12).
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Figure 2.12: Example of an overall energy balance of a heat pump system (Badiali & Colombo, 2011).

Equation (2.27) gives of the amount of energy that air and water contain at certain reference condi-
tions. In this case the reference is the dead state which is at 0 K. As can be seen, the thermal energy
of water is more than 4 times as large. Therefore, more heat can be recovered from a water source
compared to an air source. Heat pumps are also applicable in very low temperatures. For instance,
air at - 20°C only loses (298.15-253.15)/298.15 = 15% of the energy that it contains at +25°C.

/i:cp/dT — i =cpAT
kJ

kJ
pwater = 4.18—— - (298.15K — 0K) ~ 1.250—, .
ivat Bk (29815K — 0K) 501 (2.27)
kJ kJ
'air:1~ — - (298.15K — OK) =~ —
i 006 1c * (208151 — OK) ~ 300,

2.4.1 Vapor compression cycle

This research investigates what the efficiency of the Biomeiler heating system will be when it is com-
bined with a heat pump. The heat source will be the water flow coming from the Biomeiler. The heat
sink outlet will be the water flow in the copper pipes going to the wall heating system, preferably
reaching temperatures around 40°C. The sink outlet water flows in pipes through the building walls
where it releases the thermal energy for space heating.

To increase the inlet temperature of the wall heating system, a mechanically driven water-to-water
heat pump will be used. Heat pumps for domestic heating commonly operate on the vapor com-
pression cycle (Baster & Counsell, 2011). This type makes use of an evaporating and condensing
working fluid and consists out of an evaporator, a compressor, a condenser and an expansion device.
The boiling point of the working fluid depends on the pressure, where lowering the pressure results
in evaporation at a low temperature. Contrary, elevated pressures result in condensation at high
temperatures. This mechanism makes it possible to transfer thermal energy from a low temperature
heat source to a high temperature heat sink.

The working fluid enters the compressor in gas phase, which is responsible for circulating the fluid
and raising the pressure and the temperature of the vapor. In the condenser, the vapor is cooled by
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a colder sink stream, thus releasing its heat to the sink stream. As the temperature of the vapor
decreases, it starts to condensate turning it to liquid at a high pressure and a moderate temperature.
Thereafter, a throttling device lowers the pressure to pre-compressor levels again during which flash
vaporization may occur. The low pressure, liquid-vapour mixture absorbs heat in the evaporator
from the source stream. The increase in temperature causes the mixture to boil which turns it into a
saturated or superheated vapor. This vapor stream then enters the compressor again and the cycle
repeats itself. The only mechanical part is the compressor which is also the only component that uses
work in the form of electrical energy. This whole cycle is schematically shown in Fig. (2.13).

Low pressure E High pressure
Saturated/
subcooled T supe:heated
vapor H apo
E

Liquid/vapor Saturated/

mixture be-CDO‘E'd
iquid
Expansion
device

Figure 2.13: Vapor compression cycle (Badiali & Colombo, 2011).

It is most common to describe the efficiency of a heat pump with the term coefficient of performance
(COP). It describes the ratio of heat delivered to the work input. The compressor efficiency has
a great impact on the COP, but also the design of the evaporator and the condenser contribute to
the COP. Large heat exchange areas make it possible to operate with lower temperature differences
between the source or sink and the working fluid, making the system more efficient. Also, lower
pressure differences will result in less work input, thus positively influencing the COP of the system.

2.4.1.1 Ideal cycle

In the ideal cycle there are no losses in the vapor compression cycle. Equation (2.28) gives the COP for
a Carnot vapor compression cycle used for a heating application. In the ideal adiabatic and reversible
case, there are no entropy changes over the compressor and the throttling device, making so = s; and
S3 = 84, respectively. Therefore, the COPcamot is the maximum theoretically achievable COP and
is only affected by the condensing and evaporation temperature, which are in this case Ty and T¢,
respectively.

Qout _ Qout _ TH(S2 - 33) _ Tx
Weomp  Qout — Qin Tu(s2 —83) —=Tc(s1 —s4)  Tu —Tc

COPrarnot = (2.28)

In Eq. (2.28) it was assumed that the source temperature (T¢) and sink temperature (Ty) are
constant, implying the source and sink to have an infinite size. In reality, the source and sink are

28



process streams of some kind which, due to heat removal and addition, change in temperature. In
order for this heat exchange to take place, there must also be a temperature difference between the
streams. Therefore, the COP¢amot must be based on the externally imposed temperatures on the
cycle. These values are the thermodynamic averaged heat source and sink temperatures, as shown
in Eq. (2.29). The entropy production in the evaporator and condenser remain constant when using
these temperatures instead of the gliding temperatures.

COPcarnot = 77—‘71{7,
Ty — To
TC _ Qin _ Tsource,out - Tsource,in
TMsourceCp,sourcelll (%ﬁ:ﬁ‘:) In (%ﬁ’:ﬁ;ﬁ“) (2.29)
TH _ Qout _ Tsink,out - Tsink,in
okl (75 In (s

2.4.1.2 Real cycle

In reality there will be losses which are irreversible and need to be accounted for. The compressor
losses are most significant. At the inlet of the compressor further superheating takes place due to
heat flow from outside with values ranging from 4 to 20 K superheating. Also, pressure losses due to
internal friction in suction and discharge valves play a role with values ranging between 0.2 - 1.0 bar
and heat release due to friction of the piston along the walls.

A condenser experiences a slight pressure loss during the cooling process to saturation temperature
due to the temperature dependent density of the working fluid. A pressure loss can also occur during
condensation when the working fluid experiences a temperature glide. This is mostly relevant for
mixtures.

The expansion process is also an irreversible process, but this does not originate from heat losses.
This process is isenthalpic, so no work or heat will be exchanged with the environment. All energy
losses are due to friction and by partial evaporation of the liquid. Therefore, entropy will increase
during the expansion process.

Finally, the evaporation process which takes place in the evaporator. As the vapor fraction of the
vapor-liquid mixture starts to increase in the evaporator, so does the volumetric flow rate. This in-
crease in velocity results in an increase in pressure drop. This can be resolved by increasing the flow
passage area, but such modifications can be costly and not applicable for every type of evaporator. On
the contrary, a flow increase also increases the heat exchange which is advantageous in an evaporator.
In the ideal case, the flow leaves the evaporator as a saturated vapor, but with the risk that small
amounts of liquid enter the compressor. This could do real damage to the compressor. Therefore, the
vapor flow must be slightly superheated to avoid this problem.

When all these losses are taken into account, the COP drops significantly and will always be lower
than the COPcarnot, as shown in Eq. (2.30).
Qu _lp—13 Tu

COPrea) = = - — <= = 2.30
eal Wcomp 19 —11 Ty —T1c ( )
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2.4.2 Heat pump design

The design of a heat pump is crucial to make sure that the system is capable of functioning with the
given conditions and in order to get the highest efficiency possible. All four components of the vapor
compression cycle need to be carefully designed and sized for their application, as well as choosing
the right type of working fluid. These factors depend on the given conditions and heat loads applied
to the system.

2.4.2.1 Working fluid

The working fluid is the component that circulates through the vapor compression cycle. It is pre-
ferred, from a thermodynamic point of view, that these fluids have a high specific heat capacity, high
thermal conductivity, high phase transition enthalpy and that they work in a wide temperature range
with a suitable relationship between pressure and temperature.

2015
Average GWP = 2000*

2022
Average GWP = 000"
2030
Average GWP =400°

2016-17 2018-20 2021-23 2024-26 202729

F-gas phase-down & average GWP

* source: Eurcpean Commission

Figure 2.14: F-Gas regulations.

Working fluids are chemical substances, which can be highly flammable, toxic or bad for the environ-
ment. Therefore, several agreements have been made globally to reduce the environmental impact of
these refrigerants. For this reason, common fluids used for the vapor compression cycle like chloroflu-
orcarbons (CFCs) such as R11, R12, R114, R500 and R502 have already been banned due to their
high ozone depletion potential (ODP) and global warming potential (GWP). The European F-Gas
regulations® limit the maximum allowable GWP a refrigerant can have, as shown in Fig. 2.14. The
regulation state that by 2025 small domestic systems are not allowed to use refrigerants with a GWP
higher than 750. So, even the replacement HCFC like R22, which functions as an alternative for
CFCs, is also phased out for industrialized countries by 2020. HFCs, like R134a, R152a, R32 and
R125 appeared to be good follow-ups and some are quite similar to the properties of CFCs. R134a, for
instance, is comparable to R12 and R152a sees its application in small domestic heat pump systems.
R32 and R125 which are mainly combined with other components in ternary mixtures or R407C and
R410A can all replace R502 and R22. An advantage of combining several working fluids in a mixture
is that they can be custom-fit to a specific application. Zeotropic mixtures, for instance, evaporate
and condensate over a certain temperature range, called a temperature glide, which can improve the
performance of the heat pump. However, these working fluids are also banned in the European Union

Shttps://www.refcom.org.uk/news/refrigerant-phasedown-implications-and-considerations/
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from 2022 onward and will not be suitable to use. This shows that working fluids need to meet high
standards regarding safety and environmental impact, before it is allowed to use (Badiali & Colombo,
2011).

There are also natural alternatives, like water (R718), ammonia (R717), carbon dioxide (R744) and
hydrocarbons, such as propane (R290), butane (R600) and propylene (R1270). Water is good for high
temperatures, but has got a relatively low capacity. Ammonia is very efficient as a natural working
fluid due to a high heat exchange coefficient and critical temperature, but is also highly toxic and
flammable. The hydrocarbons are obviously highly flammable, but they have good thermodynamic
properties and material compatibility, making them popular for residential heat pumps. Carbon diox-
ide is non-toxic and non-flammable and compatible with the materials of the system. However, at
certain temperatures it is not suitable for the standard vapor compression cycle. The main advantage
of these fluids is that they are natural components and therefore have a very low GWP.

Figure 2.15 gives several working fluids which are used for heat pumps®. Both isobutane (R-600a)
and butane (R-600) are well within the operating range of the presented heating system and have
very low GWP. Nawaz (Nawaz et al., 2017) compared the natural refrigerants propane (R-290) and
isobutane (R600a) with R134a. He found that both refrigerants could provide a comparable system
performance. However, when using isobutane an increased compressor size would be needed to obtain
a similar heating capacity. Therefore, propane could be a good replacement for R134a.
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Figure 2.15: Properties of several refrigerants for heat pumps uses in industry.

2.4.2.2 Compressor

The compressor is responsible for raising the pressure of the working fluid by compressing the saturated
or superheated vapor. There are two main types of compressors, namely volumetric and dynamic
compressors. Examples of volumetric compressors are the reciprocating compressor with a piston
or diaphragm or different types of rotary compressors. The dynamic compressors can be axial or
centrifugal. A reciprocating compressor increases the pressure of the flow by decreasing the volume
of the vapour. It consists of a piston, a crankshaft, a cylinder and discharge and suction valves.
The volumetric efficiency of this type depends on the pressure ratio, pressure losses in suction and
discharge, working fluid types and piston clearances (Badiali & Colombo, 2011). This type often

%http://industrialheatpumps.nl/en/how_it_works/refrigerants/
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has an isentropic efficiency between 0.75 - 0.90 (Campbell, 1992). However, these high isentropic
efficiencies are only reached with industrial sized compressors and will not be met by small domestic
COmMpressors.

2.4.2.3 Heat exchangers: Condenser and Evaporator

For air-source heat pumps, air cooled finned tube heat exchangers are most common. These are
cheapest for temperatures above 50°C and easy to design. Furthermore, they are more environmental
friendly than water cooling, but have a low heat transfer coefficient, making large equipment neces-
sary. (Towler & Sinnott, 2008). When water is used as a source, shell-and-tube, spiral and plate heat
exchangers are far more common to use.

Shell-and-tube heat exchangers are very common in practice and have a wide operating range. They
consist of a tube bundle which is mounted inside a cylindrical shell. The tube bundle can have one
or several passages through the shell. The fluids can be one or two phases and may flow in a parallel,
cross or counter flow configuration (Brogan, 2011).

Plate heat exchangers are much more compact and much cheaper than shell-and-tube heat exchangers.
There are two main types, namely gasketed and welded plate heat exchangers. A gasketed plate heat
exchanger (GPHEX) consist of a series of corrugated metal plates, mostly made of stainless steel or
titanium, located parallel to each other and sealed around the edges by thin gasket seals. These mate-
rials are chosen, because of their strength, high temperature resistance and corrosion resistance. The
build-up make the exchangers easy to clean and highly modular which is very appreciated, because
they are exposed to fouling. The hot and cold fluids flow through the holes in the corners and also
alternate between consecutive plates, resulting in a large heat transfer area. The spacing between
the plate determines the heat transfer coefficients and pressure drop. Compared to shell-and-tube
heat exchangers, gasketed plate exchangers usually have a lower pressure drop, are easier to maintain,
experience less fouling and exhibit a flow which is closer to true counter-current flow, thus resulting in
a higher temperature correction factor. Also, the counter current flow makes a smaller temperature
difference possible, even as low as 1 K. However, the plates are not able to resist pressures over 30
bar and the operating temperature is limited to about 250° due to available gasket materials (Towler
& Sinnott, 2008). Welded plate heat exchangers (WPHEX) can withstand much higher pressures
and temperatures, up to 200 bar and 900°C, respectively. This is because the plates are welded and
not sealed with relatively weak gaskets. It combines the advantages of shell-and-tube exchangers and
plate exchangers, having a high temperature and pressure resistance and having a high heat transfer
efficiency (Zhicheng et al., 2017). Semi-welded units, for instance, can support the low pressure water
flows in the gasket sealed tunnels and high pressure flows in the welded tunnels. Furthermore, these
devices can also be used as evaporators or condensers and require little to no maintenance'®. Brazed
plate heat exchangers (BPHEX) are highly efficient and extremely compact. These exchangers do not
need gaskets or supporting equipment, therefore, 95% of the material will be used for heat transfer.
Moreover, the highly turbulent flows causes the heat exchanger to be self-cleaning!! and they are
commonly used for domestic heat pumps as evaporators or condensers.

Spiral heat exchangers consist of two long metal plates which are wound around a core with spacers
between them. The maximum operating temperature is approximately 400°C and 20 bar. The two
fluids pass in a counter current flow through the channel. The concentric shape and spacers make
the flow turbulent already at low Reynolds numbers. These two reasons make the heat transfer

Yhttps://www.alfalaval.us/microsites/gasketed-plate-heat-exchangers/types/semi-welded/
"https://www.swep.net/technology/brazed-plate-heat-exchangers/
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between the walls very efficient, resulting in smaller heat exchanger areas, making the exchanger also
compact like the plate heat exchanger. Moreover, the turbulent flow, makes the component less prone
to fouling, thus reducing maintenance costs and making them suitable for dirty process fluids and
slurries. These exchangers can be preferred over plate heat exchanger when comparing the fouling
and pressure drop aspects (Towler & Sinnott, 2008; Badiali & Colombo, 2011).

2.4.2.4 Throttling device

This device is responsible for reducing the pressure of the system. The sudden pressure drop also
causes a significant drop in the temperature of the working fluid. There are several types of throttling
devices used for the vapor compression cycle. A capillary tube expansion valve is a long tube with
a narrow diameter. The pressure is lowered to the evaporation pressure by throttling of the fluid
in the narrow tube. Due to the static nature of this device and thus no adjustment capabilities, it
can only be used for small systems. A manually controlled expansion valve makes it possible to set
the target pressure. However, adjustment to the thermal load of the system is not possible, making
it more suitable for component protection. A thermostatic expansion valve can control the working
fluid flow entering the evaporator. This makes it possible to control the superheating of the fluid at
the evaporator outlet. A temperature sensing bulb regulates the valve depending on the evaporator
temperature. If the temperature in the evaporator decreases so does the pressure in the bulb which
in turn causes the valve to open. Lastly, an electronically controlled valve is a possibility to use. This
device is more high-tech and controls the flow of the working fluid into the evaporator. This signal
is electronically sent by a controller and depends on signals from a temperature and pressure sensor
located in the evaporator outlet. The valve, driven by a step motor, regulates the pressure. This
device is suitable for a wide range of applications with no limit on condensation pressure (Badiali &
Colombo, 2011).

2.4.3 Summary: Heat pump

The literature study showed that the heat pump will make use of the vapor compression cycle. This
cycle consists of a compressor, a condenser, a throttling device and an evaporator. Welded plate
heat exchangers (WPHEX) will be used for the evaporator and condenser. These types are superior
with regards to operating pressure and temperature compared to gasketed plate heat exchangers.
Furthermore, they are widely available and thus most economical for this kind of application and
require little maintenance. The heat pump model will be used to decide which working fluid will be
used for the application. Here, pressure range, and second law efficiency will play a significant role in
the decision. Literature suggests that propane would be a good alternative to R134a.

2.4.4 Modeling: Heat pump

The water-to-water heat pump will make use of the vapor compression cycle and will be modeled
according to Kiss and Infante Ferreira (Kiss & Infante Ferreira, 2016). The source of the evaporator
will be the water flow with varying temperature coming from the Biomeiler. The source outlet flow
must be around a certain temperature to maintain microbial activity in the Biomeiler. The sink
flow will be the water flow used for the wall heating system which must ideally be 40°C. The fluid
properties are taken from Refprop.

2.4.4.1 Compressor

A single cylinder reciprocating compressor will be used for the model. The following assumptions are
made:
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e Saturated vapor at compressor inlet.
e Pressure ratio depends on evaporator and condenser pressures.
e Isentropic efficiency of 0.75

e Volumetric efficiency of 0.80

2.4.4.2 Condenser

A brazed plate heat exchanger will be used for modeling the condenser. The following assumptions
are made:

e No pressure drop over the condenser.
e Constant temperature over condenser.
e Saturated liquid leaves the condenser.

e Pressure ratio depends on evaporator and condenser pressures.

2.4.4.3 Expansion valve

A thermostatic expansion valve will be used as the throttling device. The following assumptions are
made:

e No work recovery from throttling device.
e Pressure ratio is equal to the compressor pressure ratio.

e Isenthalpic expansion over the throttling device.

2.4.4.4 Evaporator

A brazed plate heat exchanger will be used for modeling the evaporator. The following assumptions
are made:

e Constant temperature over the evaporator.
e No pressure drop over the evaporator.
e Saturated vapour leaves the evaporator.

e Evaporator pressure depends on the evaporation temperature of the working fluid at saturation
conditions.
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Chapter 3

Modeling of the total heating system

In this chapter the Matlab model will be clarified. The model is based on the knowledge gained
from the literature study of chapter 2. The whole model consist of 6 parts which all have effect on
each other. The most important factor used in the model is the core temperature of the pile. This
temperature is calculated per hour and depends on the thermal balance of the pile. The mass of the
compost pile functions as the heat storage with a varying temperature. Heat is internally generated
by microbial activity, causing the pile temperature to increase. However, this temperature increase is
limited by convective and latent heat losses as well as the heat load caused by the water flow. The
heat load only extracts heat from the pile when the heating system is in operation thus when there is
a heat demand from the building.

This chapter is separated into several sections. First, the model layout will be clarified. Then, the
model for the ambient conditions is given. This model will simulate the varying ambient conditions.
These conditions greatly influence the heat losses from the pile. Thirdly, the Biomeiler model will
be described including the thermal balance with the pile heat capacity and all the heat transfer
mechanisms involved. Thereafter, the heat pump model is described. This model uses the heat load
as an input. Finally, the monthly varying heat demand from the building is modeled.

3.1 Model layout

Figure 3.1 gives a schematic overview of the heating system. The model consists of a Biomeiler, a
heat pump, a plate heat exchanger and a wall heating system. The Biomeiler is modeled as a vertical
cylinder with an uniform temperature (Tpie) porous core with a substrate layer acting as insulation.
Heat is lost through forced convection (Qconv) caused by ambient wind (vayp) flowing around the
shell and by evaporation of water inside the pile (Qlat) caused by humidity differences. The rate
at which the water leaves the pile is determined by the velocity of natural convection through the
porous medium in the pile (vyat). The conductive heat loss through the shell is ignored due to its
time dependent nature. However, the shell conductivity does determine the outer shell temperature
(Tyhen) and thus the convective heat loss. The heat losses are influenced by the ambient conditions,
like wind speed, ambient temperature (Tpmp), pressure (Pamp) and relative humidity (¢). The heat
load (Qload) is determined by the amount of heat that the water flow conducts from the pile core.
The overall heat transfer coefficient from pile to the water flow is determined by both the latent and
the sensible heat transfer mechanisms, as explained in previous sections.

The pipe of a certain length in which the Biomeiler outlet stream (5) flows is modeled as a storage
tank (Tank 1) with instant mixing and no heat loss to the environment, according to Eq. (3.1).
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This stream can go to a plate heat exchanger which is directly connected to the wall heating system
or it can go into the evaporator of the heat pump. When the temperature of Tank 1 is greater than
a certain threshold temperature, it will flow directly into the plate heat exchanger (PHEX). This
threshold temperature is calculated using Eq. (3.2). So, if stream 5 has a higher temperature than
the threshiold temperature, then the stream will be hot enough to heat up stream 13 to 40°C which
is enough for the wall heating system to heat up the building to a comfortable level with a reasonable
response time. The PHEX uses a pinch temperature (d7pinch,phex) of 4°C to guarantee sufficient heat
transfer. The plate heat exchanger load (Qphex) is determined by the heat demand (Qdemand) from the
building. If the temperature of stream 6 is lower, then the stream the will flow into the evaporator.

T14 _ T13 - Qdemand
My whs * Cp,w (3 2)

demand
Tinres = (T14 + dTpinch,phex) + M
My bio * Cp,w

The evaporator load (Qevap) depends on the heat demand (Qdemand) from the building and the COP
of the heat pump cycle, according to Eq. (3.3).

1

COP) (8:3)

Qevap Qcond (

The heat demand is determined by the location, the building type and an indoor temperature of 20°C
and 26°C in winter and summer, respectively. The evaporator load or the PHEX load determine the
temperature of the Biomeiler inlet stream (8). This pipe (Tank 2) is, like Tank 1, also modeled as an
instant mixing storage tank.
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Figure 3.1: Schematic overview of the heating system model

Streams 1, 2, 3 and 4 are part of the vapor compression cycle. This is a closed loop in which the
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working fluid of the heat pump flows. Stream 1 and 4 are on the low pressure side while stream 2
and 4 are on the high pressure side. The heat pump is controlled in such a way that the heat sink
outlet flow (13) is 40°C. The sink inlet flow (14) is determined by the heat demand. The compressor
is responsible for raising the pressure and circulating the working fluid and is the only component
of the vapor compression cycle that needs external power (Weomp). However, circulating pumps are
needed for the source and sink streams. These pumps also need external power.

The model uses several set points. These determine when heat is demanded by the wall heating
system, when the Biomeiler water pump is operating and when the heat pump is operating. The
different set points are shown in Table 3.1.

Table 3.1: Set points for the heating system.

Range Set point T3 Wall heating
if Qdemand > 0 && Tamp + 20°C < Thje Heating on - -
else Heating off Tomb Qload =0
TTank 1> Tthres Heat Pump off 40°C Qload = Qdemand
34°C < TTankl < Tthres Heat Pump off < 40°C CQload = Qdemand
5°C < Trank 1 < 34°C Heat Pump on 40°C Qcond = Qdemand
Tg < 10°C Heat Pump on  40°C  Qcond < Qdemand

3.2 Ambient conditions

This section describes the ambient conditions. The ambient temperature, relative humidity, air pres-
sure and wind speed are the most important conditions for the model. The values are monthly
averages for Berlin, Germany and are based on weather reports collected during 1985 - 2015'. The
values are given in Table 3.2. An interpolation process is used to calculate the corresponding values
for each 1 hour time step. This makes the monthly transition smoother. The simulation starts in
October, because the mean temperature during that month is favourable for the microbes. This will
result in a start-up time of around 3 to 5 days.

Table 3.2: Monthly average environmental conditions for Berlin, Germany.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Unit
Max. temp. 3 5 9 14 19 22 24 24 19 14 7 4 °C
Min. temp. -2 -1 1 4 8 11 14 13 10 6 2 -1 °C
Mean temp. 1 2 5 9 14 17 19 18 14 10 5 2 °C

Air Pressure 1018 1017 1016 1014 1016 1015 1015 1015 1016 1017 1016 1017 mbar
Relative humidity 87 84 78 70 69 69 69 70 78 8 89 89 %
Air velocity 4 4 4 4 3 3 3 3 3 3 4 4  ms!

"https://www.timeanddate.com/weather/germany/berlin/climate
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3.3 Biomeiler model

This section describes the Biomeiler model. The spatial configuration of the Biomeiler and the sub-
strate composition can be found in Table 3.3. The conductive resistance of the pile is calculated using
Eq. (3.4).

Table 3.3: Configuration of the Biomeiler.

Parameter Value Unit
Diameter Dyite 7 m
Height Hpile 3.5 m
Volume Voile 134.7 m?>
Surface area of sides Apite 77 m?
Pile conductivity Kpile 0.35 W-(mK)™!
Insulation layer Lpite 1 m

Conductive resistance of pile  Rcond,pile  0.0437 W-(K)~!

ln Tpile

T ile_I ile
Rcond Jo = ' plle "prle (34)
7p1 €
2WI_Ipilekpile

3.4 Thermal balance

This section presents the thermal balance of the Biomeiler. The heat balance will consist of 5 terms,
as shown in Eq. (3.5). In the following sections each of these terms will be presented.

dT il . . . . .
(Z (Mcp)cmpt> dr;f = = Qgen - Qload - Qconv - Qlatv with cmpt=1,2,...,7 (3~5)

3.4.1 Heat capacity

The left side of Eq. (3.5) is the heat capacity of the pile, which is the sum of the microbial biomass,
biodegradable substrates, inert substrate, moisture content and as shown in Eq. (3.6). The heat
capacity varies in time due to conversion of organic matter into microbial biomass and inert matter.
The specific heat capacity of rapid and inert material and of mesophilic and thermophilic biomass are
the same (Bialobrzewski et al., 2015).

Z (Mep)empt = (Mcp)m + (Mep)t + (Mep)rp + (Mep)sp + (Mep)en + (Mcp)inert + (Mcp)w  (3.6)

The initial total mass of biodegradable organic matter, water and inert matter is determined using
Eq. (3.7). The biodegradable organic matter comprises of two substances, namely rapidly and slowly
biodegradable organic matter. Note, that both substrates consist out of three components, namely wa-
ter, organic matter and inert mater. The constants and results of the equations are found in Table 3.4.
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Srb = (ZR,vo1 VpilePR) * TR,dm * TR,om = SR * TR,dm * TR,om
SSb = (xS,volvpilepS) * IS, dm * TS,om — SS *TS,dm * TS,om

SW = Z (1 - xdm) : Ssub
Sinert = Z (1 - xom) - Sdm

Table 3.4: Substrate composition.

Parameter Value Unit
Substrate Rapid  Slow
Fraction of pile volume Xvol 0.1 0.9 -
Density p 721 330 kgm™3
Dry matter (dm) fraction Xgm  0.152  0.454 -
Organic matter (om) fraction of dm fraction xom  0.768  0.936 -
Specific heat capacity Cp 1.85 1.65 kJkgK™!
Dry organic matter Sdm 1476 18162 kg
Biodegradable organic matter St 1134 17000 kg
Moisture content of substrate Sw 8235 21843 kg
Inert matter of substrate Sinert 342 1162 kg

The total initial moisture of the content of the pile is 60.5 wt% and is calculated using Eq. (3.8).

> Sw
M, o = —2=2W .
c,pil stm T Sw (3 8)

3.4.2 Generated heat

The first term of the right side of Eq. (3.5) is the heat source term, being the metabolic heat genera-
tion due to microbial activity. The structure of the kinetic model will be described in this section.

The temperature dependence of the microbes is modeled using Eq. (3.9) and (3.10) and the values
from Table 3.5.

Table 3.5: Microbial cardinal temperatures.

Parameter Value /[°C]
Mesophilic | Thermophilic
Tmin 4 38
Topt 35 56
T nax 47 72
Ty 21 42
Ty 41 68

Appendix D gives all the kinetic constants that are used in the model. These are the constants,
determined with experimental data, that Bialobrewski (Bialobrzewski et al., 2015) used in his math-
ematical model. The constants are determined for winter and summer conditions. In the model,
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(T - Tmax)(T - Tmin)2
(Topt - Tmin)[(Topt - Tmin)(T - Tmax) - (Topt - Tmax)(Topt + Tmin - 2T)]

fg:

1 12

Jam =1 = Ty T T R ) (3.10)

winter will be from October till March and summer will be from April till September. To make the
transition from one month to the other, an interpolation process is implemented. So, the constants
values are determined for each 1 hour time step during a whole year.

The microbial growth and death rate are shown in Eq. (3.11). Microbes feed and proliferate on the
available easily hydrolysable substrate (Sep). The microbial growth rate is modeled using the Contois
equation which is a function of both the amount of easily hydrolysable substrate and population size
and the temperature factor. The death rate depends on temperature and population size. The pop-
ulation growth rate in turn depends on the difference in growth and death rate, as shown in Eq. (3.12).

dMg pop Sen
—7gpop - Umax _ X
At fe,pop * Mmax,pop K6 Xpop + Sen pop (3 11)
dMy .
% = fd,pop : kd,pop : XPOP
dXpop _ dMgpop  dMa pop (3.12)

dt dt d¢

The mesophilic population (X,) is responsible for the conversion of rapidly biodegradable organic
matter (Sgrp) into easily hydrolysable substrate (Se). The first equation of Eq. (3.13) shows the rate
at which SRy, decreases due to conversion. The rate at which this occurs depends on the total mass
of the mesophilic population and on the amount of Sgy,. The model also takes into account that 99%
the death microbial biomass is incorporated into the amount of Sgy, as shown in the second equation
of Eq. (3.13). Here, the chemical oxygen demand (COD) for solid substrate converted to cellulose
(CsH100s5)y) and to microbial biomass (C5H;O2N) is set to 0.844 and 0.706 kg/kg, respectively. The
values are shown in Table 3.6.

Table 3.6: Chemical oxygen demand.

Parameter Value Unit

CODeenu 0.844 kgcellu kggxly
CODpop 0706 kgpopkesd
CODglue 09375 kggluc 'kggxly

Contrary, the thermophilic population converts the slowly biodegradable organic matter (Ssp,) into
easily hydrolysable substrate. This is modeled using Eq. (3.14). The inert material build-up is mod-
eled using Eq. (3.15). So, the rapidly and slowly biodegradable organic matter are assumed to be
made out of cellulose chains and are converted into glucose by the microbes.
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dSrbm Xm
st () S and

dSrba dMgpop\ CODceny 313
(- (Y ) GO (3.13)
dSrp _ dSRbm N dSRb,d

dt¢ d¢ det
dSsp X
3 = v (KS,t n Xt) Ssb (3.14)
dSl de pop CODcellu
Dt J . 1
a (Z dt CODpop (3.15)

The amount of easily hydrolysable substrate increases due to conversion of Sgy, and Ssp, and decreases
due to microbial biomass growth, as shown in Eq. (3.16). Here, Y. ,op is the coefficient of biomass
to substrate conversion in kgpop-kg;h1 and determines how much substrate is needed for the microbial
population to grow.

(3.16)

dt dt dt B

dSen [ dSrbm | dSsp\ CODjgyc 1 dMypop
- CODcenn }/C7p0p dt

Heat is generated as a result of microbial growth. The amount of generated heat depends on the
microbial growth rate and the metabolic heat generation (Yig pop in kJ -kggolp), as shown in Eq. (3.17).

. dMg Ho
Qgen = Z th,pop Cip = (3.17)

3.4.3 Heat load

This section describes the model of the heat transfer to the pipes. The heat transport phenomena
are explained in section 2.2.1. The geometrical constants used in the model can be found in Table 3.7
and are calculated using Egs. (3.18 - 3.20).

L dL
dL ==, dt=— (3.18)

n Vw
Ty = Puw * Vw * Aicpipe;  With  Aje pipe = T30 5 (3.19)
dmw = Pw dL - Aic,pipe (3.20)
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Table 3.7: Constant values of the water pipe

Parameter Value Unit
Pipe heat conductivity — kpipe  0.38  W-(mK)™?
Pipe length L 200 m
No. of pipes 4 -
Inner diameter Dypipei  0.029 m
Outer diameter Dyipei  0.032 m
Nodes n 50

Time instants T 144 -

Pipe inner cross section  Ajc pipe  660.5 mm?
Element length dL 4 m
Time step dt 25 S

Table 3.8 gives the constant properties of the water in the pipes and of the moist air in the pile at ref-
erence temperatures of 25°C and 45°C, respectively. The conductive and convective heat resistances
are calculated using the pipe properties given in Table. 3.7 and Eqs. (2.13) and (2.16), respectively.

Table 3.8: Constant properties of fluids

Parameter Value Unit
Water pipe
Reference temperature 25 °C
Water pressure 1.5 bar
Water velocity 0.16 m-s ™!
Reynolds 5198 -
Prandtl 6.13 -
Nusselt 44.6 -
Inner convective heat transfer coefficient 933.9 W-(m2K)~!
Water mass flow per pipe (1) 0.1044 kg-s~!
Mass of water element (dMy,) 2.63 kg
Total conductive heat resistance of one pipe 2.06-10~4 W-K~!
Total inner convective heat resistance of one pipe 5.88.107° W-K—!
Total heat transfer coeflicient of one pipe 197 W (m?K)~!
Moist air in pile
Reference temperature 45 °C
Pressure 1.01 bar
Lewis number 1 -
Specific heat coefficient 1064.1 J-(kgK)~!
Mass transfer coeflicient 6.58-107%  kg-(m?s)!

Equation (3.21) describes the temperature of a pipe node (cc) at a certain time instant (rr). The
first term of the right side gives the average temperature of a given pipe element. The average value
is calculated using the same node at a previous time instant and the previous node at the current
time instant. The pre-factor of this term is a constant, because the pipe does not vary in volume and
the water properties are calculated using a constant reference temperature. The water entering the
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first node is the water coming from the source outlet of the heat pump or plate heat exchanger. The
second term is the temperature increase due to the heat flux from the film to the water. This depends
on the overall heat transfer coefficient between film and water, water properties and the temperature
difference between the outer water film and the water in the pipe at a previous time instant.

d(UA) - dt

My - dt 1
dmy - cpw

TVT\Z'CC = dm 5 (Tvcfczl + T\:/T,'cc—l )
w

i (Trr—l o Trrfl) (321)

film,cc w,cc

The overall heat transfer coefficient of an element between the film and the water is evaluated accord-
ing to the method described in section 2.2.1.2 and 2.2.1.3 and by using Eq. (2.17). The magnitude
of dUA is ca. 3.3% higher for water temperature of 40°C compared to 20°C. Therefore, a constant
average value will be used for the computation as it reduces the computing time and the maximum
error within this operating range will be less than 2%.

The film temperature at each time instant is evaluated using an iterative method inside a function. If
the film temperature is equal to the water temperature, then there will be no heat flux from the film
towards the water in the pipe and a maximum heat flux from the air at infinity to the film. When the
film temperature is equal to that of the air at infinity, the exact opposite will be true. The enthalpy
of the saturated moist air at the film is calculated using the moist air laws from Eq. (2.21) with the
temperature as the input. In this equation, the specific heat values and heat of evaporation are not
temperature dependent.

The mass transfer coefficient is calculated using Eq. (2.10). The resulting heat flux errors (Eq.
3.22) from using the temperature at infinity and the water temperature as initial guesses for the film
temperature, provide the initial values for the iteration process using the Secant Method, shown in
Eq. (3.23). This iteration process continues until the heat flux error is within the given tolerance.

Qerr = U(Tﬁlm - Tw) - km (iinf - iﬁlm)

3.22
error = |ger| < tol  with tol = 0.1 W -m™2 (3.22)

Tﬁlm,n—l - Tﬁlm,n—Z
Gerr (Tﬁlm,n—l ) — Gerr (Tﬁlm,n—Q)

Tﬁlm,n = Tﬁlm,n—l - Qerr(Tﬁlm,n—l) ' (323)

The heat load can be calculated when the temperature of the water at the end of the pipe and the
inlet water temperature are known. At each time instant the heat load is calculated and then this
value is averaged over a period of a hour to get the average heat load per pipe during one hour. Now,
this heat load must be multiplied by the number of pipes in the pile, as shown in Eq. (3.24).

Daad = Npipes - mean(rivy - oy - (T ena — T ) (3.24)

The flow from the parallel water pipes inside the Biomeiler are combined outside the Biomeiler.
Instant mixing is assumed for the water pipe outside the Biomeiler. So, the heat flow into the outer
pipe will immediately influence the temperature of the whole pipe. The volume of this pipe depends
on the total length of the pipe to the heat pump. When the heat pump is operating, the temperature
of the water stream will decrease due to the source load of the heat pump, as shown in Eq. (3.25).
The source outlet stream enters the pipe that goes back into the Biomeiler. The heat pump will
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be turned off if the water temperature is high enough for the wall heating system. In that case the
Biomeiler inlet flow will depend on QQgemand, Which is also shown in Table 3.1.

QSOUI‘CB

My Cp,w

(3.25)

Tsource,out = Tsource,in -

3.4.4 Heat loss

The third term of Eq. (3.5) is the convective heat loss. To calculate this, the outer shell temperature
must be known, so conductivity also plays a role. The conductive and convective heat flows are in
series, meaning that the magnitude of these two flows will be equal, thus Qcond,pile = Qconv,pile- When
this heat flow is known, the temperature of the shell can be calculated.

3.4.4.1 Conductive heat transfer

The mechanism for the conductive term was briefly explained in section 2.2.3. The pile conductivity
is taken from literature (Waszkielis et al., 2014) and is assumed to be constant throughout the com-
posting process. The outer 1 meter of the pile is assumed to be the insulation layer through which
conduction occurs. The heat resistance is calculated using Eq. (2.13) with the outer pile radius, core
radius and pile height as inputs.

Table 3.9: Conduction constants of the pile.

Parameter Value Unit
pile conductivity Epite 0.35 W-(mK)™!
Insulation layer Iie 1 m
Outer pile radius Tpile 3.5 m
Pile core radius T'core 2.5 m

Pile height Hyie 3.5 m

Conductive heat resistance Rcongpile 0.0612 K-w-!

The heat flow due to conduction is calculated using Eq. (3.26). The driving force, is the temperature
difference between the core temperature and the outer shell temperature.

. Toite — Tshen
Qcond,pile =2 (326)
Rcond,pile

3.4.4.2 Convective heat transfer

This heat loss is modeled as the forced convective heat transfer around a cylinder according to
Mills (Mills, 1999). For this, the Reynolds number is calculated using Eq. (3.28). The air prop-
erties are taken at the average temperature between the pile core and ambient air, according to Eq.
(3.27). In reality, the film temperature should be the average temperature between the shell and the
ambient air. However, the shell temperature can only be calculated when the heat loss is known.
Therefore, an iteration process must be used, but this takes up computing time.
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= Tamb + Tpile

Toge = =0 (3.27)
Reai = Dpilevairpair (328)
Hair

The Nusselt number gives the relation between the convective and conductive heat transfer. The
average Nusselt number depends on the Prandtl number and the magnitude of the Reynolds number.
Reynolds number for air velocities varying between 1-10 m-s~! will be within the Reynolds range for
which the Nusselt relation can be used.

1 1
0.62Re? Pr? 8
Cair ) )% for 4e¢® < Reair < 5¢% and Pr > 0.5 (3.29)

Ntg = 0.3 4 ———2— 8L . (] 4 <
L (A)

Reair
282,000

With this relation the heat transfer coefficient can be calculated using the diameter as the character-
istic length of the pile.

Nuairkair
Roir = ————— 3.30
air Dpile ( )

Now, the convective heat resistance is calculated using the surface area of the circular side of the pile,
as shown in Eq. (3.31). Equation (3.32) gives the convective heat transfer.

1

—_— 3.31
hairAsides,pile ( )

Rconv,pile =

(Tshell - Tamb)
Rconv,pile

Qconv = (3.32)

However, the temperature of the shell is not known, therefore the electrical analogy is used to find
the heat flow. For this, the total heat resistance is the summation of the conductive and convective
heat resistances. The resistances are in series, therefore the conductive and convective heat flow will
be equal. The heat flow is calculated using Eq. (3.33).

. Tpite — Tamb : _ _
Qconv =P 20— UA- (Tpﬂe - Tamb) with UA = (Rtot,pile) l= (Rcond,pile + Rconv,pile) !

Rtot,pile
(3.33)

3.4.5 Latent heat transfer

The fourth term on the right side of Eq. (3.5) is the latent heat transfer, which uses the difference
between the humidity of the ambient air and the saturated moist air in the pile as the heat driving
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force. The magnitude depends on the mass flow of natural convection (Gpat) in the pile. The heat of
vaporization is temperature dependent and is modeled using Re fprop.

Cx?lat = Gnat . hfg,w : (xsat,pile - ¢ : xsat,amb) (334)

Ghat = Vnat - Atop * €% Pair (335)

The velocity of natural convection is calculated using Eq. (3.36), which is the general Ergun equa-
tion (Szanto et al., 2007). It is clear from this equation that the driving force for this velocity is the
difference between the pile and ambient air temperature. The air properties are taken at the average
temperature between the pile core and ambient air. The humidity ratio of the moist air is calculated
using the pile core temperature.

Kk gp
=—. AT 3.36
Vnat H Tref ( )

The air permeability of the compost (k) is mainly affected by the particle size of the substrates
used and the characteristics of the porosity of the pile. The porosity can determined by the average
density of the substrates and the average bulk density of the pile. For this study, this value is assumed
constants during the composting process and the value is taken from literature (Szanto et al., 2007).
Sufficient airflow is needed through the pile for maintaining aerobic conditions. However, Eq. (3.37)
is not used in the model due to several unknown variables, like the correction factor (K), particle size
(dp) and Reynolds number (Re). Therefore, a permeability, x = 1-107%, is used. The magnitude of
the used air permeability is comparable to the values from literature (Ahn et al., 2008).

Ed% . 1 e—1— Psub
K(l — 6) 150(1 — 6) + 1.75Re Ppile

(3.37)

K =

Table 3.10: Constant used for latent heat transfer

Parameter Value  Unit
2

Gravitational constant g  9.81 m-s™
Porosity € 0.4 -

Permeability of compost x 1.1079 m?

3.4.5.1 Pile temperature

The pile temperature at each one hour time instant is obtained by integrating the heat balance (Eq.
3.5) over time with the use of the O D E45-function in Matlab. This function uses variable time steps
to solve for the temperature. Therefore, the heat transfer to the water must be simplified, because
this uses a constant time step. In the OD FE45-function the heat load will be determined only by the
pile temperature and the heat demand. The set points can be found in Table 3.11.

Intermediate data cannot be retrieved from the OD E45-function, therefore all calculations will be
redone in the script with the resulting temperature from the integral function.
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Table 3.11: Set points for OD E-solver.

Range Set point  Qdemand

) Qdemand > 0; Tamp+20°C < Tpile; Heating on Qioad
Qdemand > 05 Tamp+10°C < Thife < Tamp+20°C; t > 240 b Heating on 0.5 kW
Qdemand > 05 Thile < Tampb+10°C; t > 240 h Heating off 0.0 kW

3.5 Heat pump model

The condenser and evaporator temperature are determined using a pinch method. Meaning, that the
temperature difference between the working fluid and sink or source stream always has a minimal
offset, as shown in Eq. (3.38). This model makes use of the assumptions made in 2.4.4. The sink
outlet temperature is set to 40°C, which is sufficient for a wall heating systems.

Table 3.12: Constant values for heat pump model.

Parameter Value Unit

Pinch temperature of evaporator dT} cvap 4 K
Pinch temperature of condenser  dT}, cond 4 K
Min. source inlet temperature THP, max 5 °C
Max. source outlet temperature  Typ min 34 °C
Sink out temperature Tink,out 40 °C
Max. iteration error tol 0.05 K

Max. iterations itmax 5 -

Isentropic compressor efficiency TNcompis 0.75 -
Volumetric compressor efficiency  fcompvol ~ 0.65 -

Tevap = Tsource,out - dTp,evap

(3.38)
Tcond = Tsink,out + dTp,cond

The inlet temperature of the compressor (77) is equal to the evaporator temperature. This tempera-
ture is not known, because the source outlet stream is not known. Therefore, an assumption is made.

Now, the pressure (p;), enthalpy (i1) and entropy (s1) at stage 1 can be found using Refprop with
the temperature (77) and vapor quality (Qvap=1) as the input.

The condensing temperature is calculated using Eq. (3.38) and makes use of the value for the sink
outlet temperature. The condensing pressure (pais) is calculated using Re fprop with the condensing
temperature (Ttong) and vapor quality (Qvap = 1). For an isentropic compression, the entropy (s2is)
is equal to the entropy at stage 1. The temperature (Tjs) is calculated using Refprop with the
pressure (p2js) and entropy (sgs) as inputs. The enthalpy (i2s) is calculated using Re fprop with the
condensing pressure (pzs) and entropy (s2is) as inputs.

The real enthalpy at the condenser inlet (i3) can be calculated using Eq. (3.39) and the pressure (p2)

is equal to the condenser pressure. These values are used in Refprop to calculate the temperature
(T3) and entropy (s2).
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195 — 91

ig =iy + (3.39)

Tlcomp,is

At stage 3, being the condenser outlet, the temperature (73) is equal to the condensing temperature
and there is no pressure loss, so p3s = pa. A saturated liquid is assumed, so the enthalpy (i3) and
entropy (s3) are calculated using Re fprop with the temperature and quality for saturated liquid (Qvap
=0) as an input.

At stage 4, evaporator inlet, the pressure (ps) and temperature (7) are equal to the values at stage
1 and due to the isenthalpic nature of the expansion valve, the enthalpy (i4) is equal to the enthalpy
at stage 3. Now, the entropy (s4) can be calculated using Re fprop with the enthalpy and pressure as
inputs.

The condenser load is equal to the heat demand from the building and so the inlet temperature of
the sink is calculated using Eq. (3.42).

Qcond

Mgink * Cp,sink

(3.40)

Tsink,in = 4sink,out —

The evaporator is calculated using Eq. (3.41). The difference between these two loads is the amount
of the compressor work that is added to the system, according to Eq. (3.44).

Qevap mwf . (hl - h4) . hl — h4 .

: = - — vap — 77— * eon 3.41

Qcond Myt - (h2 - h3) 2 P ho — hsg Qcond ( )
Tsource,out = Tsource,in - Qevap (3.42)

Msource * Cp,source

Now, the source outlet temperature is calculated. This value is compared to the assumed value. If
the error is too large, then the new value will be used to re-calculate the heat pump loop until the
error is smaller than the given tolerance, according to Eq. (3.43).

error = abs(Ttvap,ass — Levap) (3.43)

Equation (3.45) gives the calculation for the mass flow of the working fluid. Subsequently, the volu-
metric displacement can be calculated according to Eq. (3.46). This is useful in estimating what size
the reciprocating compressor chamber needs to be.

W comp — Q cond Q evap (344)
. Qcond

3.45

Mgt = — ( )
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Vdisp =

mwf * 1

Tlcomp,vol

(3.46)

The heat pump model calculates the COP value for a source inlet temperature in the range of 5 - 34
°C with 1°C step sizes together with the monthly varying heat demand. So, a COP-matrix of 30 x

12 is created.

3.6 Heat demand

In this section the heat demand will be presented and is based on findings from section 2.3.2. The
values can be found in Table 3.13. The building will have a floor area of 140 m?. The model interpo-
lates between the power values and gives an outcome depending on the time instant.

Table 3.13: Monthly average heat demand of free standing family house located in Berlin, Germany

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Unit

Heating 33.4 30.0 21.2 9.5 3.2 00 00 0.0 2.2 114 249 329 kWhm™?
Hours 744 696 744 720 744 720 744 744 720 744 720 744 h
Power 6.3 6.0 399 185 0.6 0 0 0 043 215 4.84 6.19 kW

The mass flow is needed to calculate the outgoing stream. The used values for the wall heating system

can be found in Table 3.14.

Table 3.14: Constant values for heat demand model

Parameter Value  Unit

Floor area 140 m?

Sink outlet temperature 40 °C

Water pressure 1.5 bar

Inner pipe diameter of wall heating system 0.015 m
Flow velocity 0.64 m-s!
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Chapter 4
Analysis

This chapter presents the analysis of the mathematical model. First, the model will be validated using
experimental data from literature. Thereafter, the results of the simulation are given. These results
will show whether the system can handle the heat demand and if the heat pump is beneficial for the
heating system.

4.1 Validation of the model

In this section the model will be validated using experimental data from literature. There are many ar-
ticles written about composting and heat pumps. However, there is a lack of data regarding Biomeilers.
Furthermore, the composting process is a complex process concerning interaction between biochemi-
cal and thermodynamic mechanisms together with many variables. Therefore, the constants used in
mathematical models are adapted to make the results match the experimental data, making it difficult
to compare different sets of experimental data with one type of model. Ultimately, it is important
to check whether the mass and heat balances are correct and that the overall physical process makes
sense.

4.1.1 Heat transfer to water pipes

Experimental data for heat transfer from compost to water pipes is very limited. Zampieri (Zampieri,
2018) took three data points of both the water temperature at the inlet and at the outlet of a Biomeiler.
The convective heat transfer of the moist air inside the Biomeiler is the parameter that is varied, as
this influences the mass transfer according to the presented model. Here, the pile temperature was
assumed to be 63°C during the measurements. Furthermore, the water coming from a 0.5 m? storage
tank was initially at 40°C. The rest of the input data can be found in Appendix B.1.

Figure 4.1 gives the plot of the simulation results with the numerical values shown in table 4.1. After
multiple simulations, a convective heat transfer coefficient of 0.7 W-(m?K)~! gives the best result
with a negligible error. This is a low value, but not totally unexpected. It is assumed that there is no
ambient air flow going through the pile, but only the velocity of the moist air upwards due to natural
convection. This velocity is very low as can be read in section 3.4.5.
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Table 4.1: Data from literature and results from the model.

Literature Model ‘ Literature Model

Time [min] Tin [°C] Tout [°C]
10 44 43.99 63 62.85
20 47 46.62 99 54.91
30 48 48.01 99 55.21

Water temperature
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Figure 4.1: Heat transfer from compost to water pipes.

4.1.2 Kinetic model

It is difficult to validate the kinetic model due to the many variables. Furthermore, no literature
is found about actual experiments and measurements done on compost heaters (Biomeilers). So,
validation is done by comparing the physical mechanisms. The model constants are taken from Bialo-
brzewski (Bialobrzewski et al., 2015). Figure 2.7 and 4.2 shows the results of the simulated pile
temperature and microbial mass and over time from Bialobrzewski, respectively. Figure 4.3 gives the

changing substrate mass densities.
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Figure 4.2: Microbial population results (Bialobrzewski et al., 2015).
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Figure 4.3: Substrate density results of Bialobrzewski (Bialobrzewski et al., 2015).

Figure 4.4 shows the pile temperature and the microbial population mass over time of the presented
model. The mesophilic and thermophilic growth phases are clearly seen in the plot. The mesophilic
population increases and reaches a maximum population after about 1.5 days after which the tem-
perature of the pile reaches 47°C, which is the maximum temperature for the mesophiles to grow. As
the mesophilic population starts to shrink, the thermophilic population starts to increase resulting in
thermophilic metabolic heat generation. Around day 4, the pile reaches its maximum temperature
of circa 70.5°C. This is in line with the expectation, because 72°C is the maximum temperature at
which thermophilic growth can occur. The microbial growth behaviour is comparable to that of Fig.
4.2. However, in the presented model the thermophilic population does not exceed the mesophilic
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population. This is due to the fact that the temperature in the presented model stays at the maximum
temperature for a much longer period. At this temperature the death rate of thermophiles is higher
than the growth rate.

Figure 4.4 also gives the changing mass of the easily hydrolysable organic matter. Initially, the rapidly
biodegradable organic matter is converted into easily hydrolysable organic matter by the mesophiles.
In turn, the mesophiles use this to grow. After 2 days, the thermophilic population starts to increase
and begins to convert the slowly biodegradable organic matter into easily hydrolysable organic mat-
ter. When the maximum pile temperature is reached, the easily hydrolysable organic matter increases
further, because the growth of the populations is slower than the conversion rate of rapidly and slowly
biodegradable organic matter. The model plots look quite similar to the plot from Fig. 4.3. The
amount of easily biodegradable substrate shows peaks at the mesophilic maximum temperature and
at the thermophilic maximum temperature and afterwards it also keeps on increasing.

Microbial population

1100 T T T T T oo
1000 —
9200 |- T
800
a
700 — / \ s ! Mesophilic population [kg] 50 =
/ L - ! — — —Thermophilic population [kg] L
/ \ 7 : Easily hydrolysable organic matter [kg] ©
@ BOD - / ) Pile t at =
8 V ile temperalure g
E ! —40 ©
2 / s o
@ 500 - | / £
[/ ©
|/ _|ang @
400 [/ )
J ~
300 il \ roy
4 \ —
/ \ \
200 - v \
4 \ \
= ! \ \ 110
100 [ \ S AN
AN
N e -— - _ S
0 1 L > | 1 i — - 1 1 | I
o 1 5 3 4 5 6 7 8 ] 10
Time [days]

Figure 4.4: Substrate mass results of the model.
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4.1.3 Heat pump

In this section the validation of the heat pump model is presented. This is done by plotting the results
from the heat pump model into the pressure-enthalpy diagram of butane, as shown in Fig. 4.5. The
numbers correspond to the streams of the vapor compression cycle. The values of these streams are
shown in Table 4.2 and are based on a source inlet temperature of 20°C, condenser load of 6.285 kW
and butane as a working fluid. These values are chosen for illustration.

Table 4.2: Thermodynamic results of the heat pump cycle model.

Stream Temperature Pressure FEnthalpy — Entropy
[ °C] [bar]  [kJkg'] [kJkgK']
1 14 1.7 605 2.41
2s 44 4.2 641 2.41
2 47 4.2 653 2.45
3 44 4.2 307 1.36
4 14 1.7 307 1.38
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Figure 4.5: Results from the heat pump model plotted in the pressure-enthalpy diagram of butane
(R600).

Subsequently, the physical meaning of the values are evaluated by using the assumptions made in
section 4.10 for each component of the heat pump.

e Stage 1 - 2s: During isentropic compression the entropy stays constant, because no losses occur
during this process.

e Stage 1 - 2: During real compression, losses caused by friction and other phenomena result in
an entropy increase. This leads to superheating of the working fluid. Therefore, stream 2 will
be located on the right side of the saturated vapor line.
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e Stage 2 - 3: First, the working fluid temperature drops until it reaches the saturation tem-
perature. Then, for a one component working fluid, condensation takes place under constant
pressure and temperature. In the condenser, heat is extracted from the working fluid resulting
in an enthalpy drop. Entropy also decreases, due to decreasing temperature and phase change
of the working fluid. In other words, the working fluid in a colder liquid phase is less chaotic
than a working fluid in a hot gas phase. The working fluid leaves the condenser as a saturated
liquid.

e Stage 3 - 4: During expansion, the pressure suddenly drops to the evaporator pressure. This
sudden pressure drop causes the temperature to decrease and it causes part of the liquid to
evaporate. No heat is added or extracted during expansion, so the enthalpy must stay constant.
However, losses caused by volume and phase changes causes the entropy of the stream to increase
slightly.

e Stage 4 - 1: Evaporation occurs at constant pressure and temperature. The saturation tempera-
ture depends on the pressure in the evaporator. Enthalpy increases, because heat is added to the
working fluid. During evaporation the state of the working fluid goes from a liquid-vapor mix-
ture to a saturated vapor. The saturated vapor is in a more chaotic state than the liquid-vapor
mixture, resulting in an increase in entropy.

Figure 4.6 shows the temperature profiles of the streams in the evaporator and the condenser. It
shows that the assumed pinch temperature is met.

47°C

/ 40°c
38°C

// 20°c
8°c

14°¢ = 14°C

Evaporator Condenser

Figure 4.6: Temperature profiles of streams in the evaporator and condenser.
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4.2 Results

In this section an overview of the results from the presented model will be given. The simulation will
run for a period of 365 days. The model uses a time step of 1 hour. However, the O D E45-function
uses varying time steps which cannot be controlled.

4.2.1 Kinetic model
4.2.1.1 Microbial population

Figure 4.7 shows the change in temperature of the pile and microbial population over a year. Here,
it can be seen that both populations explode during the first couple of days. This is due to the high
availability of easily hydrolysable organic matter. The high concentration even causes the thermophilic
population to increase even though the pile temperature is almost equal to the maximum temperature
for which the thermophiles can grow. Furthermore, the thermophilic population dominates during
the high temperature period and when the temperature drops the two populations cross, as can be
more clearly seen in Fig. 4.4. The thermophilic phase lasts for approximately 160 days with several
significant temperature fluctuations in between. After the thermophilic phase, the mesophilic phase
starts and lasts for approximately 60 days till day 220. The temperature drop during this phase
shows that the metabolism of the mesophiles is lower than that of the thermophiles. Thereafter, the
maturation phase starts in which the leftover substrate is conversed with minimal microbial growth.

Table 4.3: Microbial population results.

Parameter Value  Unit

Max. mesophilic population 751 kg
Max. thermophilic population 462 kg
Max. mesophilic growth rate 130  kgh™!
Max. thermophilic growth rate 44 kg-h™!
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Figure 4.7: Microbial population.
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4.2.1.2 Metabolic heat generation

Figure 4.8 illustrates the heat that is generated by the metabolism of the microbial populations during
the first 10 days. It shows that the heat generation follows the growth or in other words metabolism
of the microbial populations. Table 4.4 gives the numerical results for the entire year. After the
thermophilic phase, only 6% of the total amount of energy is generated.

Heat generation due to population growth
I I I I T

on (kW]

Microbial growth [ka/h]

Figure 4.8: Metabolic heat generation.

Table 4.4: Heat generation results.

Parameter Value Unit

Max. heat generation (Whole year) 226.8 kW

Max. heat generation (First 10 days) 123.3 kW

Heat generation (on day 10) 9.3 kW

Av. heat generation 5.11 kW

Total energy 44,796 kWh

Total energy mesophiles 9,264 kWh

Total energy thermophiles 35,532 kWh
Specific energy of organic matter 247 kWhkg™!

Total energy (thermophilic phase: day 0 - 160) 42,124 kWh
Total energy (Mesophilic phase: day 160 - 220) 2,009 kWh
Total energy (Maturation phase: day 220 - 365) 663 kWh
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4.2.1.3 Dry mass balance.

Figure 4.9 shows the masses of the different solid components inside the pile. The numerical values
are shown in Table 4.5. These results show that only 9.6% of the initial dry mass is left in the pile.
The rest is converted into stable humus-like organic material or lost as CO2 and NHj gas.

Table 4.5: Dry mass balance results.

Parameter Start End  Unit
Microbial biomass 123 53 kg
Rapidly biodegradable OM 1,134 9 kg
Slowly biodegradable OM 17,000 125 kg
Easily hydrolysable OM 0 0.2 kg
Inert matter 1,505 1,710 kg
Total 19,762 1,898 kg
Dry mass balance
‘ I I I Tma\‘ microbial mass :
E% 500 \ ‘fﬁl‘ | %
E 400 ”UJI I‘I‘ @
300 '\ql\/ k\\\
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Figure 4.9: Dry mass of the solid components inside the pile

Figure 4.10
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4.2.2 Heat balance

From Fig. 4.11 it can be seen that the duration of the thermophilic phase is approximately 5 months.
During this period there are 6 moments where the temperature drops. Between these drops the pile
temperature is stable, meaning that the heat generation, heat losses and heat load are in balance.
During the unstable periods, the easily hydrolysable organic matter is all used, resulting in a lack of
heat generation. After the thermophilic phase, the easily hydrolysable organic matter concentration
stays low resulting in low metabolism of the microbes and thus low heat generation. The temperature
of the pile starts to decrease, because the heat losses and heat load are higher than the heat generation.

The results show that 48.83% of the total generated heat is lost through evaporation and convection

and that 48.70% is used for heating the water. The remaining 2-3% comes from heat that is still left
in the pile or from minor calculation errors.

Table 4.6: Heat balance results.

Parameter Mean power /[kW] Max. power /[kW] Total energy /[kWh]

Qgen 5.11 226.83 44,796

Qlat 1.85 6.75 16,211

Qcony 0.65 1.53 5,664

Qload 2.49 10.19 21,816
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Figure 4.11: Heat balance.
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4.2.3 Total mass balance

The total mass balance accounts for all the masses. This includes the dry matter, microbial biomass,
water content and gas consumption and production. The results from the table show that approx.
83% of the initial water content has evaporated and has been taken away by the velocity of natural
convection. The mass balances do not match. This is due to the fact that water production during the
composting process was not taken into account. Degradable organic matter like cellulose, hemicellulose
and lignin are decomposed into products like glucose, arabinose, different types of sugars, alcohols and
organic acids, etc. These products are water soluble and therefore enter the aqueous media. Part of
this is converted into carbon dioxide. However, a significant part of the carbon stays in the compost
which is a humus like substance. Therefore, the ammonia and carbon dioxide masses that are shown
in the table are not entirely lost as gas. The equation for the oxygen consumption rate can be found
in Appendix: D.1. The carbon dioxide production is inverse to the changes in oxygen consumption.

Table 4.7: Mass balance results

Parameter Start End Unit

Organic matter 18,133 134 kg

Inert matter 1,505 1,710 kg

Microbial biomass 123 53 kg

Water 30,078 5,246(1) + 24,832(g) kg

Oxygen (O2) 32,885 0 kg

Carbon dioxide (COz) 0 45,228 kg

Ammonia (NHs) 0 180 kg

Total 82,725 77,384 kg
1+ ™ - . -‘.W\\‘i\-___\‘i—‘—__i - —
1 ‘\ . i
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Figure 4.12: Total mass balance
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4.2.4 Heat transfer to water pipes

This section presents the results of the heat transfer to water pipe model.

4.2.4.1 Constant inlet temperature at three steady state pile temperatures

Several simulations have been done to determine the water temperature at different constant pile
temperatures. There are more or less three steady state periods during the composting process of a
Biomeiler, namely the thermophilic, mesophilic and maturation stage. These periods are at roughly
70°C, 40°C and 25°C depending on size, ambient conditions and substrate. The configuration for the
simulations are given in Table 4.8. Here, the initial water temperature is equal to the pile temperature.

Table 4.8: Simulation inputs for heat transfer to pipes.

Parameter Value Unit
Inlet temperature 5 °C
Pipe nodes 50 -
Pipe length 200 m
No. of parallel pipes 4 -
Water velocity in pipes 0.16 m-s~!
Pipe conductivity 0.38 W-mK~!
Convective heat transfer coefficient in pile 0.7  W-(m?K)!

Figure 4.13 and Table 4.9 give the results of the simulation. It is clear from this specific configuration
that the outlet temperatures are never equal to the pile temperature. This is due to the resistance
to heat flow from the film to the flowing water. The transient condition, caused by a cold inlet flow,
is clearly seen in the graph by a steep temperature drop. In this result, the inlet temperature of the
water was set to 5°C.

For the highest pile temperature, even when the water enters at ambient temperature, the pile can
heat up the stream to a sufficiently high level for the wall heating system. It is preferred that inlet
temperature for the wall heating system must be around 40°C. Therefore, when the pile temperature
is 70°C, there is no need for a heat pump. However, during the other two temperature periods, a heat
pump is needed to lift the temperature to a sufficient level for the wall heating system.
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Figure 4.13: Outlet temperature when the inlet temperature is T, = 5°C.

Table 4.9: Values of Fig. 4.13. The Q)oaq is calculated using Eq. (3.24).

Tpile Tend Tend - Tamb Qload

/CC]/[C] /[°C] kW
70 40.5 35.5 62
0 13 8 14
25 8.2 3.2 5.6

4.2.4.2 Varying inlet temperature at three steady state pile temperatures

The water pipes are a closed system. Therefore, the inlet water stream will slowly heat up, because not
all added heat will be extracted from this stream by either the plate heat exchanger or evaporator. The
maximum heat demand from the building is 6.3 kW. Figure 4.14 shows the temperature profiles when
this heat demand is applied to the outlet stream of the Biomeiler. Is shows that the low temperature
pile cannot add enough heat to the water to keep the outlet stream at a constant temperature above the
ambient temperature. Therefore this temperature will drop all the way to the ambient temperature.
The other two will find a new steady state condition which is higher than the ones of Fig. 4.13.
However, the outlet temperature of the 40°C pile is lower than the desired temperature, so a heat
pump is needed to increase the temperature to a sufficient level.
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Figure 4.14: Biomeiler outlet temperatures when Qgemand,max = 6.3 kW is applied.

4.2.4.3 Water temperature during simulation

In this section the results of the model simulation are presented. Figure 4.15 shows that during the
high temperature periods, for instance between day 10 and 50, the water outlet temperature is almost
the temperature of the pile. As the heat load increases the inlet temperature decreases. Furthermore,
during the sudden temperature drops of the pile, the water outlet temperature decreases rapidly
compared to the pile temperature. This result was expected and also shown in Fig. 4.14 for the
low temperature pile. From day 218 onward, the heating system is turned off, because the pile
temperature is too low due to a lack of heat generation. When the heating system is turned off, the
water temperature in the Biomeiler reaches homogeneity and approaches the pile temperature again.
At the same time the inlet temperature decreases to ambient temperature as this water is located
outside the Biomeiler.
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Figure 4.15: Water temperature of inlet and outlet of the Biomeiler.

4.2.5 Heat pump

Rough sizing for the heat pump has been done by using the presented model. First, the temperature
range for which it is feasible to use the heat pump is determined. A realistic range at which the
water stream enters the evaporator source is from 5 - 34°C. At lower source inlet temperatures, the

outlet temperature can reach sub zero temperatures resulting in freezing of the water and higher
temperatures make the heat pump inefficient and unnecessary.

4.2.5.1 Working fluid

The working fluid is chosen by comparing the second law efficiencies, system sizes and operating
pressures. The average values of these parameters are calculated the given temperature range for 4
working fluid types. R134a is taken as a reference fluid as this one is a highly efficiency fluid which is
commonly used for heat pumps. This type itself is not chosen, because is does not comply with the
F-Gas regulations. Therefore, propane (R-290), butane (R-600) and isobutane (R-600a) are compared
to R134a.

Table 4.10 shows averaged results for the whole temperature range. Butane will be the working fluid
of choice, due to a sufficiently high second law efficiency, low GWP and low pressures with reasonable
pressure ratio. A reasonable high pressure ratio is needed for the compressor to operate efficiently.
Butane, however, does need the largest compressor due to the need for a high volumetric displacement

(Eq. 3.46). This high value is due to the low density of butane. Appendix C gives the average values
for the working fluids in the lowest temperature range.

The second law efficiency is calculated using Eq. (4.1). Figure 4.16 shows that the efficiencies of
the working fluids are highest for low source inlet temperatures and that the efficiencies drop signif-
icantly when the temperature of the source inlet increases. This is because the COPcapnot increases
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Table 4.10: Average values for a temperature range of 5 - 34°C.

Parameter R134a | Propane (R-290) Butane (R-600) Isobutane (R-600a) Unit
GWP 1300 <3 <3 <3
n 0.4584 0.4516 0.4425 0.4346 -
LP 4.79 7.16 1.73 2.54 bar
HP 11.3 15 4.23 5.89 bar
(UA)eap 1.1 1.1 1.09 1.09 KWK~
Weomp 0.85 0.87 0.88 0.9 kW
Vdisp 0.0027 0.0021 0.0067 0.0050 m3-s7!

significantly when the source inlet and sink outlet temperatures are nearing the same temperatures.
However, it must be noted that the working fluid mass flow used for the calculations is not constant,
but dependent on the source inlet temperature. Meaning, that the compressor properties changes
when the temperature changes. In reality, this will not be the case, because a compressor with set
parameters is used.

COP

= 4.1
1 COPcarnot ( )

Second law efficiency

051

0.357T

0.3r

0.25 * * * * *
5 10 15 20 25 30 35
T [l
Figure 4.16: Second law efficiency. R134a = Red, Propane = Yellow, Butane = Blue, Isobutane =
Purple

4.2.6 Total heating system

In this section the total heating system is presented. Figure 4.17 gives a representation of this sys-
tem. During the whole period that the heating system is on, the desired wall heating system inlet
temperature is reached. Thanks to the heat pump, this temperature is reached while during several
periods the water temperature at the Biomeiler outlet is lower than this value. The heat load drops
that are noticeable when the heat pump is on are due to the fact that the compressor also adds heat
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to the system, but this is not shown in the graph. Therefore, during these periods the heat demand is
met. During heating the minimum wall heating system outlet temperature is approximately 26.5°C.
This shows that a inlet temperature of 40°C is sufficient for the wall heating system as the minimum
temperature difference between a building interior of 20°C and wall heating is greater than 6.5°C.
This is more than sufficient for good heat transfer.
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Figure 4.17: Total heating system

The heating system can be operational for almost 73% of the time that heating in needed during a
whole year. The heat pump is needed for almost 31% of the time that the heating system is on.

Table 4.11: Mass balance results

Parameter Value  Unit

Total heating time demanded 7168  hours
Heating system on 5,205  hours
Heat pump on 1,603  hours

Heat demand 24,750 kWh

Heat load 21,816 kWh
Compressor work 270 kWh

Heat shortage 2,664 kWh
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Chapter 5

Conclusion

The heating system equipped with a Biomeiler and a heat pump shows promising results. The kinetic
model of the composting process inside the Biomeiler has similarities with the reality. Two micro-
bial populations convert different types of organic matter into easily hydrolysable organic matter on
which the microbes feed. The metabolism of the microbes generates heat which heats up the pile. The
growth rate depends on the amount of easily hydrolysable organic matter and pile temperature. The
mesophilic population starts the temperature increase of the pile when the ambient temperature is
above 5°C. After about two days the pile reaches a temperature of 47°C after which the thermophilic
population takes over. Around day 4 the pile reaches a maximum temperature of 70.5°C until a stable
temperature is reached at 68°C. The thermophilic phase lasts for approximately 5 months after which
a 2 month mesophilic phase starts. After this phase the maturation stage starts with only slightly
elevated temperatures. The model takes the varying ambient conditions and seasonal varying kinetic
constants into account. October seems to be the best month to build a Biomeiler due to a mild
ambient temperature and the cold months coming. It is preferable that the thermophilic phase takes
place during winter.

The metabolism of the microbes generates 44,796 kWh of energy during one year of which almost
49% is lost via convection and evaporation of water. Around 48% is extracted by the water flow and
the remaining energy is left is the pile due to its elevated temperature.

The model showed that 88% of the heat demand of a 140 m? free standing family house in Berlin,
Germany can be met at the moment that it is needed. A heat pump with butane as a working fluid
is used to elevate the temperature of the wall heating system to 40°C when the water temperature of
the Biomeiler outlet is not high enough. In the used configuration, the heat pump is needed for 31%
of the time that the heating system can be operational.

A concluding remark, a lot of assumptions are made and many used parameters highly depend on

the Biomeiler configuration, like porosity, air permeability, substrate type, oxygen concentration,
ph-value, moisture content and kinetic rate constants.
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Chapter 6

Recommendations

The model is meant to simulate a heating system with a Biomeiler and a heat pump. It is evident
from the results that the high temperature period takes several months with short periods of decreas-
ing temperatures. Thereafter, a short mesophilic phase starts. Finally, a maturation phase starts in
which almost no heat is generated anymore. In reality, the high temperature period will stabilize at
lower temperatures for a longer period at which the substrate conversion rate will be lower.

This model only incorporates the temperature and the easily hydrolysable organic matter content as
parameters that influence the microbial growth rate and death rate. The accuracy of the model can
be improved by including the dependency on moisture content, oxygen content and free air space.
Especially, the oxygen content and free air space are important. The composting process is an aerobic
process. At high conversion rates, the oxygen concentration will decrease rapidly resulting in anaero-
bic conditions. During anaerobic composting, not heat, but bio-gasses are created. This phenomenon
causes the pile temperature to decrease. Furthermore, the microbial growth and death rate constants
highly influence the population sizes during composting. It should be taken into account what these
constants are different for different types of substrate components like lignin, cellulose, hemicellulose
etc.

Furthermore, the total heat loss percentage due to convection and evaporation is relatively high. The
methods for calculating this are purely based on theoretical equations. Especially, the air permeability
of the pile has a massive influence on the heat loss. The used values are taken from literature, but
these are highly dependent on the compost pile configuration. The constants used should be validated
with experimental data. A pilot scale Biomeiler could be build with measurable and known ambient
conditions, Biomeiler configuration and devices to measure the natural convection at the top of the
Biomeiler. This will make the thermal balance more realistic. Experimental data also shows that the
temperatures on different locations in the pile vary significantly which makes the uniform pile core
with insulation layer assumption incorrect. These temperature gradients inside the pile core will have
a significant influence on the microbial populations.

The heat load method has been validated by Zampieri (Zampieri, 2018), but with a limited amount
of experimental data. A more elaborate experiment should be done with different pile configurations
and materials. This way, a more accurate convective heat transfer coefficient inside the pile could
be determined. This coefficient greatly influences the heat transfer from the pile to the water pipes.
Furthermore, for high moisture content piles the conductive heat transfer from the solids also start
to play a role in the heat transfer mechanism.

The kinetic model makes use of two microbial populations. These populations thrive between certain
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minimum and maximum temperatures and determine the amount of generated heat. The lack of more
population types causes the temperature to stay virtually constant at certain moments. In reality,
psychrophiles (-5 - 20°C) and hyperthermophiles (65 - 105°C) will also be present in a compost pile.
So, these two extra microbial population should be added.

Finally, the heat pump model shows higher COP values than the reality. In the model, a constant
isentropic efficiency is incorporated. In reality, this efficiency depends on the compressor pressure
ratio. Furthermore, superheating after the evaporator is often needed to avoid liquid inside the
compressor, a compressor always has pressure losses and subcooling often occurs after the condenser.
A heat exchanger could be added between the condenser outlet and the evaporator outlet, resulting
in subcooling after the condenser and in superheating after the evaporator. This will increase the
efficiency of the heat pump and thus the COP. These heat exchangers are relatively small and cheap.
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Appendix A

Free standing family house

North fagade South facade

B, 50

East fagade West fagade

Figure A.1: Layout of the free standing family house (Zangheri et al., 2014).
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Window area on S fagade = 25%
Window area on E facade = 7%
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Figure A.2: Characteristics of a free standing family house.
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Appendix B

Validation data for heat transfer to
water pipes model

Table B.1: Inputs for validation of the heat transfer to the water pipes model

Parameter Value Unit
mass flow 0.1581 keg/s
Conductivity of pipe 0.38 W/mK
Volume of storage tank 0.5 m3
Pipe length 240 m3
Inner diameter of pipe 0.029 m
Outer diameter 0.032 m
Initial temperature of Biomeiler 63 °C
Initial temperature of water in the pipes 63 °C
Initial temperature of storage tank 40 °C
Specific heat of moist air at inf. 1.1556 kJ/kgK
Convective heat transfer coefficient 0.7 W/m2K

Mass transfer coefficient 6.0576e-04  kg/m2s
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Appendix C

Results of the heat pump for the low
temperature range

Table C.1: Temperature range: 5 - 9°C

Parameter R134a | Propane (R-290) Butane (R-600) Isobutane (R-600a) Unit
GWP 1300 <3 <3 <3
n 0.5382 0.5308 0.5206 0.5101 -
LP 3.05 4.91 1.08 1.64 bar
HP 11.3 15 4.23 5.89 bar
(UA)ewap ~ 1.04 1.03 1.03 1.03 W/K
Weomp 1.23 1.24 1.27 1.29 kW
Vdisp 0.0038 0.0028 0.0096 0.0070 m3/s
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Appendix D

Reaction kinetics constants

Table D.1: Reaction kinetics constants (Bialobrzewski et al., 2015)

Parameter Value Unit
Winter Summer
Initial microbial biomass Xm 87.46 234.01 kg
Xt 0.71 2.41
Max. microbial growth rate constant Mmax,m  0.5835 0.5214 L1
Hmax,t  0.1627  0.2132
Max. microbial death rate constant kd.m 0.0104  0.0239 -
kq 0.0127  0.0136
Growth coefficient of Contois equation Kam 04786  0.6892
Kgt  1.1003  1.1011 )
Hydrolysis rate constant (Rapid) Krp 0.0228  0.0200 -
Hydrolysis rate constant (Slow) kst 0.0011  0.0012
Michaelis constant Kmm  0.8480 0.1326 "
Kye 00218 0.5435 8
Coefficient of microbial biomass to substrate conversion Yem 0.6294 0.3650 K kel
Yei 05294 0.3004 &pop” KBeh
Metabolic heat generation Yhgm 5184 8316 kJ. kgL
Yigt 109104 10510
Coefficient of microorganism yield on oxygen Bep,m 0.32 0.32 K kel
Bgp ¢ 0.9 0.38 Zoxy* KE.p,
Coefficient for maintaining microbial metabolic functions B, 0.0029 0.0029 K (K 'h)_l
B,:  0.0029 00029 8o (K&pop

dMox 1 dMg o
y:Z( £,pop

B [
dt gP,pop ch,pop dt

+ Bz,p0p ’ Xp0p)

(D.1)



