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ABSTRACT

Composting experiments with heat recovery reveal spatial non-uniformity in param-
eters such as temperature, oxygen concentration and substrate degradation. In or-
der to recover heat from static compost piles via integrated heat exchanger there is
the need to investigate the temperature distribution for placing the heat exchangers
and the interaction between heat recovery, substrate degradation and oxygen con-
centration to ensure quality of composting process. This study introduces a spatial
model to predict the variation in controlling parameters such as temperature, oxygen
concentration, substrate degradation and airflow patterns in static compost piles
with heat recovery using Finite element method (FEM) in COMSOL Multiphysics ®
Version 5.3. The developed two-dimensional axisymmetric numerical model consid-
ers the compaction effects and is validated to real case pilot-scale compost pile ex-
periments with passive aeration. Strong matching with the real case experiment was
achieved. The spatial model demonstrated that the compaction effect is extremely
important for realistic modeling because it affects airflow, temperature distribution,
oxygen consumption and substrate degradation in a compost pile. Heat recovery
did not disrupt the composting process. Case studies revealed strong influence of
convective heat loss through the edges and a 10% improvement of heat recovery rate
with ground insulation. The simulation indicates that an optimized placing of heat

1. INTRODUCTION

Composting is an aerobic degradation process influ-
enced by microbial and chemical reactions in which the
controlling factors are temperature, oxygen content, mois-
ture content, C: N ratio of the material, initial microbial
community, aeration, degradation rate, porosity, density,
water retention capability and pH of the material (Mdiller,
2017; Mason |. G., 2006; Hamelers, 2001; Haug, 1993;
Malesani, et al., 2021). Heat energy utilization from the
natural process of composting is both a sustainable waste
management practice with compost as a final product and
heat energy as a renewable energy source, thereby contrib-
uting to meet the goals of the Paris agreement (European
Environment Agency, 2017; Schmidt-Baum, et al., 2020). In
the mid 1970’s, self-made scientist Jean Pain described a
method to utilize the thermal energy for residential heat-
ing from pipes carrying water placed inside a compost
pile (Mdller, 2017; Zampieri, 2017). From then, different
heat extraction methods were developed in which the heat
exchangers are placed inside the biomass or by using an
external heat exchanger that uses the exhaust air from

recovery pipes could increase the average heat extraction by 10-40%.

composting process to recapture heat by condensation
of water vapor (Mdiller, 2017; Schmidt-Baum, et al., 2020).
In this study a mathematical model is developed for pilot
scale compost piles with internal heat exchangers which
were built as a part the project aimed at understanding
the renewable energy potential of compost piles (Schmidt-
Baum, et al., 2020).

Mathematical models serve as an aid to improve the
system design and process for greater understanding and
system optimization of composting systems (Hamelers,
2001; Vidriales-Escobar, et al., 2017). Also, mathematical
modelling of the composting process is complex due to the
large number of parameters to be considered for the mod-
el development (Hamelers, 2001; Rongfei, et al., 2017). A
small glimpse on the literature indicates that many models
were developed with different perspectives on heat recov-
ery from compost piles (Mason I. G., 2006; Deipser, 2014;
Nwanze & Clark, 2019; Mwape, et al., 2020). The main ob-
jectives by these studies were to understand the variations
in parameters such as temperature, moisture content and
oxygen distribution with time variations and spatial varia-
tions (Mason I. G., 2006; Lukyanova, 2012; Rongfei, et al.,
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2017). In addition, some of these models were mostly
developed for industrial scale processes (windrow com-
posting) (Vidriales-Escobar, et al., 2017). Most of the math-
ematical models for in-vessel composting have assumed
the composting process to take place uniformly in the
vessel and under controlled operating conditions (Mason I.
G., 2006). The outdoor pilot scale composting piles which
are passively aerated are not under controlled operating
conditions (Miiller, 2017; Schmidt-Baum, et al., 2020). Ex-
perimental studies on composting in outdoor environment
have indicated the spatial non-uniformity in parameters
such as temperature, moisture content, gas concentra-
tions, and degradation rates with variations in airflow when
the composting process was performed (Miiller, 2017,
Deipser, 2014). Since the outdoor composting process is
highly heterogeneous and dynamic, a spatial model can
improve the understanding of the processes within the pile
(Mdiller, 2017; Lukyanova, 2012).

A review of literature about (Table 1) previous spatial
models was done considering the crucial parameters for
the aim of the study. For pilot scale compost reactors with
heat recovery and an internal heat exchanger, only the
model by Zampieri studied heat recovery from compost
piles but did not predict accurate results for more than two
days (Zampieri, 2017). Forced aeration was considered in
all models except in the model developed by Lukayanova
which considered natural aeration, and which is the domi-
nant factor in most of the outdoor windrow compost piles
(Lukyanova, 2012; Miller, 2017). Compaction effects are
also crucial for aeration, since the airflow in porous sys-
tems depend on density, porosity, and permeability (Luk-
yanova, 2012). However, the model from Lukyanova was
validated based on indoor laboratory studies, which have
different boundary conditions compared to outdoor com-
post piles. Thus, in this study a spatial model is developed
considering the compaction effects and heat recovery
from static outdoor compost piles with heat recovery.

1.1 Abbreviations

C: N Carbon to Nitrogen Ratio [1]

Fraction of available substrate for degradation [kg/m3]
Compost pile temperature [K]

Air filled porosity of the pile [1]

Ambient air temperature [K]

Volume flux of air [m/s]

Permeability [m?]

Viscosity of air [Pa*s]

time [d]

Oxygen concentration in the pile [kg/m?]
Pressure [Pa]

Heat release rate [K/h]

Oxygen consumption rate [kg/m3-h]

Rate of substrate consumption [kg/m3-h]
Acceleration due to gravity [m/s?]
Temperature of air inside the compost pile [K]
Compaction factor [m]

Ground temperature [K]

Pipe wall temperature [K]
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2. MATERIALS AND METHODS
2.1 Experiment for model validation

Two experimental piles (55 m?3) are considered in this
study: one without a heat exchanger and another one with
a heat exchanger inside the pile. The compost piles con-
fined to cylindrical shape using wire meshes and conical
form at top were constructed on 16" September 2018 be-
fore the autumn. The composting material consisted of a
shredded mixture of garden waste including leaves, grass,
twigs, soil, and straw. The size of the individual particles in
the mixture varied from very fine to large parts that were
bigger than 10 cm. The reference pile had only two sensors
S1 and S2 while piles with heat exchangers had six tem-
perature sensors. The data from the sensors placed in the
compost pile without a heat exchanger were used for mod-
el validation. The detailed information of the experimental
set-up, data collection methods and experimental results
are listed in the reports by Miiller and Schmidt-Baum et
al. (Miiller, 2017; Schmidt-Baum, et al., 2020; Jaschke &
Schmidt-Baum, 2021).

2.2 Mathematical Model
2.2.1 Assumptions

In the model following assumptions of the composting
process were made:

The substrate is homogenous and is homogenously
distributed in each portion of the pile.

The compost pile is considered porous as a two-phase-
system: The solid phase consists of degradable organ-
ic matter and water. The fluid phase is in the pores and
consists of gases.

+  The total volume and density of the compost pile is
constant during the entire period of simulation.

+  The thermal conductivity, heat capacity and diffusivity
of the substrate does not change with time, is homog-
enous within the pile and does not change with heat
extraction activity.

The ambient pressure and ambient oxygen levels re-
mained constant during the entire period of simulation.
The changes of wind, precipitation and relative humidi-
ty are assumed null in this model.

The changes in ground temperature are calculated
based on experimental results and these values are
used for all the different study variations (Schmidt-
Baum, et al., 2020).

+  The heat exchanger pipe wall boundary temperature is
35°C, considering that in the experiment the tempera-
ture of the water entering in the pipes is always at this
temperature.

2.2.2 Governing Equations

The mathematical model is formulated based on the
correction functions, biological reaction rates and the gov-
erning partial differential equations (PDE) for the main
dependent variables considered in this model. The cor-
rection functions in the mathematical model control the
changes in state variables with time and represent their
interdependence. The biological reaction rate in a com-
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TABLE 1: Overview of spatial modeling of composting systems.

Model Geometry  Temperature o, R Aiflow o o coment exchanger  effects. |
Finger et al., 1976 Any v v X X X X X
Sidhu et al., 2006 1D, 2D v X X X X X X
Sidhu et al., 2007 2D v v X X X X X
Luangwilai & Sidhu, 2010 1D v v N X X X X
Luangwilai et al., 2010 2D v v NG X v X X
Luangwilai et al., 2012 1D v v NG X v X X
Zambra et al., 2011 2D v v X X v X X
Zambra et al., 2012 3D v v v v X X X
Lukyanova, 2012" Any v v v v X X v
Luangwilai et al., 2018 1D N N N X N4 X X
Zampieri, 2017 2D N N N N N4 v N

v = considers the property, X = does not consider property, * Selected model for further studies

posting process is influenced by temperature, oxygen
content, moisture content, C:N ratio of the material, initial
microbial community, aeration, degradation rate, porosity,
density, water retention capability and pH of the material
(Mdiller, 2017; Deipser, 2014; Nwanze & Clark, 2019). The
model introduced in this study considers the dynamical
variables which are temperature (T), oxygen (0,), and sub-
strate concentration (S) as these were the primary interest
of the project/experimental investigation (see Introduction
and Table 1) (Miiller, 2017; Schmidt-Baum, et al., 2020). In
addition to the dynamical variables T, O, and S, additional
correction functions and parameters used in the different
equations are listed in Table 2.

The temperature correction function determines tem-
perature evolution based on growth of microorganisms
(Hamelers, 2001; Haug, 1993). This function utilized by
Lukayanova is simple and in agreement with model predic-
tions and experimental data (Lukyanova, 2012). The tem-
perature correction function was modified for this outdoor
experiment considering the active temperature range for
microbial growth which has the following form:

0.0286 - T, 0<T <35
R 35 <T <55

fM)=3375_005.7, 55<T<75 )
0, T>75

Oxygen availability in the pile determines heat produc-
tion (Hamelers, 2001). Lesser oxygen concentration leads
to anaerobic conditions and thus finally to undesirable
methane production (Mdiller, 2017). The oxygen correction
function utilized in the model is of the Monod type. The nor-
malized expression is used for an ambient concentration
of oxygen, which has the following form:

0, Ho, +05™"
,g(08™) =1 2
Ho, + 0, g( 2 ) @)
Substrate degradation results in the temperature rise
and oxygen consumption by microbes (Haug, 1993; Luk-
yanova, 2012). A Monod type expression was used as the
substrate correction function. The normalized expression

9 (02) = O;mb

for substrate degradation could be expressed as:
6
S =3 (S+So/5)°

Here, S, is the initial substrate density available for de-
composition.

Since heat release rate, oxygen consumption rate and
substrate consumption rate are proportional, and they are
connected by the stoichiometry of the reaction as:

Kr = Kz f(T)g( 02)h(S); Ko, =
= Ko, (T)g( 0)h(8); Ks = K f(T)g( 02)R(S) (4)

Here, K= is the maximum rate of heat release, ng is the
maximum rate of oxygen consumption and K is the max-
imum rate of substrate consumption. f(T), g(0,) and h(S)
are the correction functions for temperature, oxygen, and
substrate respectively.

The temperature of the compost pile is affected by am-
bient temperature, heat generation in the pile due to oxygen
consumption and substrate degradation and heat loss due
to air passing through the pile (Lukyanova, 2012). The net
variation in the temperature in the compost pile could be
expressed as:

h(Sp) =1 (3)

oT
E= DVZT"'KT_B(T_Tair) (5)

where DV?T represents the heat dissipation through the
compost, K| indicates the heat generation due to biological
decomposition and B(T-T,) indicates the heat loss to the
air flowing through the compost pile.

The oxygen concentration in a pile depends on the
availability of oxygen in the pile and the aeration (Miller,
2017). It is a function of degradation of the substrate and
heat production in the compost pile. The net variation of
oxygen concentration in the pile is described as:

a0

a_tz = dVZOZ + Koz - VOZCI (6)
where dVv20, indicates the diffusion of oxygen in the com-
post pile, Koz indicates the rate of oxygen consumption

with variations in the temperature and substrate degrada-
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TABLE 2: Parameter values implemented in the model.

Parameter Units Value Description Remarks
Cp,air J/kg'K 1005 Heat capacity of air (Lukyanova, 2012)
Coe kg/m? 2600 Heat capacity of the composting material Fitted
Hp, kg/m? 6.63e-2 Half saturation constant for oxygen (Lukyanova, 2012)
. Yo sKs
Ko, (x) kg/m3-h ) Maximum rate of oxygen consumption (Lukyanova, 2012)
Kg kg/m3h 0.1 Maximum rate of substrate consumption Fitted
; YusKs )
K7 (x) K/h Maximum rate of heat release Calculated
Cpep(X)
ogmb kg/m? 0.232:pamb Ambient oxygen concentration (Haug, 1993)
Putm Pa 101325 Ambient atmospheric pressure (Hamelers, 2001)
So kg/m? 0.400-Po Initial Substrate density (Schmidt-Baum, et al., 2020)
Tini K 283 Initial compost pile temperature (Jaschke & Schmidt-Baum, 2021)
U, W/m2-K 0.0056 Ground hea_t transfer coefficient considering small (Schmidt-Baum, et al., 2020)
contact resistance
u, W/m2-K 0.1944 Overall heat transfer coefficient Calculated
Stoichiometric coefficient, that determines the amount ;
Yiass J/kg 1.91e7 of energy released from oxidation of a kg of substrate (Liang, et al, 2004)
Y, Stoichiometric coefficient, that determines the amount
ors ka/kg 1.87 of oxygen needed to oxidise a kg of substrate (Lukyanova, 2012)
ds m2/h 166 lefuspn coefﬂqent of substrate added to improve (Lukyanova, 2012)
numerical stability
dair me/h 0.0684:05 Thermal diffusion coefficient of air filling the porous (Lukyanova, 2012)
surface
f, 1 05 Eactor for heat loss calculation according to DIN-4108- (Schmidt-Baum, et al., 2020)
Po kg/m? 550 Initial compost pile bulk density Fitted
amb kg/m?3 1.225 Ambient air density Standard
Po % 50 Air filled porosity of the pile Fitted
A
a 1/m 7 Interfacial area available for heat transfer Calculated
1/m? 1.03e8 Kozeny-Carman constant (Yu, 2007)
D m2/h 0.0004 Thermal diffusivity of the composting material (Yu, 2007)
al, ; e : ; .
« 1/h w — Coefﬂ_t:lent characterizing rate of heating of air mole Calculated
©0CpairPair cules in the compost
aU . P .
8 1/h . w Coefﬂugnt character!zmg rate of cooling of compost Calculated
n,cPo transferring heat to air
d m2/h 0.0576-0.5 Diffusion coefficient for oxygen in the air filling the (Lukyanova, 2012)
porous surface
Fraction of the total energy derived from biological ;
Y 1 0.25 decomposition of the substrate Fitted
g m/s? 9.8 Acceleration due to gravity (Haug, 1993)

tion and VO,q” controls the distribution of oxygen in the
pile.

The amount of substrate decreases due to consump-
tion. Since no substrate is further added, it decreases from
the initial amount as a function of temperature and oxygen
availability. The net degradation of the substrate could be
described as:

as
E = dSVZS + KS (7)

where d VS is the diffusion term added to the substrate
to ensure numerical stability of the model. K, indicates the
degradation of the substrate due to oxygen concentration
and temperature in the pile.

The air entering the pile absorbs the heat produced in
the pile (Lukyanova, 2012). Therefore, it is important to in-
corporate the ventilation of the pile as an important param-
eter in controlling the process temperature. The variation
in the temperature of the air entering the pile could be de-
scribed by:
0Tgir

ot
where d_ V?T__indicates the diffusion of the air molecules
in the compost matrix, a(T-T, ) indicates the heating of the
air in the pores as it travels through different parts of the
compost pile and VT_ g indicates distribution of air in the
compost pile. It also helps in heating other parts of the

= dairvaair + a(T — Tair) — VTgirq (8)
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compost pile that have lower temperature as compared to
the air temperature in the pores.

The airflow in the compost piles is formulated based
on Darcy’s law of fluid flow through porous media and
considering the buoyancy effects on air molecules with
increased temperature (Lukyanova, 2012). In the case of
passive aeration, the Boussinesq approximation assumes
the flow to be incompressible and the mathematical mod-
el can be completed with the continuity equation. The
expression for airflow through the porous media is for-
mulated as:

Lk T, .
i= ;(VP - pSrtge (1 - “}"b) é, ) ©)

V-Gg=0 (10)

where e " is a unit vector pointing upwards. Thus, when T>
T, the airflow will be in the upward direction and when T<
T, the airflow will be in the downward direction.

The compaction effects are incorporated in the model
from the expressions from (Das & Keener, 1997). It is incor-
porated by considering the parameters to be varying as a
function of depth y. The equations for compaction factor,
porosity, permeability and bulk density are further modified
from the parameter values from the experiment (Table 2).
The expression for compaction factor is:

0.105p,(0.5 —y)g
1000 an

The variation of air-filled porosity as a function of depth
considering the compaction effects is:

h;(y) = 0.604 + 0.396 - exp (—

1
<P(}’)=m(<ﬂo—1)+1 (12)

The permeability of the compost matrix is modelled by
the Kozeny-Carman model. This relates the value of perme-
ability to the air-filled porosity:

3
k(y) = ?(y) i
c(1-oW)
where, C is the Kozeny-Carman constant. Thus, porosity
and permeability vary in the pile from top to bottom. The
variation in density with depth after considering the density

changes after compaction of the pile could be expressed
as:

(13)

Po
hi(y)
2.2.3 Geometry

p(y) = (14)

The axisymmetric distribution of state variables was
shown by Miiller and this geometric condition was chosen
to reduce the computational effort and the complexity of
the problem (Figure 1) (Miiller, 2017). Also, this approach
is chosen for sensor positions in the real case experiment.
The probes (S1, S2, S3, S4) were placed in the geometry
to identify the variations in dependent variables, namely:
temperature, oxygen concentration, substrate degradation
and airflow between the pipes. The heat exchanger setup
consists of circular pipes of 0.032 m diameter, placed con-
centrically in the pile. This spiral arrangement of the heat
exchangers was chosen to simplify the computation.

Heat exchanger pipes
with r =0.016m

S4
S3
e O OO O 0CeO O O

e S2 0.6m

Side A

245m !
: 00000 0O0O0O0

0.6m
g ©000000O0O0O0 i
oy
! 2.8m |
Side C

FIGURE 1: Axisymmetric two-dimensional geometry of the pile and
with heat recovery pipes placed concentrically in the pile. S1(0.6,
1.0), S2(1.5, 1.8), S3(1.8, 1.8) and S4(2.0, 0.7) are the probes in
the pile for measuring evolution of different variables, with coordi-
nates indicating their depth distance from center.

2.2.4 Initial and Boundary Conditions

The initial conditions chosen for the model are de-
scribed as,

T(t=0,%Y) =Tpni; Tar(t=0xy) =
= Tini; OZ(t = O;X,J’) = Ogmb;
St=0,x,y)=S,; Pt=0,x,9) = Pym (15)

The initial temperature of the compost pile T, was the
ambient temperature at the day of construction of the pile.
S, was calculated from the total amount of material used
in the piles without water added to it. The model from Luk-
yanova considered the woodchips to be inert, in this model
the wood degradation was also taken into consideration
to calculate the initial substrate density. Separate bound-
ary conditions were formulated for sides A and B (Figure
1) (egn. 12), C (eqgn. 13) and heat exchanger pipe walls
(egn.15). The images of the compost piles captured using
the thermal camera clearly depict the higher temperature
at the boundaries of the compost pile (Miiller, 2017). Thus,
heat loss at the boundary surfaces is described by New-
ton’s law of cooling. The corresponding description for the
following variables and the values for them are listed in Ta-
ble 2 and 3. For sides A and B,

ar U
ﬁ(t;x) = _C ‘:)D (T_Tamb) (16)
or U
ﬁ(t,x): - i’)D(T—Tgm) (17)

where n”is an outward normal unit vector. The temper-
ature of the ambient environment T_  varied from -10.4°C
to 37.8°C for the whole year ((CDC), DWD Climate Data
Center). The ground temperature calculation for buildings
is essential for heat loss balances. Therefore, for outdoor
pilot scale composting reactors, the heat loss through the
ground is also included (Thermal protection and energy
economy in buildings - Part 6: Calculation of annual heat
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and energy use, 2003-01). The temperature T for this calcu-
lation was implemented from the experimental study.

Tgro = Tomp + fg (T - Tamb) (1 8)
For the heat exchanger boundary wall,

aT = U,

ﬁ t,x)= — Cp,ch (T - Tpipe) (’I 9)

For sides A and B, side C (ground) and heat exchanger
pipe walls the boundary condition for air temperature was
chosen respectively as,

Tair(t' 55) = Tomp; Tair (t, )_C)) = Tgro; Tair(t' 56) = Tpipe (20)

For sides A and B, for oxygen concentration and pres-
sure the following condition was chosen,

Oz(t, 55)) = Og.mb ;P(t: 55)) = Patm (21)

Since the ground is impermeable, a zero-flux condition
was used at the base of the pile for oxygen concentration
and pressure (eqn. 22). For the available substrate, all
boundaries were impermeable (egn. 23).

a0, P
a7 V=0 (22)
aS

2.3 Simulation approach

Initially the model was simulated without the heat ex-
changer pipes in order to fit and validate the parameters
to the data from the reference pile (Case Ref). After model
validation, the heat exchanger pipes were incorporated into
the pile geometry and five different case studies were sim-
ulated (Table 3).

2.3.1 Implementation in COMSOL

The partial differential module in COMSOL is used to
find the solutions to the PDE (COMSOL Multiphysics® v.
5.3, 2019). The parameters, variables and functions were
defined to account for the compaction effect and reaction
rates (Table 2). The correction functions and the variation
in the ambient temperature with time were integrated in the
model using the analytic, interpolation and piecewise func-
tion feature available in the COMSOL working interface.
An unstructured quad mesh was used, with a boundary
layer meshing for the wall surfaces. The complete mesh
consisted of 10387 elements. A time dependent study was

TABLE 3: Overview of the studies carried out using the model.

designed for 200 days in 9 steps with 4 intervals of 15 days
in which heat was recovered and other 5 intervals in which
there was no heat extraction. The numerical solution of the
equations was found using the implicit Backward Differen-
tiation Formula solver.

3. RESULTS AND DISCUSSION

This section summarizes the model validation and the
simulation results calculated from five different case stud-
ies.

3.1 Model validation

The model validation was carried out using the experi-
mental data from the reference pile. The model could suc-
cessfully predict the temperature development in the pile
during the first 40 days of the composting process (Figure
2). The model also successfully predicted the temperature
at different locations of the pile as well as the time taken to
reach the peak temperature of 74°C in 55 to 75 days. The
comparison of maximum temperatures from the experi-
ment and the model only had a 3.8% difference despite the
uncontrolled conditions during the experiment. The rise of
temperature in the experiment after 160 days could be at-
tributed to the effect of precipitation, which is a factor that
this model did not consider. The model also predicts that
the temperature remains above 55°C up to 200 days of sim-
ulation, similar to the experiment in which the temperature
is above 55°C even after 315 days of composting (Schmidt-
Baum, et al., 2020). The oxygen concentration profile is
also in good agreement with observations made by Miiller
(Miiller, 2017) and Schmidt-Baum et al. (Schmidt-Baum, et
al., 2020), indicating the formation of an anaerobic region
at the center of the pile. Substrate degradation could not
be observed as the compost piles was still in operation.
Nevertheless, the model showed good agreement with the
study by Miller for temperature, oxygen concentration and
substrate degradation (Midiller, 2017).

3.2 Temperature

In the spatial profile, the initial phase of high tempera-
tures in the outer portions (1.5m to 2.5m from origin) of the
pile is due to oxygen availability at outer portions as com-
pared to the inner portions of the pile (Figure 3). Once the
sides of the piles are depleted, the higher temperature zone
shifts towards the core of the pile indicating the degrada-
tion of the substrate remaining at the core of the compost

Case studies [°c] [°C] [°C] r[m] Remarks

Case Ref -10.6 t0 16 Tamp + fg(T — Tamp) Reference pile without heat extraction
Case 0 35 -10.6t0 16 Tamp + fg(T — Tamp) 0.016 Standard compost pile with heat extraction
Casel 35 -10.6t0 16 Tamp + fg(T = Tamp) 0.032 Doubled heat transfer area

Caselll 30 -10.6to 16 Tamp + fg(T = Tamp) 0.016 Lower pipe wall temperature

Casel lll 35 7.5t029.5 Tamp + fg(T = Tamp) 0.016 Warm period

Case IV 35 -10.6t0 16 Insulation 0.016 Ground insulation

G. Jacob et al. / DETRITUS / Volume 20 - 2022 / pages 56-69

61



75

onM
ﬁaé‘" =
55 o
o
< —CFD S1
=
o ExpSl
o ExpS2
15
15 35 t(d) 55 75
(@

20 X
=15
e\i
£10
9] ——CFD 02 Cond.
= 5 °  Exp O2 Conc,
0 LAY s [ ]
17 37 57 77 97 117 137 157 177
t(d)
(b)

FIGURE 2: Profiles for experimental and CFD simulation: (a) Temperature and (b) Oxygen concentration.

pile, which is similar to the behaviour observed in the ex-
periment by Miiller and Schmidt-Baum et al. (Mdiller, 2017,
Schmidt-Baum, et al., 2020). The temperature distribution
around the pipe surfaces up to 0.05m was initially low. This
is due to the lower amount of substrate available there for
decomposition compared to other regions. However, al-
most all regions of the pile remained in the thermophilic
(> 55 degrees C) stage from day 15 to 180 of composting.
The middle layer of pipes remained at high temperatures
as compared to the upper and lower pipe layers during
the initial to final phases of the composting process due

t=35d

0 0 00O0O0O0CODOO

t=97d
m T
ATl
228
70
2.
18+ 60
16 50
14
40
12 0O 00 o0o000O0O0O
ik 30
08 20
06 © 00000000 10
04F
02 ¢
0 v 293

0 05 1 L5 2 25 m

to lower heat loss to the atmosphere as compared to the
upper pipe layer closer to the atmosphere and lower pipe
layer closer to the ground. The temperature decreased dur-
ing heat extraction and rose again when the heat extraction
does not take place (Figure 4 (a)). The maximum tempera-
ture in the pile remained higher by more than 2°C for case
IV. For all the cases, temperature near the base of the pile
was less than 35°C during the first 35 days which shows
the anaerobic degradation occurring on these days at the
inner portions of the pile. In addition, for all the cases, the
top layers of the pile were hotter, with differences of 5°C to

t=67d
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FIGURE 3: Spatial distribution of temperature for Case 0. Legend indicates the changes in T in °C.
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FIGURE 4: (a) Computed temperature data with time Tavg, 0 and
Tmax, 0 indicate the average and maximum tempreature for Case
0 respectively. (b) Comparison of the average and maximum tem-
perature for the different case studies.

the other regions during the first 30 days of the composting
process.

Simulation studies show higher average temperature
(45°C) and higher maximum temperature (71°C) in the ref-
erence pile indicating successful heat loss through heat
extraction via heat exchanger compared to all other cas-
es. For Case lll and IV the average temperature remained
above 35°C for 100 days. The maximum temperature var-
ies among the case studies less than 0.1°C except for case
[l (Figure 4 (b)). The studies on the temperature profile for
case | and case Il indicated that the high temperature de-
creases in case of a higher heat exchanger surface area
and lower pipe wall temperature. This decrease is due to
the higher rate of heat extraction available to due to greater
surface area. The temperature profile for case Ill depicts a
difference of more than 2-10°C higher than Case 0; indicat-
ing that air entering the pile takes away less heat. The tem-
perature was above 35°C even after 175 days in the simula-
tion period which indicates comparatively lesser heat loss
compared to case 0. The temperature distribution for case

IV indicated higher temperatures at the base of the pile as
compared to the pile without ground insulation. It indicates
highest maximum temperature in the pile as compared to
all other cases due to lower heat loss through the pile base.
This indicates the need of insulation to reduce heat loss.

3.3 Oxygen

A qualitative comparison of the vertical profiles of the
oxygen concentration in the pile indicates similar behav-
iour with the experimental case (Schmidt-Baum, et al.,
2020) (Figure 5). The higher oxygen concentration at the
walls is due to passive aeration through the walls of the
compost pile. There are regions with oxygen concentra-
tion < 10% due to high degradation rate in the initial phase,
which is mostly the upper part, or due to the insufficient
aeration, which is the 0 - 1.5 m from the centre. When oxy-
gen is not replenished it leads to anaerobic conditions and
subsequently less heat production in this area. The oxygen
concentration is available abundantly at the outer portion,
which results in high degradation and high heat production
at the outer regions, which is up to 0.8 m from the outer
edge of the pile. The prediction of the oxygen profile thus
matches exactly the behaviour observed by Miiller (Miller,
2017). The oxygen concentration up to 0.2 m near the pipe
walls decreases with heat extraction, which indicates that
heat extraction enhances the decomposition process in
these regions.

Comparing the probes in Case 0, all oxygen concen-
trations first drop to its lowest value at 0.5% on the 21st
day due to the anaerobic conditions at probe S1 (Figure 6
(a)). The minimum oxygen concentration level in the whole
pile on this day is 0.1% at different points, demonstrating
anaerobic conditions. The probe S2 indicates an oxygen
concentration greater than 15% at all times, due to passive
aeration. The oxygen concentration recovers to ambient
values after 120 days of simulation in the whole compost
piles. The first initial drop in average oxygen concentration
is the same for the Case Ref, Case 0, Case | and Case Il
since no heat recovery takes place and the other bound-
ary conditions are the same (Figure 6 (b)). The average
oxygen concentration was lower than 10.5% for Case Il in
the first 10 days of the composting process. Heat loss to
the atmosphere and the ground is lower due to lower tem-
perature gradient. Therefore, the compost pile remains in
the thermophilic phase. Thus, the degradation rate is fast-
er and higher oxygen consumption which results in more
heat generation in different parts of the pile. The average
oxygen concentration during the heat extraction process is
at least 4% lower than compared to Case 0. This indicates
that warmer inlet air temperature favours both heat pro-
duction by oxygen consumption and lower heat loss to the
atmosphere and the ground, due to the lower temperature
gradient between the surroundings. Case IV has similar ini-
tial decrease in oxygen concentrations like Case Ill.

3.4 Substrate

Figure 7 indicates the formation of a highly degraded
region at the outer section and a less degraded region at
the inner portions, which is due to anaerobic conditions
and lesser decomposition rate. In addition, there is also
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FIGURE 5:

Spatial distribution of oxygen concentration (%) in the compost pile.
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FIGURE 6: (a) Computed oxygen concentration data from probes with time; (ii) Computed average oxygen concentration profile (b) with

time for different studies.

100 120 140 160 180
t(d)
(b)

200

64

G. Jacob et al. / DETRITUS / Volume 20 - 2022 / pages 56-69



FIGURE 7: Spatial distribution of substrate concentration (%) in the compost pile.
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FIGURE 8: (a) Computed substrate concentration (%) data from probes with time (b) Computed average substrate degradation (%) with

time.
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a highly degraded region between 1.5 m and 2.7 m (from
central axis) as concluded by experimental observations
by Miiller (Miller, 2017). During the process of heat extrac-
tion, substrate degradation varies slightly with heat extract-
ed from the pile due to change in the composting phase at
a lower temperature. On the 97* day of composting, there
is a difference in degradation of around 30% (with respect
to the total mass) near the pipe wall to 60% around (0.2 m
above or below from the pipe wall like in oxygen concentra-
tion) despite the decrease in rate of degradation. The probe
at the base of the compost pile depicts only 3.6% substrate
degraded in the first 30 days, due to low temperature and
low oxygen concentration. Nevertheless, after 200 days of
simulation, the fraction of available substrate at all probes
was less than 10%.

Probes show an initial phase of slow substrate degra-
dation and increases degradation rate once temperature is
higher than 55°C (Figure 8 (a)). For the case studies, there
are differences up to 5% for available substrate (Figure 8
(b)). This leads to a slight decrease in degradation rate but
do not affect the overall process. Case 0, | and Il have the
same profile of substrate degradation indicating heat re-
covery does not influence substrate degradation. In every
case, at the base layer of the pile, degradation started after
25 days, indicating the low oxygen availability and lower
temperature conditions at these piles that limits substrate
degradation. Case Il show accelerated degradation com-
pared to the other cases since less heat is lost to the air.
Case IV shows no accelerated degradation compared to

the other cases despite lower heat loss through the ground.
So, influence of convective heat loss on substrate degrada-
tion is higher than conductive heat loss.

3.5 Airflow pattern

The airflow pattern in the pile has an airflow less than
2x10* m/s at the base of the pile due to higher density and
lower porosity as a result of the compaction effects (Figure
9 (a)). The air velocities at the top portion of the pile could
be attributed to high temperature and the lift of the air mol-
ecules due to buoyancy effects. The area with the highest
airflow is the transition area as compared to the anaerobic
core which is similar to the observations made by Miiller
(Mdiller, 2017; Schmidt-Baum, et al., 2020).

The airflow is strongest during heat extraction and with
highest temperatures. The airflow distribution indicates,
higher air velocity near the heat exchanger pipes that are
closer to the outer regions of the pile during the heat ex-
traction process. This effect is attributed to the buoyancy
effects due to the movement of air as air gets heated up.
This results in air rising and increasing the pressure around
the pipe edges. This pushes the hot air away and sucking
new air to the spaces between the heat exchanger pipes.
The airflow pattern shows higher airflow up to 0.6 m (out-
er regions) like the pattern observed in the Case Ref. The
airflow patterns in all study variations indicated only negli-
gible variations of 3x10°* m/s from one another. At the final
stage of composting, slow air velocities were recorded in
all cases.

FIGURE 9: (a) Airflow patterns in the compost pile indicated by the arrows. The color legend indicates the air flow velocity in m/s (b) Spa-

tial distribution of air temperature (°C) in the compost pile.
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3.6 Air temperature

The air temperature profile in the pile shows higher air
temperature towards inner portions as compared to outer
portions (Figure 9 (b)). It indicates the convection of heat
transfer from the compost material to the air and thereby
resulting in the cooling of the compost pile. A temperature
gradient of up to 20°C was observed which is not according
to real experiment where air is saturated with water and
represent solid phase temperature more closely. The air
also transfers heat to the core of the compost pile there-
by improving the degradation process at the core. Heat
exchanger lowers air temperature due to heat recovering.

3.7 Heat extraction

The highest daily power output of 3 kW is on the first
day of heat extraction (31 day) due to highest temperature
gradient between the pipe wall and the compost pile tem-
perature. The decreasing temperature gradient between
the compost pile and the pipe wall is the reason for the
decreasing power output. Afterwards, the 15 days recovery
interval without heat recovery allows heat production so
that the power output of the second phase is 2.5 kW. Inter-
mitting, semi-continuous heat recovery is one operational
behaviour confirmed by the simulation and experimental
studies by Miiller (Mdiller, 2017). Continuous heat extrac-
tion needs precise control based on exact heat production
and has generally a lower temperature gradient for heat
recovery. In all case studies, the amount of heat extracted
decreases, due to the decreasing temperature difference
between outer walls of the pipe and the compost pile tem-
perature. 63% of the total power output is produced during
the initial 75 days (Figure 10).

The percentage change in heat recovery is calculated
by finding the increase in the total heat recovered from
case 0 to each of the other four cases. Comparing aver-

age heat extraction for Case 0 and | show that 4% more
heat can be extracted by double the pipe diameter, which
indicates current pipe diameter of 0.016 m is sufficient for
heat recovery. Furthermore, 10% more heat was recovered
in Case Il due to the higher temperature difference that ex-
ists between the compost pile and the pipe wall. Case Il
has the highest heat extraction of 11% of all cases. Cases
Il and IV indicate an 8% higher potential of heat extraction,
because large portions of the pile remain at a higher tem-
perature state due to the lower heat loss to the air or the
ground. So, case IV demonstrated the importance of insu-
lation for more power output.

The temperature profiles indicate possibly higher heat
extraction rates with placing the pipes up to 0.2 m to the
core to use the heat generated after 3 months of com-
posting because temperature 0.2 m from the outer edges,
have temperatures of 30°C after 70 days due to heat loss
to atmosphere. Also, the degradation of the substrate at
the core of pile even after 200 days of composting sug-
gests that a greater heat extraction potential is available.
This suggests that the current form of placing the pipes
in 3 layers is effective for practical reasons but could be
more optimised for greater heat recovery. Also heat from
the core area would be available with passive aeration with
methods like the dome aeration. Additionally, lowering pipe
wall temperatures and increasing heat exchanger surface
area would lead to more heat recovery.

4. CONCLUSIONS

This study successfully developed and demonstrated
a spatial mathematical model for static outdoor compost
piles with heat recovery. The comparison of the results
from the experiment and the simulation predicted and ex-
plained the behaviour of the compost piles for temperature
development, spatial distribution of oxygen concentration,
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substrate degradation, airflow patterns and air temperature
for 200 days. It confirmed that passive aeration is sufficient
for an effective composting process in piles size 55 m® due
to the chimney effect although the core area decomposes
slower. The influence of heat extraction on a composting
process became clear. The temperature and oxygen con-
centration in the pile decreases during heat extraction and
it had minimal effects on the overall substrate degradation.
Additional, intermittent heat extraction is preferred to im-
prove the temperature gradient and thereby improves the
power output from the piles. The sensitivity analysis via five
case studies indicated that the walls including the base of
the compost pile must be insulated to increase the power
output from the compost piles. The power output obtained,
indicates compost heating as a sustainable resident heat-
ing solution upon optimisation of the different parameters.
This mathematical model could be used to study the inter-
dependence of temperature, oxygen, substrate degradation
and airflow to improve the power output from the heat ex-
changer and improve the composting process. In addition,
the heat exchanger design and operational behaviour can
be varied to achieve an optimum heat recovery rate. The
parameters could be fitted more accurately only when the
moisture effects, corresponding condensation and evap-
oration effects are accounted. Additional other passive
aeration methods, like dome aeration, in combination with
substrate variations can be examined. For this, this model
must be further extended to incorporate external effects
such as wind and precipitation to predict accurate data for
different dependent variables.
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