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Abstract

By regarding exergy as a fundamental driving force of composting, the exergy balance equation for composting is de-
rived and its applicability is discussed. In composting, the available energy (termed exergy) is released from decomposi-
tion of the substrate by microbial reactions. Some of the released exergy is consumed by microbial growth and its move-
ment, some is temporarily accumulated in the compost bed as a temperature increase, and the remainder is irreversibly
dissipated and changed to anergy (non-available energy) . There are two types of dissipation functions: bound and exter-
nal dissipation functions. The external dissipation function governs the composting system. By considering the bound
dissipation function as positive, the maximum value of microbial cell yield Y is theoretically formulated. Using the previ-
ously obtained experimental results, the proportion of the dissipation function of the entire amount of released exergy is
confirmed to be as large as 90%. It is further shown that the application of the exergy analysis to the functional analysis

of the composting process will be promising.
Key words:

1. Introduction

The importance of waste resourcing has been recognized for
several decades. Composting is a waste resourcing method using
micro-organisms as decomposers and can be regarded as an eco-
system. Composting is a phenomenon involving simultaneous
heat and mass transfer with non-linear microbial reactions. The
temperature and mass concentration necessarily emerge during the
composting process. However, to directly understand the whole
map of the process, deriving the balance equation of its fundamen-
tal potential would be convenient.

Exergy is an overall physical quantity concerning the change in
heat (temperature) and mass (concentration), and is thought to
be the most convenient parameter for describing the thermody-
namic state variables for ecological systems (Jorgensen, 2001).
There are two types of exergies: physical and chemical exergies.
The former corresponds to heat and mass transfer, and the latter
corresponds to chemical or biochemical reactions. By regarding
exergy as a fundamental potential, a new system model applied to
the composting process as a biological system is derived in this
study. Thus far, this type of biological system has not been fully
conceptualized in terms of thermodynamics. This type of model-
ing will also be important in the field of agricultural engineering
for crop production and management.

In this study, the exergy balance equation is derived and the
dissipation function for the composting process is formulated. An
interpretation of the physical meaning of the dissipation function
is provided. Finally, it is reported that the derived dissipation
function will be useful in discussing the applicability of the ex-
tremal principle to the composting process as an ecosystem.
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2. Literature review of the fundamental potential and
exergy analysis of composting

Although the concept was not originally defined for composting,
Kawashimo (1971) introduced the concept of “entropy function-
al” and proposed its analytical method by its minimal principle,
regarding entropy as the fundamental potential for heat conduc-
tion. This concept was proposed as a method for obtaining analyt-
ical solutions to non-linear heat conduction problems. In general,
these problems are difficult to solve analytically compared to
standard linear heat conduction problems, which had already been
solved by the 1970s. It is academically interesting, however, it
seems somewhat over-technologized because a phenomenological
coefficient is introduced, and coldness (the reciprocal of absolute
temperature) is used for variation analysis. Because exergy has
the same dimension as energy, it should be more available than
entropy.

Concerning exergy analysis of composting, Seki and Komori
(1992) pointed out that 90% of released exergy irreversibly dissi-
pates during the composting process under conditions of perfect
mixing. They also demonstrated that the process of heat extraction
from a compost bed has very small exergy extraction efficiency
(Seki and Komori, 1993a, b) . In those studies, however, the con-
tents of the dissipation function were not discussed, so the means
of using the dissipation function as a criterion for system progress
has not been explained.

3. Exergy balance in the composting process

Composting obeys thermodynamic principles at the macroscop-
ic scale, because a compost heap is an ecosystem. However, mi-
crobial metabolism is dynamic and accompanied by microscopic
fluctuation, and microbes are also in motion. Furthermore, heat
and mass transfer also occur in compost.

Microscopic treatment of phenomena is dependent on statistical
thermodynamics; however, its application to composting is very
difficult because composting occurs in a complicated dispersed
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media and there are too many unknown parameters. Actual con-
trol of composting systems usually focuses on macroscopic varia-
bles. Thus, the discussion herein is confined only to the macro-
scopic model.

To clarify the macroscopic behavior, it is necessary to express
quantitatively the energy dissipation process based on irreversible
thermodynamics. First, the dissipation function of composting
(Tyo, i.e., the exergy dissipation rate) is obtained. To simplify the
explanation, we confine the discussion herein only to a spatially
one-dimensional (z- direction) distributing system. In this study,
a composting process using a cylindrical small compost container
is considered (Seki and Shijuku, 2013). In this case, the exergy
balance in a small volume element between z and z + Az within a
small time interval At is shown in Figure 1.

T is temperature, 7, is ambient temperature, K is effective
thermal conductivity of compost bed, z is the spatial coordinate
(positive downward), 7 is the radius of the cylindrical compost
vessel, J,,, is the mass flux of aeration, o is the entropy production
rate, C is the specific heat of the compost bed, p is the density of
the compost bed, g’ is the specific chemical exergy of the sub-
strate, e, is the specific chemical exergy of the microbes, U is the
overall heat transfer coefficient for heat loss through the side wall
of the compost container, S is the mass of substrate per unit vol-
ume of the compost bed, X is the mass of microbes per unit vol-
ume of the compost bed, ey is the specific exergy of the water
vapor, e, is the specific exergy of the dry air, and J,,;; is the mass
flux of water vapor. Of the abovementioned items, specific exergy
is the amount of exergy per unit mass of a substance.

The symbol (a) represents accumulation, (b) is influx due to
heat conduction, (¢) is efflux due to heat conduction, (d) is in-
flux of moist air due to convection, (e) is efflux of moist air due
to convection, (f) is the part released due to substrate decomposi-
tion, (g) is the amount used for microbial growth, (h) is effluent
from the side wall of the fermenter, and (i) is the rate of irre-
versible exergy dissipation.
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As the accumulation term is equal to the net influx exergy, it is
possible to obtain the exergy balance in a small-volume element
Az. Letting Az and At approach zero, the following partial differ-
ential equation is obtained:
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Assuming that the chemical exergy change resulting from the
change in components of air for aeration and humidity is small
compared to that resulting from substrate consumption, the net
exergy influx due to airflow can be approximated by the equation
of the product of the entering enthalpy flux (-J,,,0i/0z) and the
Carnot efficiency (1-T¢/T) as follows:
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where i is the enthalpy of air for aeration.
Using the above, Eq. (1) can be rewritten as
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trated in Figure 2, where Akg® is the enthalpy change in the sub-
strate decomposition reaction per unit mass and Ak’ is the en-
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(i)

(a)
Too7rr2AzAt

CoMT -T, +T, (T, / T)}m>Az

(f) (h)

0 2
—esASnr Az 2
‘27er(T L) ns
(8) T
eSAXnriAz

z+ Az

¥

T oT

¥

© [—-9KZ|  2°Ar (e) ley Ty +e,, ). AL
T aZ zZ+Az

Fig. 1.

Exergy balance in a small volume element. All terms concerning exergy balance in a fixed-volume element between z and

z + Az for one-dimensional distributing composting system are presented, where (a) accumulation, (b) influx due to heat con-
duction, (c) efflux due to heat conduction, (d) influx of moist air exergy, (e) efflux of moist air exergy, (f) released exergy due
to substrate decomposition, (g) exergy used for microbial growth, (h) efflux from the side wall of the fermenter, and (i) irre-

versible exergy dissipation rate.
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Fig. 2.

Enthalpy balance in a small volume element. All terms concerning enthalpy balance in a fixed-volume element between z

and z + Az for one-dimensional distributing composting system are presented, where (a) accumulation, (b) influx due to heat
conduction, (c) efflux due to heat conduction, (d) influx of enthalpy due to convection, (e) efflux of enthalpy due to convection,
(f) heat produced by substrate decomposition, (g) heat sink used for microbial growth, and (h) heat loss from the side wall of

the fermenter.

enthalpy due to convection, (e) is efflux of enthalpy due to con-
vection, (f) is the heat produced by substrate decomposition, (g)
is the heat sink used for microbial growth, and (h) is the heat loss
from the side wall of the fermenter.

Considering that an enthalpy balance showing accumulation is
equal to the net influx enthalpy, and letting Az and Ar approach
zero, the following equation is obtained:
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Substitution of Eq. (4) into Eq. (3) and rearranging gives the
following function, which expresses the dissipation function 7;c.
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4. Interpretation of the dissipation function
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Eq. (5) can be rewritten as follows:
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Figure 3 shows the relation between the individual terms in Eq.

[© = (a) —(b)—{(c)—(d)}]

©

Rate of irreversible exergy dissipation

(a) (d)

Released exergy Dissipation

by substrate accompanied

decomposition by heat
conduction

(c)
Part of the released exergy transformed into
sensible heat exergy
) _
(b)
Accumulated exergy
by microbial growth

Fig. 3.

Relation between the terms of the dissipation function shown in Eq. (6) . Irreversible exergy dissipation rate (©) is equal to

the exergy remaining after subtraction from the released exergy due to the substrate decomposition (a) of the accumulated exergy
resulting from microbial growth (b) and the reversibly changed portion of the sensible heat exergy accumulated by temperature

rise [(c)-(d)].
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(6). In this figure, (a) ~<° is the released exergy from sub-

strate decomposition, (b) % ‘7%, is the accumulated exergy from

N
microbial growth, (c) -3 PR -85 7 s the part of released

exergy that is transformed into sensible heat exergy, and (d)
kb @y . N
72\’ 1is the part of released exergy that is dissipated together

with heat conduction.

To summarize the figure, the exergy remaining after subtraction
from the released exergy because of the substrate decomposition
of both the accumulated exergy resulting from microbial growth
and the reversibly changed portion of the sensible heat exergy
accompanied by temperature rise is dissipated.

The dissipation function of the composting process (T,o; Eq.
(5)), can be interpreted using the theory of Lamprecht and Zotin
(1978) regarding the dissipation function for biological phenom-
ena as follows:

T00' :\Pu +\Pd (7)

where ¥, is the bound dissipation function used for irreversibly
progressed microbial growth within the system and P, is the ex-
ternal dissipation function irreversibly converted to anergy as a
result of heat loss from the system. These quantities are expressed

as
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Lamprecht and Zotin (1978) set the external dissipation function
as only the first term of the right-hand side of Eq. (9); however,
the second term is additionally included because this term, which
models the dissipation due to heat conduction, has no relation to
microbial growth and should be included in ¥,

Eq. (8) can be rewritten as

L = (€2 7Ah2)%+(7e9( +Ah%)%—)t( (10)

If the substrate and the microbes are physically in equilibrium
with their surroundings, their specific enthalpies are written as /g,
and Ay, respectively. If the substrate and the microbes are in equi-
librium both physically and chemically, their specific enthalpies
are written as /gy and /iy, respectively. The subscripts 0 and 00
indicate physical and chemical equilibrium states, respectively.
Although the values of the four specific enthalpies are unknown,
the differences /gy — hgy and hyy — hyy can be obtained from the

enthalpy change when they are chemically composed.

— ARY = hgo = hspp (11)

ARS = hyo —hxoo (12)

The specific chemical exergy of the substrate (eg’) and that of
microbes (e,”) for an open system are given by (Kojima, 2004)

eg :hSO_hSOO_To(§30 —ESOO) (13)

e())( =hx0_hX00_TO(§X0 —§X00) (14)

where S5 and Sy are the specific entropy of the substrate and
the microbes, respectively. Taking into account Eq. (11) to (14),
Eq. (10) can be rewritten as

- = oS - = oxX
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Introducing the microbial growth yield Y, it is possible to obtain
the relation between X and S as follows:
oX __y98 (16)
ot ot

Eq. (15) can be rewritten as
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The substrate and the microbes, because they are organic materi-
als, have a more complicated structure and much smaller specific
entropy values ESO and E xo than those of materials in an inor-
ganic soup (Jorgerlsen, 2001), Ssoo and Sxoo - Obtaining the
absolute value of S .xo0 is impossible because microbes are living
organisms (Aoki, 2001).
because it contains a “value-added entropy” (Kakitani, 2000).

Nevertheless, the values of the entropy differences s S0 -s S00
and Sx0—Sx00 can be estimated.

The term 7 [(530 —3300)—Y(§X0 ~5 x00 )] is the exergy
drop for structure formation and has a negative value. As the val-
ue of (gsoo —Eso) is smaller than the value of (5)(00 —EXO) N
Y must satisfy the following equation in order for the exergy drop
term to be negative.

S xo has a negative value, however,

S'500 S 50

Y <= (18)

S x00 =8 x0

According to the estimation of Haug (1993), the value of Y is
between 0.1 and 0.2 for composting of glucose, a representative
substrate. Because substrates are usually consumed, 05/0t<0.
Therefore, P, corresponds to the part of exergy dissipation used
up in acquiring structural complexity due to microbial growth.

Summarizing the above, the dissipation function in composting
is

Tyo =T, l(Eso ~5500)~Y(Sx0 —EXOO)J

2 (19)
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According to Lamprecht and Zotin (1978), fermentation proceeds
very effectively, as observed in continuous culture of yeast, and
the bound dissipation function becomes negligibly small during
the stable growth period immediately after the logarithmic growth
stage, though the function is large in the initial stage when meta-
bolic action is active (Maeda and Fujita, 1983). Assuming that
this relation is also applicable to the composting process, the dis-
sipation function can be approximated by the external dissipation
function.

To~w, =10 (Ahga—S—Aho aX] +xfo [”) (20)
T ot ot 0z

This equation is consistent with the statement that the dissipation
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function in a chemical reaction system is almost entirely governed
by the heat generation term, as pointed out by Oshida (1986) .

5. Proportion of the dissipation function to the total
released exergy

The proportion of the dissipation function to the total released
exergy in the entire fermenter is given by

1
m? j Tyodz
o (21)
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0 ot

Using the experimental results of Shishido and Seki (2015), we
calculated this value ¢ and plotted the results against time (Figure
4). In the calculation, Eq. (20) was used for Tyc approximately,
and enthalpy change in the substrate decomposition process -Akg
(=18000 kJ kg™') was used for eg’ because eg’ had been confirmed
to be almost equal to the standard heat of the combustion of the
substrate (Seki and Komori, 1992) .

This experiment was conducted using mixed compost material
of rice bran, chicken manure, and sawdust, of which the propor-

tional ratio (dry mass) was 27.3, 25.4, and 47.3 wt%, respectively.

The composting vessel was an acrylic resin cylindrical container
with an inner radius of 0.2 m and a height of 0.69 m. The density
of the packed materials was 550 kg m > and the moisture content
was 0.571 kg-water kg '-total mass. Air was supplied from the top
of the container at a constant flow rate of 1.0 1 minfl, and the du-
ration of the experiment was approximately 300 h. Because of the
microbial shift from mesophiles to thermophiles in 20-30 h, the
rate of exergy release drastically changed from the mesophilic
action phase around 10 h to the thermophilic action phase around

40 h, and this is a general feature of the composting process.

As pointed out by Seki and Komori (1992), the value of ¢ is
around 90% for # = 50-200 h, so ¢ has a very large value.

The changes in the characteristic temperature and substrate pro-
files with time form in composting process, one of eco-systems, as
correspond to the emergence of a dissipated structure. We can
interpret that this structure is formed by utilizing about 90% of the
released exergy during the process. In other words, this proportion
corresponds to the degree of the attainment of dissipated structure
formation, and this degree is shown to be very high in the com-
posting process.

6. Applicability of the exergy dissipation function to
prediction of the composting process

Generally, it is known that the Lyapunov function is an excess
entropy and a system is stable when the function has a negative
value and unstable when the function becomes positive by certain
temporal fluctuations of the system. This instability is a driving
force for new dissipative structure formation (Nicolis and Prigo-
gine, 1977) . From the viewpoint of exergy, excess exergy is the
Lyapunov function, and the system is stable when it is positive
and unstable when it is negative. Especially, Svirezhev (2001)
reported that exergy itself is the Lyapunov function. As described
above, the value of exergy relates to the stability criterion of the
system.

The general principle of minimum entropy being produced
(Nicolis and Prigogine, 1977) does not hold for phenomena that
fall into the category of non-linear thermodynamics, such as the
composting process, which shows bifurcation caused by the fluc-
tuation of state variables.

On the other hand, Jorgensen (2001) proposed a tentative
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Fig. 4.

t[h]

Time course of the proportion of the dissipation function to the total released exergy in the entire fermenter. The values

were estimated from the experimental data of Shishido and Seki (2015) ; the experiment was conducted in an acrylic resin contain-
er under the aeration condition using the mixture of rice bran, chicken manure, and sawdust as feedstock. About 90% of the re-
leased exergy is estimated to be dissipated throughout the experimental duration.
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fourth law of thermodynamics, which states that exergy maximi-
zation is the process direction of an ecosystem, and reported the
applicability of the extremal principle to the ecosystems’ progress
prediction.

As a future research strategy, we will propose the certification
of the validity of Jorgensen’s tentative theory through elucidating
the applicability of the extremal principle, i.e., functional analysis,
to the composting process as an example. We can use the dissipa-
tion function derived here as a powerful tool to discuss the
abovementioned subject.

7. Conclusions

The exergy balance equation of composting was obtained for
thermodynamic discussion. This equation is useful for considera-
tion of effective utilization of the exergy released during compost-
ing. Then, based on the equation, the exergy dissipation function
relating to the direction of the composting process was derived.
D1t is clarified that the remainder of the released exergy after

subtraction of exergy used for microbial growth and the revers-

ibly changed part of the sensible heat exergy accompanying a

temperature rise is dissipated; this exergy corresponds to the

dissipation function.

2) Following the idea of Lamprecht and Zotin (1978) concerning
the dissipation function for biological phenomena, the obtained
dissipation function was divided into two parts, the bound dis-
sipation function and the external dissipation function. Using
the condition that the bound dissipation function should be pos-
itive, it was shown that the maximum value of the microbial
cell yield (¥) can be determined. Almost all the external dissi-
pation function consists of the chemically dissipated part, in
agreement with the conclusion of Oshida (1986).

3) The applicability of the dissipation function to functional analy-
sis of the composting process was highlighted as a future re-
search strategy.
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