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aFacultad de Ingenierı́a Mecánica y Eléctrica, UANL. Ciudad Universitaria, San Nicolás de los Garza, N.L.
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Abstract— Wastewater treatment is a current technological
and scientific challenge due to the requirements of the high
variety of wastewater coming from industries and municipal
residuals. In particular, anaerobic digestion process is an useful
approach treatment of wastewater with high load of organic
matter. The necessity of implementing treatment plants for
anaerobic digestion has open many research opportunities
about modeling and control of this complex biochemical
process. In particular, this contribution deals with the lack
of variable’s information from available sensors. We propose
a state and parameter estimation of a nonlinear dynamical
model of an anaerobic digester. The estimation approach is
based on adaptive observers which gives a reliable tool towards
the control of anaerobic digesters.

I. I NTRODUCTION

Since many decades ago, wastewater treatment is one of
the most important topics in environmental sciences. The
high variety of industrial processes involving wastewater
have required different approaches in order to face up the
whole problem. One of these approaches is such based in
anaerobic digestion, this biotechnological tool is mainly
used in applications with excess of organic matter con-
centration. One of the major comparing factors between
anaerobic and aerobic digestion is methane gas production
(Speece, 1983).

I-A. Motivation

The industrial application of anaerobic digestion process
and the diversity of waste these can be treated have in-
creasing as a result of research work in reactor designs,
operating conditions, or the use of specialized microbial
consortia (Verstraete, 1999). Many of application of the
treatment of residues are from agro-industrial (i.e., sugar,
corn processing) and beverages industries (i.e., beer, wine,
canning, distilleries) although many other types of wastes
from other origins are considered (e.g., petrochemical, wood
processing,) (Steyer, 2002).

Specifically, in case of México, the industrial sector have
been concern about wastewater treatment due to recent
environmental lows. In 2007, National Commission for
Water (CNA) estimates that 29.9m3/s of wastewater were

treated in the current 2021 operating treatment plants in the
whole country. In the same year, 4 722 million of cubic
meters of water were reused, mainly the transference of
wastewater for agriculture (CNA, 2010).

I-B. Problem description

Even though these advances are optimistic in develop-
ment of wastewater treatment, the industrial implementation
of treatment plants is still a technological and scientific
challenge (Totzke, 1999). Some of the study opportunities
are control schemes guaranteeing good and safety operation.
This lack is mainly due to limitations factors in mathe-
matical models of anaerobic digesters, related to the high
nonlinear nature of the process, the complexity of kinetic
process, the load disturbances due to changes in the feeding
and the lack of adequate sensor to monitor the interested
variables (Mendez-Acosta, 2004).

I-C. Contribution

In particular, this contribution deals with the last problem;
the lack of variable’s information due to no available
sensors. In this sense, a state and parameter estimation of
a nonlinear dynamical model of an anaerobic digester is
presented. The estimation approach is based in a adaptive
observer which gives a reliable tool towards the control de-
sign considering integrative information about no physically
measured states and sensitive parameters of the model.

I-D. Structure of paper

The document is organized as follows: in the next sec-
tion, the mathematical model of anaerobic digester used in
winery industry is presented, as well as, an analysis of
parametric sensitivity. After that, the design of the state
and parameter estimation scheme is presented. Finally, some
discussion and concluding remarks are considered.

II. A NAEROBIC DIGESTER MODEL

The anaerobic digestion process is represented by the
nonlinear mathematical model proposed by Bernard et al.
(Bernard, 2001). This model represent the two basic stages
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of anaerobic digestion: acidogenesis y methanogenesis. In
the former stage, the acidogenic bacteria ferments the
organic compounds into volatile fatty acids (VFAs) and
carbon dioxide (CO2), while in the last stage, methane
(CH4) and CO2 are obtained from VFAs through the
action of methanogenic bacteria. That means, anaerobic
digestion process degrades organic matter for converting it
in CO2, VFAs, andCH4 by means of complex biochemical
reactions. The mathematical model representing such a
process is given by the next sixth order system of nonlinear
differential equations:

ẋ1 = (µ1 − αD)x1

ẋ2 = (µ2 − αD)x2

ẋ3 = (x3,in − x3)D
ẋ4 = (x4,in − x4)D − k1µ1x1

ẋ5 = (x5,in − x5)D + k2µ1x1 − k3µ2x2

ẋ6 = (x6,in − x6)D − qc + k4µ1x1 + k5µ2x2

(1)

where x1 is the acidogenic bacteria concentration (g/L),
x2 is the methanogenic bacteria concentration (g/L),x3

is total alkalinity (mmol/L), x4 is the chemical oxygen
demand (g/L),x5 are the volatile fatty acids (mmol/L) and
x6 is the total inorganic carbon (mmol/L); the parameter
D is the dilution rate (h−1), α stand for the hydrodynamic
regimen of the bioreactor;xi,in with i ∈ 3, ..., 6 are the
inlet concentrations for the acidogenic and methanogenic
bacteria, the substrate, and the VFA;kj with j ∈ 1, ..., 5
are real scalars involved in kinetic rates. The kinetic rates
µl : R → R, for l = 1, 2, are defined as follows:

µ1(x4) = µ̄1
x4

x4+kSI

µ2(x5) = µ̄2
x5

(x5/kI2)2+x5+kS2

(2)

µ̄1 (min−1), kSI (g/L), µ̄2 (min−1), kS2 (mmol/L), kI2

(mmol/L) are uncertain and finite constants. Parameters
xi,in, with i ∈ {3, ..., 4} are called the inlet flows. Finallyqc

is a function related to mass transfer, which is approached
by Henry’s Law, that is,qc = kLa(CO2 − kHPc), where
kLa is the liquid-gas transfer coefficient (h−1), KH is
the Henry’s constant (mmol/l atm) andPc is the partial
pressure ofCO2 (atm). The nominal parameters of model
(1) were reported in the original reference (Bernard, 2001)
and, for simplicity, they are rewritten here:k1 = 42,14,
k2 = 116,5 (mmol/g), k3 = 268,0 (mmol/g), k4 = 50,6
(mmol/g), k5 = 343,6 (mmol/g), α = 0,5, µ̄1 = 0,05
(h−1), µ̄2 = 0,031, ks1 = 7,1 (g/L), ks2 = 9,28, ki2 =
16,0 (mmol/g), kla = 0,825 (h−1), kh = 16,0 (mmol/
1 atm), qm = 435,0, pt = 1,0434 (atm), x3,in = 190,
x4,in = 16, x5,in = 75, x6,in = 150. Some basic dynamical
properties about operation and equilibrium conditions of the
system (1) are presented in (Mendez-Acosta, 2005); where
the equilibrium point, for nominal parameters values, is:
x∗ = (0,6751, 0,8199, 190, 1,775, 4,456, 188,4676).

II-A. Parametric sensitivity of anaerobic digester model

Sensitivity analysis is an analytic tool for determining the
most significative parameters of a given dynamical system.

En case of system (1), it can be written in the vectorial
form:

ẋ = f(x) (3)

for the statex ∈ R6 and the vectorial fieldf : R6 → R6.
As we can see in the model’s description, 20 parameters
are involved in Equation (3). Nevertheless, according to
the natural dynamics of anaerobic digester, a set of six
parameters were selected to perform sensitivity analysis,
that is, φ = {φ1, ..., φ6}, with φ ∈ Φ ⊂ R6, such that
φ1 = µ̄1, φ2 = µ̄2, φ3 = α, φ4 = ks,1, φ5 = ks,2,
φ6 = kI2, and φ0 is the nominal parameter values given
in the last subsection. The sensitivity equation is given by:

Ṡ = A(x, φ)S + B(x, φ) (4)

where A(x, φ) =
[

∂f(x)
∂x

]∣

∣

∣

x∗

∈ R
6×6, B(x, φ) =

[

∂f(x)
∂φ

]∣

∣

∣

φ0

∈ R
6×6, andS =

[

∂x
∂φ

]∣

∣

∣

φ0

∈ R
6×6 is a matrix

whose entries correspond to states variation concerned to
each parameters. The solution of Equation (4) is numer-
ically solved using MatLabr. Figure 1 shows sensitivity
results for interest states.
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Figura 1. Sensitivity analysis for the anaerobic digester model.

The graphs of Figure 1 show the solution of Equation (4).
for significative statesx1, x2, x4 andx5. From this analysis,
the high sensitivity of solution of system (1) are due to
variations of parameters̄µ1, µ̄2, α and ks1. Based in this
results, we present an estimation algorithm for states related
to bacteria concentration,x1 and x2 for acidogenic and
methanogenic bacteria, respectively. Alsox4 and x5 were
estimated. The estimation scheme is based in an adaptive
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observer and, also is able to estimate parametersµ̄1, µ̄2

and α, these are major parameters involved in the kinetic
functions of bacteria’s dynamics.

III. A DAPTIVE OBSERVER FOR ANAEROBIC DIGESTER:
A CASCADE SYSTEM APPROACH

As it was mentioned in the last section, the interest is
to estimate the statesx1, x2, x4, x5 and parameters̄µ1,
µ̄2 andα of the anaerobic digester model (Bernard, 2001).
In this section, we present general results of an adaptive
observer for cascade systems to estimate state and constant
parameters guaranteeing exponential convergence.

III-A. Adaptive observer for cascade systems

Let us consider the follow state affine cascade system:







ż1 = A1 (y, u) z1 + β1 (y, u) + ϕ1 (y, u) θ1+
B1g1(y, u, z1, θ1),

y1 = C1z1







ż2 = A2 (y, u, z1, θ1) z2 + β2 (y, u, z1, θ1)+
ϕ2 (y, u, z1, θ1) θ2 + B2g2(y, u, z2, θ2),

y2 = C2z2

...



















żp = Ap (y, u, z1, ..., zp−1, θ1, ..., θp−1) zp+
βp (y, u, z1, ..., zp−1, θ1, ..., θp−1) +
ϕp (y, u, z1, ..., zp−1, θ1, ..., θp−1) θp+
Bpgp(y, u, zp, θp),

yp = Cpzp

(5)

wherezi ∈ Rni , θi ∈ Rqi , u ∈ Rl, yi ∈ R;
∑p

i=1 ni = n
and

∑p
i=1 qi = q. Ai, βi, ϕi, Bi, gi and Ci are matrices

of appropriate dimensions for1 ≤ i ≤ p. Moreover, system
(5) can be rewritten in the compact form:







ż = A (y, u, z, θ) z + β (y, u, z, θ) + ϕ (y, u, z, θ) θ+
Bg(y, u, z, θ)

y = Cz
(6)

wherez ∈ Rn, u ∈ Rl, y ∈ Rp, θ ∈ Rq are state, known
input, output, uncertain parameters, respectively. The
functionsA, β, ϕ, B, g and C are matrices of adequate
dimensions, withz = [z1 ... zp]

T , y = [y1 ... yp]
T

and θ = [θ1 ... θp]
T . Also, A (y, u, z, θ) =

diag (A1 (y, u) , · · · , Ap (y, u, z1, ..., zp−1, θ1, ..., θp−1)),
C = diag (C1, · · · , Cp), β (y, u) =

(β1 (y, u) ... βp (y, u, z1 ... zp−1 θ1 ... θp−1))
T ,

ϕ (y, u, z, θ) = diag (ϕ1 (y, u) , · · · , ϕp (y, u, z1, ..., zp−1,
θ1, ..., θp−1)), B = diag (B1, · · · , Bp), g (y, u, z, θ) =

(g1 (y, u, z1, θ1) ... gp (y, u, zp θp))
T . The

components of matrixA, β and ϕ are continuous
functions depending onu, y and z1, ..., zi−1, θ1, ..., θi−1,
for 1 ≤ i ≤ p and uniformly bounded. In the sequel,
the dependence of u, y, z1, ..., zi−1, θ1, ..., θi−1 and
ẑi−1, θ̂1, ..., θ̂i−1 for Ai, ϕi, βi, gi, Âi, ϕ̂i, β̂i and ĝi is
omitted for simplicity.

Now, the next assumptions for system (5) are considered:

Assumption A1 (Hammouri, 1990): If the input is
persistently exciting, in the sense that there exist
α2,i > α1,i > 0, T1,i > 0 such that, for any initial
conditionx0, the next condition:

α1,iI ≤

∫ t+T1,i

t

ΨT
(u,x0,i) (s, t)C

T
i Σi (s) CiΨ(u,x0,i) (s, t)

ds ≤ α2,iI

is satisfied fort ≥ t0, where Ψ(u,x0,i) denotes the
transition matrix of the system:

{

żi = Ai (y, u, z1, ..., zi−1, θi, ..., θi−1) zi,
yi = Cizi

and Σi (for 1 ≤ i ≤ p) is some positive definite
bounded matrix.

Assumption A2 (Zhang, 2002): Let us consider
the matrix Λ = diag {Λ1, ..., Λp}, where Λi for
1 ≤ i ≤ p is a matrix defined by:

Λ̇i =
{

Ai − S−1
i CT

i ΣiCi

}

Λi + ϕi

Assume thatϕi is persistency exciting and there
existsγ2,i > γ1,i > 0, T2,i > 0 and some positive
definite matrixΣi for 1 ≤ i ≤ p, such that the next
inequality holds:

γ1,iI ≤

∫ t+T2,i

t

ΛT
i (s)CT

i Σi (s)CiΛi (s) ds ≤ γ2,iI

for t ≥ t0.

Assumption A3 (Ghanes, 2008): Assume that the
components ofz and θ are bounded, i.e. there exist
positive constantsδz

i andδθ
i for 1 ≤ i ≤ p, such that

‖zi‖ ≤ δz
i , ‖θi‖ ≤ δθ

i . Suppose that, for1 ≤ i ≤ p,
1 ≤ j ≤ i−1, also there exist some positive constants
δA
j , ̺A

j , δβ
j , ̺β

j , δϕ
j , ̺ϕ

j , δg
j and̺g

j such that the next
inequalities hold:

‖Âi − Ai‖ ≤
i−1
∑

j=1

δA
j ‖ej‖ +

i−1
∑

j=1

̺A
j ‖eθj

‖

‖β̂i − βi‖ ≤

i−1
∑

j=1

δβ
j ‖ej‖ +

i−1
∑

j=1

̺β
j ‖eθj

‖
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‖ϕ̂i − ϕi‖ ≤

i−1
∑

j=1

δϕ
j ‖ej‖ +

i−1
∑

j=1

̺ϕ
j ‖eθj

‖,

‖Biĝi − Bigi‖ ≤
i−1
∑

j=1

δg
j ‖ej‖ +

i−1
∑

j=1

̺g
j‖eθj

‖,

whereei = zi − ẑi andeθi
= θi − θ̂i.

Remark 1: i) Assumption A1 was previously presented
in (Hammouri, 1990) in order to guarantee the globally
exponential convergence of observation stat errors, and it
was used to construct a Kalman-like observer for state affine
systems given by:

{

ż = A (y, u) z + β (y, u)
y = Cz

ii) Assumption A2 represents a persistently excitation
condition which is required in system identification to make
the parameter estimation error exponentially converge to
zero. Moreover, this condition was presented in (Zhang,
2002), and introduced for designing an exponential adaptive
observer for the following linear time-varying system

{

ż (t) = A (t) z (t) + B (t)u (t) + ϕ (t) θ
y (t) = C (t) z (t)

iii) Assumption A3 can be interpreted thatAi, βi, ϕi and
Bigi satisfy the Lipschitz condition to respect to allei and
θi, for 1 ≤ i ≤ p.

Now, the design if an observer for states and uncertain
parameters is proposed.

Theorem 1: Consider the system (6), if assumptionsA1−
A3 are satisfied, the following system:

˙̂z = A
(

y, u, ẑ, θ̂
)

ẑ + β
(

y, u, ẑ, θ̂
)

+

ϕ
(

y, u, ẑ, θ̂
)

θ̂ + Bg(y, u, ẑ, θ̂)+
{

S−1CT + ΛΓ−1ΛT CT
}

Σ (y − Cẑ)

(7)

whereΛ = diag{Λ1, ..., Λp}, Γ = diag{Γ1, ..., Γp}, S =
diag{S1, ..., Sp} and







































˙̂zi = Âiẑi + β̂i + ϕ̂iθ̂i + B̂iĝi +
{

S−1
i CT

i +
ΛiΓ

−1
i ΛT

i CT
i Σi (yi − Ciẑi)

Ṡi = −ρiSi − ÂT
i Si − SiÂi + CT

i ΣiCi

Λ̇i =
{

Âi − S−1
i CT

i ΣiCi

}

Λi + ϕ̂i

Γ̇i = −λiΓi + ΛT
i CT

i ΣiCiΛi

˙̂
θi = Γ−1

i ΛT
i CT

i Σi (yi − Ciẑi)

is an exponential observer for system (6), whereẑi and
θ̂i are estimations ofzi andθi, respectively. Parametersρi

and λi are sufficiently large positive constants andΣi are
positive definite matrices, for1 ≤ i ≤ p.

Remark 2: In (7), the solutions ofSi andΓi, for 1 ≤ i ≤
p, are implicity defined and are associated to assumptions
A1 and A2, which represent the persistent condition of
the states and parameters of the system, respectively. For

completeness, the proof of Theorem 1 can be sketched as
in (Ghanes, 2008).

III-B. Adaptive observer for an anaerobic digester

From the results presented in the last subsection, now the
observer in Equation (7) is used to estimate statesx1 and
x2, and parametersµ1, µ2, α of the model of anaerobic
digestion given in Equation (1). First, the dynamics ofẋ4,
ẋ5, and ẋ1 in system (1) are considered as three cascade
systems, which states are defined asz1 := [x4 ξ1]

T , z2 :=
[x5 ξ2]

T , andz3 := x1; the uncertain parameters areθ1 :=
µ̄1, θ2 := µ̄2, andθ3 := α and the outputs of each cascade
system arey1 := x4, y2 := x5, andy3 := x1 respectively.
Also, the follow auxiliary states are defined:

{

ξ1 := k1µ̄1x1 + µ̄1x4

ξ2 := k3µ̄2x2 + µ̄2x5
(8)

From (2), let us considerµ1(x4) := µ̄1f1(x4) and
µ2(x5) := µ̄2f2(x5), where

{

f1(x4) = x4

x4+KS1

f2(x5) = x5

x5+KS2+(
x5

KI2
)2

(9)

Then, the dynamics ofz1, z2, andz3 of system (1) can be
rewritten as affine state cascade systems:







ż1 = A1(D, y)z1 + β1(D, y) + ϕ1(D, y)θ1

+B1g1(D, y, z1, θ1)
y1 = C1z1

(10)







ż2 = A2(D, y, z1, θ1)z2 + β2(D, y, z1, θ1)+
ϕ2(D, y, z1, θ1)θ2 + B2g2(D, y, z2, θ2)

y2 = C2z2

(11)

and







ż3 = A3(D, y, z1, z2, θ1, θ2)z3 + β3(D, y, z1, z2, θ1, θ2)+
ϕ3(D, y, z1, z2, θ1, θ2)θ3 + B3g3(D, y, z3, θ3)

y3 = C3z3

(12)

where y = [y1 y2]
T and A1(D, y) =

[

0 −f1(x4)
0 0

]

,

β1(D, y) =

[

−D(x4 − x4,in)
0

]

,

ϕ1(D, y) =

[

f1(x4)x4

−D(x4 − x4,in)

]

,

B1g1(D, y, z1, θ1) =

[

0
−Dα(ξ1 − µ̄1x4)

]

,

C1 =
[

1 0
]

. A2(D, y, z1, θ1) =

[

0 −f2(x5)
0 0

]

,

β2(D, y, z1, θ1) =

[

−D(x5 − x5,in) + k2

k1
f1(x4)(ξ1 − µ̄1x4)

0

]

,

ϕ2(D, y, z1, θ1) =

[

f2(x5)x5

−D(x5 − x5,in) + k2

k1

f1(x4)(ξ1 − µ̄1x4)

]

,
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B2g2(D, y, z2, θ2) =

[

0
−Dα(ξ2 − µ̄2x5)

]

,

C2 =
[

1 0
]

, A3(D, y, z1, z2, θ1, θ2) = µ̄1f1(x4),
β3(D, y, z1, z2, θ1, θ2) = 0, B3g3(D, y, z3, θ3) = 0,
ϕ3(D, y, z1, z2, θ1, θ2) = −Dy3 andC3 = 1.

From Theorem 1, an adaptive observer is designed for the
cascade affine state system (10)-(12), given by the general
form (7). The arbitrarily tunable parameters of the observer
are ρi, λi and Σi, for i ∈ {1, 2, 3}. Thus, x̂1, x̂2, x̂4, x̂5,
ˆ̄µ1, ˆ̄µ2 and α̂ are reconstructed from̂zi, θ̂i and Equation
(7).

IV. SIMULATIONS

In order to illustrate the estimation of states and
parameters of the digester model, some results are
presented from computational simulations with the next
numerical values for digester model (1) and adaptive
observer (7):

Initial conditions of digester model: x1(0) = 0,1358,
x2(0) = 0,4829, x3(0) = 76,1, x4(0) = 0,989,
x5(0) = 8,559, x6(0) = 67,186.

Initial conditions of observer: ẑ1(0) = ẑ2(0) = [0 0]T ,
ẑ3(0) = 0, θ̂1(0) = 0,1, θ̂2(0) = θ̂3(0) = 0,
S1(0) = I, S2(0) = I, S3(0) = I (where I
is identity matrix with appropriate dimensions),
Λ1(0) = Λ2(0) = [1 1]T , Λ3(0) = 1, and
Γ1(0) = Γ2(0) = Γ3(0) = 1.

Parameters of observer: ρ1 = 0,01, λ1 = 0,01,
Σ1 = 1, ρ2 = 0,08, λ2 = 0,08, Σ2 = 1, ρ3 = 0,02,
λ3 = 0,02, Σ3 = 1, α0 = 0,5.

On the one hand, the observer (7) allows the estimation
of the statesxi of model digester (1), fori ∈ {1, 2, 4, 5}.
In Figure 2 is shown the convergence of estimated statesx̂i

to xi versus time, respectively fori ∈ {1, 2, 4, 5}.
Another manner to display the convergence is by means

of the state estimation errors defined asei = xi − x̂i,
such that ĺımt→∞ ei = 0 implies ĺımt→∞ x̂i = xi, for
i ∈ {1, 2, 4, 5}. Then, in Figure 3 is shown the convergence
of state estimation errorsei versus time.

On the other hand, the observer (7) also allows one
to estimate of the uncertain parametersµ̄1, µ̄2 and α of
model digester (1). In Figure 4 is shown the convergence
of estimated parameterŝµ1, µ̂2, α̂ to uncertain model
parametersµ1, µ2, α, respectively.

The convergence of parametric estimation also can be
illustrated by means of the parameter estimation errors
defined as:eµ̄1 = µ̄1− ˆ̄µ1, eµ̄2 = µ̄2− ˆ̄µ2, andeα = α− α̂.
In Figure 5 is shown the convergence of parametric
estimation errors to zero versus time.
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Figura 2. Convergence of estimated statesx̂i (dot-dash lines) to model
statesxi (solid lines), fori ∈ {1, 2, 4, 5}.

V. D ISCUSSION AND CONCLUDING REMARKS

This contribution deals with a design an estimation ap-
proach for states and parameters of a mathematical model
of the anaerobic digester process. This estimation scheme
seeks to contribute in the current sensorless problem for
many interest and complex variables on the anaerobic
digester. To reach this goal, a parametric sensitivity analysis
of system (1) was development, in order to known which
are the more significative parameters affecting the model’s
solution. The results show that̄µ1, µ̄2, α and ks1 are the
high sensitivity parameters. Respect to state’s model, due
to the biotechnological importance, the estimation of states
x1, x2, x4 andx5 could be very useful in anaerobic digester
implementation. These two facts motivated the design of an
estimation approach for the model states (x1 and x2) and
sensitive parameters (µ̄1, µ̄1 andα).

Due to the mathematical structure of system (1), an adap-
tive observer scheme for cascade state affine system was
used in the estimation approach. The adaptive observer (7)
estimates the unmeasurable state and identifies the uncertain
parameters with an arbitrarily tunable rate. The exponential
convergence is guaranteed with sufficient conditions as in
the previous works, but the complete proof is not presented
here due to space restrictions. The useful estimation of
states and parameters in a anaerobic digester model could
have a potential use in implementation of plants treatment
using this biotechnological approach. Moreover, this pos-
sibility helps in future design on control laws considering
both, measurement and estimated information, giving more
useful controllers. The estimation of state variables and
uncertain parameters permits the implementation of control
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Figura 3. Convergence of state estimation errorsei (solid lines) to zero
(dot-dash lines), fori ∈ {1, 2, 4, 5}.

laws with the form reported by (Mendez-Acosta, 2004) with
the advantage of providing estimation about the hydrody-
namical regime on which the anaerobic digester operates.
The estimation of the hydrodynamic regime is potentially
capable of predicting preventive maintenance on service
actuators as pumps or valves, with consequent reduction of
energy from the digester and enhancement on the overall
implementation of control theory as green technology.
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