DESIGN OF OPTIMAL BIOGAS BUF FER INVENTORY IN WASTE

TREATMENT FACILITIES

F. A. Ba tzias, N. P. Nikolaou and A. S. Ka kos

Department of Industrial Manag ement, University of Pira eus, GREECE pho ne: (+ 301) 41 4232 1, e - mail: fb atzi@unipi.gr

Abstract

This work deals with th e op timal design of a biog as buffer in vento ry in an organic treatment facility. This inventory is made by sa ving/storin g p art of th e bio gas produced via ana erob ic digestio n. Savin g is a chieved b y usin g s olar energy, which we cann ot store in an econ omic way. The stochastic optimiza tion disciplines used are: (i) minimizatio n of sola r collector area in order to minimize the fixed cost a nd (ii) standard ization of confidence a s reg ards the avo ida nce o f b ioga s shortage during a calenda r year p erio d. Fo r th e so lution of the pro blem we design ed and d eveloped a p ro prietary so ftware pa ckage p erfo rming

Mo nte Carlo filtering throu gh simula ted sa mpling to determine a near - optima l so lution on time - dependent ba sis. The r esu lts o btained showed that the compu tatio nal a pproach ado pted is quite satisfacto ry as regards (i) efficiency in find ing the design /operation para meter - values and (ii) flexibility by providing the mea ns to ea sily extend or transform th e procedu re to cover external biogas demand und er uncertain ty.

Keywords

Biog as p roduction, buffer inventory, waste treatment, optimization, sola r energ y, Monte

Ca rlo simulation

Introduction

In many island s of the Aegean Sea th ere is a shortage o f water and energy , especia lly during thesummerwhen thepopu lation increasesdramatically du eto tourism.Forthesame reason the demand for sanitary serv ices and wastewater treatment capacity is hig hly in creased. Fortunately , d urin g these summer mo nth s there is also an in creased availability of solar energy . The aimof this paper is to present a sy stemof o ptimal savin g energy pro duced in a wastewater treatment p lant where biogas is prod uced through anaerobic digestion . The raw material used is either municipal sewage slu dge co min g fromprimary sed imen tation and seco ndary thick ening in a biological treatment facility or agricultural/in dustrial b iodegradable wastes. Optimization of energy saving is ach ieved by using solar energy to sub stitute biogas usually burned to keep the fermen ter o r an aerobic digester within the range of 35 - 38

o

C by the aid o f a heat ex changer. The key element in th is co mb ination is th e creation of a b iog as buffer inventory that will make the facility energ y indepen den t and possibly an energy su pplier to oth er in dustrial/agricu ltural b iogas consumers in thevicinity . Thisb uffer inventory requires acareful d esig n,asinput v ariab les in th e biog as p roduction sy stemare stoch astic due to un certainty as regards the characteristics of the pro cessed organic waste.

Simulation of the process

By simulating the anaero bic digester to a Continu ous Flow Stirred Tank Reactor

(CFSTR), as it is sh own in Figure 1, we obtain the follo wing balance equations, accord ing to the general exp ressio n Accumulation = Inpu t - Outp ut + P rodu ction ˘ Consump tion.

For substrate: Vr-SQ-SQ s o

= dt

dS

V , fo r b iomass: VrXQ-XQ x o

+ = dt

dX

V where S o

, S in flo w/outflow su bstrate concen tration, exp ressed in BOD respectiv ely

X o

, X in flo w/outflow b iomass concentratio n respectiv ely r s

, r x

rate s of su bstrate consumption an d biomass pro duction respectively according to the wid ely u sed Mon od kinetic models:

r s

= k S X / (K s

+ S), r x

= Y k S X / (K s

+ S) ˘ k d

X

K s

substrate saturation co nst. V volume of digester

Y biomass sy nth esis co nst . Q volumetric flo w k max specific su bstrate con su mp tion rate const. k d

endogenou s rate const.

By substituting th e rate expressions, the material balances become

V dS/dt = Q S o

˘ Q S - k S X V / (K s

+ S) (1)

V dX/d t = Q X o

˘ Q X + Y k S X V / (K s

+ S) ˘ k d

X V (2)

In practice, the bio mass concen tration in th e feed streamis negligib le, i.e.: X o

» 0.

Therefo re, w e obtain the fo llowin g relations for steady state conditions:

0 = Q S o

˘ Q S ˘ k S X V / (K s

+ S) (3)

0 = ˘ Q X + Y k S X V / (K s

+ S) ˘ k d

X V (4)

By defining the residence time

, = V / Q, the last equatio n gives the sub strate

concentratio n S, which is an imp ortant dependent variable of th e simulated sy stem:

S = K

s

(1 + k

d

, ) / [( , (Y k - k

d

) - 1] (5)

For the estimation of the biogas, pro duced, it is widely accepted that the q uan tity of

methanereleased can becalculated by means ofth eeq uiv alentmassin oxy gen,o btain ed by

th e simple equ ation of perfect combustion CH

4

+ 2 O

2

Figure 1 A naerobic digester, simulated to CFSTR, in series w ith the second stage tank. The buffer inventory provides biogas to the heatexchanger H .

As the vo lu me of 1 / 6 4 mole methane is 22.4 / 64 = 0.35 L, under normal co nditio ns (0

o

C and 1 Atm), we conclud e that the methane pro ductio n u nder n ormal con dition s is 0.35 L / g

BOD. On th e oth er han d, a ty pical fo rmula for b iomass is C

5

H

7

NO

2

with molecular weigh t 11 3. Fromthe simple equation of ox idation, C

5

H

7

NO

2

+ 5 O

2

Æ 5 CO

2

+ 2H

2

O +

NH

3, we con clude that the requ ired oxy g en is 5 * 32 / 113 = 1.4 2 g / g ox idized bio mass.

Taking in to account that the biomass produced Q

û

�

� (which is removed by mean s of

outflowso that thesteady stateequ ilibriumd oesnotchange)co nsumesco nstituentscoming

fro mth e decomposition of substrate, resultin g to a decrease in bio mass available for biogas

pro duction, we can calculate the p roduc tion of methan e G Î [L 3 T - 1 ]by mean s of th e

relation

G = G

0

[(S

0

˘ S) Q ˘ 1.4 2 Q û � ], wh ere G

0

= (2 73+ T o C) 22.4 / (273 . 64), G

0

Î [M - 1 L 3 ]

Maximization of Efficiency

To maximize the efficiency E = (S

0

˘ S) / S

0 or E = 1 ˘ S / S

0 of a sy stemcon taini ng n

digesters in p arallel, in the general case, we have to minimize the ou tflow substrate

concentratio n S, wh ich is th e mean of th e S

i

- values weig hted b y the corresponding (Q

i

/Q) -

values. This arrang emen t is sh own in Fig ure 2, wh ere the feed Q is div ided i nto Q

1

, Q

2

, �,

Q

n by a co ntro ller operating with n - 1 deg rees o ffreedom(df). Each digester is h eated b y an

exch ang er H

i

, an d th e effluent enters a secon d - stage tank arranged with in a set of m such

Raw mat erial tanks ( m<= n ).The buffer inv entory consistsof q storing t anks,which providebiogasto the

heat ex changers (in ternal consumption) and p ossibly to an external consumer (e.g. a sea

water desalinatio n plant wh ich might operate in the vicinity to provide po table water, a

scarce resou rce for mo st island in the Aegean Sea). Th e obvious relatio n among the stream

flows Q

1

, Q

2

, � Q

n leaving th e first - stage digesters is S

1

Q

1

+ S

2

Q

2

+ � + S

n

Q

n

=S Q as

Q = Q

1

+ Q

2

+ � + Q

n

, which by means of eq. (5) is written as fo llo ws:

}

) * (

) (

{

1

) Q , , Q , S(Q S

1 n 2 1

Q

Q k

V k Q K

j n

j

j d j d j s

k Y Q å

=

- -

-

= ¼ =

To minimize the S - f unction, we define the q uan tity F so that:

Â Î - + ¼ = ¼ = å

=

�

�LV�WKH�/DJUDQJH�PXOWLS OLHU�DQG� I� 4

1

,

Q2 ,

.., Q

n

) = å

=

- n

j j

Q Q

1 is the constraint under

which the minimumS should be iden tified .

To fin d such constrained minimima we require that n i

F

Q

i

,..., 1 , 0 = =

¶

¶

and th at the

associated Lagrange determinants û

i

, i=1, 2,..., n should all have a negative valu e.

Figure2 Acompletesy stemcontaining n dig esters in paralleland abufferinvento ry withq

tanks supply ing bio gas to bo th ; the internal consu mp tio n of n heat exch ang ers and the

external demand.

S

0

, X

0

, Q

Raw

materials

External

consumption df=n - 1

H

n

H

1

V

n

V

1
q

�

�

�

�

System

of solar

collectors
Buffer inventory

Biogas

Effluent

Digested

sludge

S

0

, X

0

Q

1

S

0

, X

0

Q

n

1

m

S

n

, X

n

Q

n

S

1

, X

1

Q

1

2

1
biogas

However, one of the so lution s fo r

0

}

)

*

(

)

*

(

)

*

)(

(

2

{

1

2

=

-

-

-

+

-

-

-

=

                                                                                                        ¶

                                                                                                                ¶

÷

÷

ø
ö

ç
ç

è
æ

V

Q

k
k
k

V

Q

k

V

Q

Q

i
i

d
d
s
d
s
d

i
i

s

i kY
k

Y

K

i
i

K
k

Y

K

Q

F

is

V

Q

V

Q

                                                                                                                      V

                                                                                                                        Q

                                               V

                                                Q

n
n

=

=

=

                                                                                             =
...

2

2

                                                                         1

                                                                          1 which apparen tly  makes the aforementio ned  determin ants

negativ e.

It sho uld also be no ted that ji

F

Q

Q

j
i

¹

"

=

¶

¶

¶

,

0

2

and that

}

*

*

)

*

(

42

{

1

))

*

(

(

3

2

2

2

k

Y
k

V

Q
k

V

Q

d
i
i
k

Y
k

Y

K

Q

F

d
i
s

i

-

+

                                                                                                        ¶

-
-

=

                                                                                                        ¶

Solar Energ y Assisted Thermal Balance

                                                          To estimate the optimal biogas buffer inventory , we hav e to mak e a th ermal balance

over each dig ester. Let N

i

 b e the th ermal requ irements for th e d igester i, whi ch is the sum

of th ermal lo sses and slud ge heatin g from ambient temperature (e.g. 18
o

C) to 3 5
o

C.

                                                                                                N

                                                                                                                       i

 = m c (T

o

 -  T

a

) + U A  (T

o

 -  T

s

)

where  m  mass sludg e inflow

T

s

 soil temp eratu re

 c  specific h eat co efficient  T

a

 amb ient temperature

 U  overall coefficie nt o f h eat transfer  T

o

 optimal temperatu re of digestio n

 A  cross - sectional area throu gh which th e heat loss occu rs

To min imize thermal energy  loss fo r a digester of the followin g geometry , with

predetermined volume V, we must o ptimize its dimensions, un d er the empirical constraints:

                                                                             6 < 2 R <3 5 m ,  7.5 < h+h´ < 14 m and h´

»
 R/4

Parts of the digester  Surface area of ea ch part

R

E

er

2

cov
p

=

Rh
E

cylinder
p
2

=

4

17

2
R

E

cone
p

=

)

12

(

2

R

h
R

V

total

+

= p

R

h

h´

Case I. There is no chan ge in  U - value over all su rface area of the digester.

3

)

17

3

10

(

12

+

=

p

V

                                                                                                       R

optimal

,

2

3
12

/

R

R

V

h

optimal
p
p

-

=

Case II. There are three U - values: U

w

 for the wall cy lin drical su rface, U

c

 for the co ver, U

b

for the botto m conical surface. The results are:

3

)

17

3

2

12

(

12

U

U

U

U

V

                                                                                                       R

b
w
c
w

optimal

+

-

=

p

,

2

3
12

/

R

R

V

h

optimal
p
p

-

=

The usual tab ulated empirical values of U

w

, U

c

 and U

b

 confirm that the denomin ator

( 17
3

                                                                                                                     2

            12
U

U

                                             U

b
w

                                                                             c

+

                                                                                             -

) is alway s positive.

E.g., for a u niqu e d igester with input values S

0

=650 0 mg/L and Q=10 0 m

3

/d , we can  use

th e ty p ical valu es Y=0 .04 , k=6.67d

- 1

, K=2,224  mg/L for 35
o

C to  obtain the resid ence time

of 5.0 3 d, wh ich gives a v olu me

»

 1,50 0 m

3

if a safety  factor SF=3 is adopted  [Batzias &

Koro nak is, 1984 ]. By  app ly ing the formulae of case II fo r this p red eterm in ed volume and

U

                       w

                                       =0.72, U

b

=0.82 an d U

c

=0.95 (W/m

2.

o

C), we obtain R=5.898.

For a digester surrou nded by  earth  embankments that serve as insulation, with T

s

=12

 o

C,

T

                    a

                             =18

                                                                                 o

                                                                                                         C an d T

0

=35

 o

C, the energy  balance can be stated as follows:

A (m

2

)  U (W/m

2.

o

C)

Hea t Losses (J/d)

 Energy  Balance (GJ/d)

Walls  331 .9 547  0.72  4.5E+08   Energy  Produced  6.795

Bo tto m  194 .8 583  0.82  3,18E+08   Energy  Losses  1.149

Co ver  189 .0 403  0.95  3.7E+08   Slu dge heating  7.380

TOTAL    1.149 356E+0 9   Deficit (GJ /d)  1.73

Optimization o f Biogas Buffer Inventory

                                                          The p roblem we try  to so lve herein is the determination o f optimal level of a bio gas

buffer inventory , formed by  u sing solar en ergy  in h eat transfer instead o f b iogas. The

objectives to be achieved are (i) minimization of solar co l lector area in order to min imize

th e fix ed cost and (ii) stand ardization of con fidence (e.g. at 95%) as regards the av oid ance

of biogas shortage du ring  a calen dar y ear p eriod.

To solve th e p roblem in its g eneral form, an  origin al Win dows - based software ap plication

was developed inclu din g several alg orithmic p rocedu res to cope with vario us combin ation s

of parameter values that might occur in practice.

An êxhaustive search~ ap proach has been ap plied in  th is p articular ty pe o f problem.

Within  a u ser - defin ed  range, all p ossible v alues fo r th e su rface area of the so lar collector

are examined. The searching step  is also a p arameter that is ap parently  defined by  the end -

user (see Figure 3 ).

For every  value of the solar collector area ex amin ed, a collectio n of r andom numbers is

drawn. These numbers simulate the rand omness of the volumetric flo w rate  (Q) wh ich is

assumed to be a rand om variable follo wing the normal d istributio n (Q ~ N(

�

Q

,

1

Q

)). The

size of the co llection as well as the mean v alue �

Q

 and the standa rd dev iation 1

Q

 o f Q are

user - defin ed parameters.

In the same way , valu es of influ ent Bioch emical Oxy gen Demand (BOD) are simulated

th roug h a similar ran dom number g eneration process under the assumption  th at BOD is a

normally  distributed ran dom variable  (i.e. BOD ~ N( �

BOD

, 1

BOD

)). Once again  the user is

free to  define a mean v alue �

BOD

 and a standard deviation 1

BOD

 o f h is choice. In th is way  a

Mon te Carlo simulation procedure fo r the Buffer Inven tory System  is set up .

Figure 3  Input data win dow for Mo nte Carlo  simulatio n

The rest inpu t data used fo r the simulatio n have b een extracted from the wo rk of Batzias &

Koro nak is (19 84). Th ese inclu de tab les with ty p ical month ly  v alues fo r th e ambient

temperature, solar rad iation and  the temperature o n the solar  collector.

The application may  also be u sed in order to examine a single value for th e area of the solar

collector . In  such a case, the search range is d imin ished in a sole point. Likewise, the

aforemention ed pro cedure is transformed from stochastic to d eterministic by  usin g zero

standard deviations, resulting to au tomatic ex clusion  of the Mon te Carlo su broutin es.

When extern al biogas consumption  is also taken  into  account, as in the case of desalin ation

plant o perating in  th e vicin ity  (see Batzias & Sig alas, 1 989) th e bio gas demand per ty pical

day  of each  month should b e en tered  within the inpu t vector as a stochastic variable.

After th e determination of th e inp ut parameters, th e following quantities are calculated:

�

                                                                    �

                                                                                                 The amo unt of the biogas energy  prod uced  per ty p ical day  of each mon th

                                                 � �

                                                                                                 Thermal lo sses p er ty pical d ay  of each mo nth

                                                 � �

                                                                                                 Energy  requ ired for the initial slu dge heatin g o f the biomass per ty pical day  of each

                                                                                                 month

                                                 � �

                                                                                                 The amo unt of the energ y  saved by  the so lar collector per ty pical day  o f each month

For each  combin ation  of values (Area, Q, BOD) th e sy stem functionality  is simulated for a

perio d of o ne calen dar y ear (12  mo nth s). This is sufficien t sin ce a wh ole period  of solar

radiation activity  is co vered.

Sin ce th e solar en ergy  prod uced cannot be efficiently  stored, it should b e consumed right

away . The surp lus of the biomass energy  prod uced is stock ed (in  the form of b iog as) so  as

to  be u sed du ring  the lo w so lar rad iation win ter months. Once this goal is ach ieved , the

sy stem will b e, from an energ y  point of view, self - sufficien t through out the y ear.

The criteria of iden tify ing  the op timal area o f the solar collecto r are two:

                                                 1.  th e collector´s area should b e o f such size so as the solar energy  pro duced is

                                                                                                 adeq uate for th e sy stem need s. Howev er, the e nergy  pro duced by  th e solar collector

                                                                                                 shou ld be no mo re th an the total energ y  consumed b y  the sy stem du ring  th e hottest

                                                                                                 month of the y ear. In  this way  no solar energy  is wasted. Therefore, this criterion

                                                                                                 favors th e area of the solar co llector which  y ields a zero  o r n ear zero energy  balance

                                                                                                 in  a o ne y ear period.

                                                 2.   the pro bab ility  of having a y early  deficit in the biogas sh ould  be no more th an a

                                                                                                 predetermined percentage (e.g. 5%).

In each stage, th e results are automatically  exported  to MS Ex cel so as to faci litate the

in vestigation of further conclu sions. Th e application was dev eloped in MS Visual Basic

(VB 6.0).

After run ning  the simulation  program for several times, we found  that reliable conv erg ence

to  optimal solutions was alway s ach ieved  in reasonable t ime. Reliability  was ch ecked  by

measuring relativ e deviations amon g the so lution s fo und with different initial v alues of

in dep end ent variab les and parameters. Some representative results are giv en in  Figures 4 - 9.

�

�

�

�

�

�

�