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An approach for reduction of computational complexity of a two-stage stochastic
optimization problem for capturing parameters uncertainty in an ATAD system
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An approach for reduction of the computational complexity of a two-stage stochastic optimization problem for
capturing parameters uncertainty in a conventional ATAD system is proposed in this study. The main aim is to find the
boundary values of the variables of the first stage of the approach which will result in solutions into the boundaries of
the stochastic space. The boundaries of variation of the first stage variables determine the variation of the parameters of
the main equipment (heat exchangers surfaces and operating volumes of heat storage tank) which are affected by the
change in stochastic parameters. The computational complexity is reduced as in any scenario vertex in the stochastic
space a deterministic optimization problem is formulated and solved. As an optimization criterion, the minimum capital
costs for purchase of heat exchangers and heat storage tank are used. For the purpose of the study, data from
measurements in a real ATAD system were used. As a result of the deterministic optimization problems solution, the
values of the parameters of main equipment corresponding to the minimum capital costs are determined. Based on these
values the lower and the upper boundaries of the variables of the first stage of the approach are determined.
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Optimization is the heart of the decision-making A 0 o

0
process in chemical engineering, and other fields of T. W, 0 0
the economy and business. It provides the E 0o . 0
opportunity to formulate a wide range of problems Is 0 0 Wa

in a concise manner, using the combination goals
and constraints of the process. In some cases, there
are uncertainties in the data or model parameters. In
these cases, optimization problems are considered A

. o ) W,
as stochastic optimization problems. In their T,
solution the influence of the uncertain parameters : ———
should be taken into consideration. This influence T Wa
can take the process out of the optimum operating  lst stage —
conditions and to constraints violation. The most

| stage
decomposition

+— scenarios —

+— 2nd stage —

common approach to deal with uncertainties in
chemical engineering problems is two-stage
stochastic programming.

In general, the two-stage stochastic optimization
problems, for each possible scenario include a
separate set of second-stage variables. Thus, the
problem can be presented as a multi-dimensional
problem of deterministic mathematical
programming.

Thus, the task can be presented as a
multidimensional task of the determined
mathematical ~ programming.  Assuming the
independence of the scenarios, the coefficients of
the constraints form a huge block-diagonal matrix
in which each block describes the corresponding
structures of the constraints with the specific to the
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Fig. 1. Decomposition of the two-stage optimization
problem [1].

The decomposition approach is the most widely
used one to solve such optimization problems. The
strategy of the process of obtaining the solution is
the following: firstly, the values of the first stage
parameters are determined, such as the probability
objective function to be optimized. This stage of the
process of obtaining the solution is called
formulation of Master problem. The first stage
variables represent the solutions which need to be
taken into account before the uncertainty data are
known (for example investment for equipment).
While the second stage variables are solutions in
which the uncertain parameters have already been
found and additional solutions are obtained such as
the constraints to be satisfied. The main aim of the
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optimization is to select these values of the first and
the second stages variables (costs) so that their total
amount to be minimal.

Assuming that the uncertainty parameters are
with a certain probability, assign sets of known
discrete values, postulate a final number of points
(scenarios) in the stochastic space, then the two-
stage stochastic optimization problem can be
formulated as an equivalent deterministic multi-
scenario optimization problem. The latter is well
known as a multi-scenario model of the two-stage
stochastic programming:
min Z :C'(d)+ZpSC'S'(WS,¢95)

S

d,wg
Subject to:
h.(dw,,0,)=0 viel

9..(dw.0,)<0 vjeJ
aeD, V_VseW, 9s€®,VSGS_

S
> p, =1
s=1

where d is the vector of the first stage variables

(design variables), and Ws is the vector of the
second stage variables in scenario s (state
variables). ©; is the vector of the uncertain
parameters in scenario s, and ps is the probability of
the occurrence of scenario s. The scenarios number
in the model is S. There are equality and inequality
constraints for each scenario. In addition, the
objective function, conditionally called cost
function, includes the costs for the first stage
(design variables) and the total amount of costs

¥ p.Ci(w.0,)
expected for the second stage s

calculated based on the costs for “system
operation” for all scenarios with the respective
probabilities ps. The latter largely depend on the
choice of the first-stage variables. However, the
great number of scenarios leads to an increase in
the computational complexity of the problem, even
with the use of decomposition techniques. In order
reasonable computational time to be reached it is
necessary to determine the boundaries of the values
of the first-stage variables that lead to solutions
within the stochastic space.

The considered optimization approach is applied
to a conventional Autothermal Thermophilic
Aerobic Digestion (ATAD) system for municipal
wastewater treatment operating under uncertainty.
The ATAD process is conducted by the help of
thermophilic microorganisms in two consecutively
connected bioreactors operating in batch and semi-
batch mode. As a final product Class A biosolidsare
produced which are used as fertilizers in
agriculture.

One of the main problems for the sustainable
operation of the ATAD systems is the presence of
uncertainty with regard to the main parameters of
the ATAD systems such as temperature, quantity
and composition of the raw sludge incoming into
the ATAD system and the temperature of “product”
flows outgoing from the ATAD system. This
causes a lack of sustainability to the operating
temperatures in the first-stage bioreactors and
temperatures fluctuation in the whole system, as
well as the presence of thermal shock on the
thermophilic ~ microorganisms  resulting  in
prolongation of stabilization and pasteurization
processes.
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Fig. 2. Two-stage ATAD wastewater treatment system [2].
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In order to increase the operating temperatures
in the first bioreactor stages and to reduce the
thermal shock on the thermophilic microorganisms,
a mathematical model of heat integration with two
heat exchangers (hot and cold) and one heat storage
tank can be applied [3]. This model can be used as
to utilize the waste heat from the second stage
bioreactors for preheating of the sludge in the first-
stage bioreactors, as well as to capture uncertain
parameters of the flows incoming and outgoing
from the ATAD system. For this purpose this
model is modified in such a way to be involved in a
two-stage stochastic optimization problem which
involves variables of the first and the second stage
[4]. However, the solution of this problem is
hampered by the large stochastic space formed by
the values of the uncertainty parameters.

This study proposes an approach for reduction
of the stochastic space mentioned above by
determination of reasonable boundary values of the
variables of the first stage (design variables) of the
two-stage stochastic optimization problem [4]. The
latter leads to solutions obtained in the boundaries
of the stochastic space, as well as to reduction of
the needed calculation time for stochastic
optimization problem solution.

In order to determine these boundaries,
deterministic optimization problems should be
formulated and solved in the boundaries of the
stochastic space. The stochastic space can be
conditionally interpreted as hyper-rectangular with
vertices, determined from all possible combinations
of lower and upper boundary values of the
uncertainty parameters. Their number is equal to
2N, where N in the number of the uncertainty
parameters. The boundary values of the variables of
the first stage should determine these regions of
variation of the characteristics of the main
equipment (heat exchangers surfaces and operating
volume of the heat storage tank) which are affected
by the change of the uncertainty parameters. For the
ATAD system under consideration, the main
uncertain parameters affecting the application of
the heat integration model and their boundary
values are as follows:

Volumes of loaded/treateddaily sludge: 12 [mq]
—20 [m?];

Temperatures of loaded sludge: 5.6 °C — 20.2
OC’

Temperatures of outgoing treated sludge: 54.5
°C - 68.1°C.

For the purpose, for each scenario vertex in the
stochastic space, a deterministic optimization
problem is formulated. It results in formulation of
2N deterministic optimization problems. They
include the already used model of heat integration
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of the ATAD process [4], the constraints for
feasibility of the heat exchange, as well as the
constraints for efficiency of the heat integration.

Formulation of deterministic optimization
problem

Data needed:

To formulate the deterministic optimization
problem the following data should be known:

M<=Vp - mass of the fluid subject to
heating/cooling [kg];

cp® - specific heat capacity of the fluid subject
to heating [J/(kg.°C)];

T°° - temperature of the cold sludge subject to
heating [°C];

cph - specific heat capacity of the fluid subject
to cooling [J/(kg.°C)];

T" - temperature of the fluid subject to cooling
[°Cl;

U° - heat transfer coefficient in heat exchanger
HE-c [W/(m%C)];

U" - heat transfer coefficient in heat exchanger
HE-h [W/(m?*C)].

AT™ _ admissible minimum temperature
difference at the end of the heat exchangers [°C];

cp™ - specific heat capacity of the fluid in the
heat storage tank [J/(kg.°C)];

T - lower boundary of the efficiency of the
heat integration scheme [°C].

Control variables

The following independent control variables are
introduced — heat exchangers surfaces A® and A" of
the two heat exchangers HE-c and HE-h, the
operating volume of the heat storage tank V™, M™ =

V™. p", as well as the times 7 and 7" for heating
and cooling fluids in the heat exchangers.
The independent variables are continuous

variables which vary within the following
boundaries:
Amin® < A°* < Amax°©, (1)
Amin" < A" < Amax", (2)
Vmin™ <V"™ <V max™, (3)
rmin® <7° <zrmax®, 4)
rmin" < 7" < zmax", (5)

Mathematical description of the heat exchange

The mathematical description [3] includes
equations determining the temperatures at the
inputs and the outputs of both heat exchangers at
the end of the heat integration of the processes in



R. K. Vladova et al.: An approach for reduction of computational complexity of a two-stage stochastic optimization ...

the ATAD system. In addition, the model includes
the equations determining initial temperatures in
the heat storage tank, from which it begins to
perform the functions of hot and cold respectively,
as follows:

Tcl(z_c)z-l—co_'_I:Tmh(z_c)_TCO]RcDec’ (6)

Tmhl(z_c):-l-mh (TC)— [Tmh (Tc)—TCO ]RCDEC, (7)

Tmh(z_c)z-rco +(T mhO —Tco)exp(—Gmhq)eCTC), (8)
Wmh'cpm ,

where: ge _ we =M [kgfs], ym M

we.cp© r° T

[kass], gm - " [s9],
M m

Dt — 1—exp(— y‘uU °.A°)

= , and
1-R°.exp(- y* U .A°)

. 1 1

Thl(Th):ThO_(T ho _Tmc(Th))(Deh, (9)
T ") =T (" )+ (T —T™(" )R'De",  (10)

Tme (Th):-l-ho 4 (T meo _ho )exp(— th)ethcz_h)l
(11)

[ka/s],

h h

w'.C M
WhereRh:mC—pm, Wh:_h’
W™ cp T

m
me _

w Mh [ka/s],
T

1—exp(— y"U “.A“)

De" =
1-R".exp[-y"U".A")
WmC

yh: hl h L me mandGmcz_m[S_l];

w'.cp' wh.ep M
Tmho B b22 +b12b21 Tmco B blZ _b11b22

B 1—pip2t B 1—DbipZ

(12)

where:

bl = EXp(—Gmh(DeCTC); b2 = |:1_exp(_GmthecTc )]T 0

b? = exp(-R"De"G™z"); b? = [1—exp(—R“dJe“Gm°r“ )}T“O.
Constraints

The model should be supplied with constraints
for the feasibility of the heat exchange in the heat
exchangers:

ATE = AT™ (13)
AT" > AT™ (14)

where AT and AT "are  minimum  temperature
differences at the ends of the heat exchangers HE-c
and HE-h. The values obtained of the temperatures

allow AT andAT" to be determined. They are
equal to the smaller of the two temperature
differences at the end of each of the heat
exchangers:

A-I—c — mln{(T mhl(z_c )_TCO (T mh (TC )—T cl(z_c )) }' (15)

T minfr T ) )T () |
(16)_ In order the proposed model of heat
integrated ATAD system to operate efficiently, the
temperature of the pre-heated raw sludge incoming
into the first bioreactors stage, should be higher or

equal to T [3].
T >TH (17)

Optimization criterion

The aim of each scenario vertex is to determine
the minimum costs for the main equipment for the
purpose of the heat integration:

Cost =, (AC )ﬂ“E T+t (AT )ﬂ“E +oy (V " )ﬂHS :
MIN (Cost)- (18)

Determination of the boundaries of the first-stage
variables. Results

Data used:

1. Characteristic data of the heating/cooling flows
for the different scenario vertices, Table 1.

2. The specific heat capacity of the fluid in the
heat storage tank. Water is used as an
intermediate heating/cooling agent in the heat
exchangers: cp™ = 4.186 [kJ/(kg. °C)].

3. Heat transfer coefficient in the heat exchanger
U° =657 [W/(m?*°C)] — heat transfer coefficient
in the heatexchanger HE-c.

4. U" =657 [W/(m>C)] - heat transfer coefficient
in the heat exchanger HE-h.

5. Admissible minimum temperature difference at
the end of the heatexchangers: 4T™"= [°C].

6. Lower boundary of the efficiency of the heat
integration scheme: T¢'= 18[ °C].

7. Price correlation coefficients, [5] for the heat
exchangers HE-c and HE-h: ane = 3.078.10°
[CU/M?] and Bue = 0.62; for the heat storage
tank ans = 3=247.10? [CU/m®] and Bus=0.68.
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Table 1. Data for each scenario vertex.

Number of hyper- VC,Vh pc, ph Cpc,Cph T T"
rectangle vertices [m3] [kg/m®] [kJ/(kg °C)] [°C] [°C]
1 12 1025 4 5.6 545
2 12 1025 4 5.6 68.1
3 12 1025 4 20.2 545
4 12 1025 4 20.2 68.1
5 20 1025 4 5.6 545
6 20 1025 4 5.6 68.1
7 20 1025 4 20.2 545
8 20 1025 4 20.2 68.1
Table 2. Solutions obtained for the scenarios vertices.
Vertex No 1 2 3 4 5 6 7 8
Cost[CU] 16272.4 | 16968.0 | 115385 | 16604.0 | 19215.8 | 21453.2 | 15094.4 | 18877.4
A M7 24.72 32.11 13.64 24.79 41.17 53.77 22.96 39.35
A[m?] 51.88 64.19 26.39 57.99 82.42 105.63 | 45.61 76.34
VT m?3] 75.39 63.3 31.02 65.79 62.48 70.49 45.75 64.94
[ 2640 2640 2640 2640 2640 2640 264 2640
" [ 1320 1320 1320 1320 1320 1320 1320 1320

The values used for the boundaries of the
control variables in formulated deterministic
optimization problem (1)-(18) are as follows:

0< A° <200;

0< A" <250;

0.239<V™ <100;

900 < 7° < 2640.

900< 7" <1320

The obtained optimization problem solutions
(1)-(18) for the scenarios vertices from 1 to 8
(Table 1) are listed in Table 2. As can be seen from

Table 2, the capital costs for heat exchange
equipment and heat storage tank range from

Table 3. Boundaries of the first stage variables.

11538.5 [CU] to 21453.2 [CU]. They are defined
by different values of the variables A°, A", and V™,
while the times for heating/cooling the fluids in the
respective heat exchangers have values defined by
their upper limits.

Determining the minimum and maximum values
with respect to A°, A", and V™ for the scenarios
vertices, the boundaries of the first stage variables
are determined. They are presented in Table 3. The
lower boundaries of the variables A, A" and V™"
represent solutions of scenario vertex 3, while the
mentioned above solutions correspond to scenario
vertex 6.

Heat exchangerHE-c,[m?];

Heat exchangerHE-h,[m?];

Heat storage tank -HS[m®];

13.65< A° <53.77

26.39< A" <105.63

31.02<V™ <75.39

CONCLUSION

The approach proposed in this study can be used
to reduce the stochastic space for solutions of
ATAD system operating under uncertainties. It is
based on determination of the boundary values of
the first-stage variables. It is realized through
deterministic optimization problems formulation
and solution in different combinations of the
boundary values of the uncertain parameters which
effect the sustainable operation of the ATAD
system. Determination of the boundaries of the
stochastic space allow to choose the size of the
104

main equipment whereby the optimization problem
has a solution and the capital costs for redesign of
the ATAD system will be minimal. The
combination of the boundary values reduces the
solution space, decreasing the computational
complexity of the two-stage stochastic optimization
problem under consideration.
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IIOAXO/] 3A HAMAJISIBAHE HA U3UYUCJIUTEJTHATA CJIOXXHOCT HA JIBYCTAJIUHA
CTOXACTHUYHA OIITUMU3ALIMOHHA 3AJIAYA 3A JEOMHUPAHE HA
HECUT'YPHOCTUTE B ITAPAMETPUTE B ATAD CUCTEMA

P. K. Bmagosa*, E. I'. Kupunosa, H. I'p. Baknuea-banuesa
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IToctpnuna Ha 30 mait, 2018 r.; nmpuera Ha 26 roHu, 2018 .
(Pestome)

B ToBa mM3cieBaHe ce mpeanara IOIXOJ, Ype3 KOMTO Ja ObJe HaMaleHa W3YUCIMTETIHATa CIOXHOCT Ha
JBYCTaANIHA CTOXAacCTWYHA ONTHMH3ALHOHHA 33j7ada, IPIJIOXKEH 332 OTpaHWYaBaHE BB3JCHCTBHETO HAa HECHT'YPHHTE
napaMeTpu BbpXy kouBeHImoHanHa ATAD cuctema. MeToasT 1ienu 1a ObAaT HAMEPEHH I'PaHUIMTE HA CTOHHOCTUTE
Ha TPOMEHJIMBHUTE 3a IBPBHUS CTaAWi, KOUTO BOJAT O PEIICHHS B TPAaHULIUTE HA CTOXACTHYHOTO IPOCTPAHCTBO.
I'panunyuTe, B KOUTO CE€ M3MEHAT NPOMEHIMBUTE Ha IIBPBHS CTaIUH ONPENEIAT H3MEHEHHUETO HA XapaKTCPUCTUKUTE Ha
OCHOBHOTO 000pyzBaHe (TOMI000MEHHN OBBPXHOCTH M pabOTeH 00eM Ha TOIUIMHHUS PE3epBOap), KOUTO CE BIMSAAT OT
HN3MEHEHHMETO Ha CTOXAaCTUYHHTE NapameTpu. M3unciuTeaHaTa CI0KHOCT € HaMaleHa KaTo 3a BCEKHU CLICHapUEHBPbHX Ha
CTOXAaCTHYHOTO MPOCTPAHCTBO, € (OPMYyJIMpPaHa M pellicHa ACTEPMHUHUpPaHA ONTUMHU3AIMOHHA 3a1aua. M3Mon3BaHUsAT
OIITUMHU3AITUOHCH KpI/ITepI/Iﬁ ca MUHUMAJIHUTE KallUTAJIOBUTE Pa3xXoau 3a TOHJ’IOO6MGHHOTO 060py)113aHe U TOIIJIMHHUA
pe3epBoap. 3a IenHTe Ha N3CIEeABAaHETO ca M3MOI3BaHM JaHHU OT u3MepBaHus B peanHa ATAD cucrema. B pesynrat Ha
pellIaBaHEeTO Ha ONTHMHU3ALIMOHHUTE 33Ja4M ca OMNpE/eNIeHH CTOMHOCTUTE Ha OCHOBHOTO OOOpyZaBaHE C Hal-HUCKU
KalMTaJIOBH Pa3Xxoau. Bb3 ocHOBa Ha TEe3W CTOMHOCTH CAONpEIE]eHH W J0JHaTa M TOpHaTa I'PaHMIM, B KOWUTO Ce
N3MEHST IPOMEHIIMBUTE HA ITbPBUS CTaIHH.
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