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Abstract

The idea for energy efficiency improvement in autothermal thermophilic aerobic digestion processes follows the observation that the fresh sludge load to bio-treatment-reactors causes a thermal shock. The paper focuses on avoidance of this thermal shock through recovery of heat from the effluent stream, which can lead to substantial savings of time required for operating temperature recovery, less foaming and quicker bio-degradation. Formulated optimisation task gives a good starting point in this new area and opens interesting prospective for future promising energy integration solutions.
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1. Introduction
In the Action Plan document, published by the Commission of the European Communities, energy efficiency is describes as the most promising option to the current energy challenge: “Improved energy efficiency is by far the most effective way concurrently to improve security of energy supply, reduce carbon emissions, foster competitiveness and stimulate the development of a large leading-edge market for energy-efficient technologies and products.”* Rising energy prices and the pressure on local regional authorities to reduce operating costs have lead to an increasing interest towards saving energy in wastewater treatment processes without affecting the effluent quality. A promising way to increase the energy efficiency in wastewater treatment plants gives the system approach, proven in many successful industrial applications. Authors’ intent in this paper is to prove or disapprove its applicability and possible benefits of the process systems engineering knowledge applied in its dual existence as conceptual and mathematical approaches, Zhelev (2006). 

2. Plant description and problem statement

The focus of the study is the sludge treatment part of the wastewater treatment facility as shown in Fig.1. It concerns part of the flow diagram upstream from the two dewatered sludge feed tanks. The micro organisms generate energy during the biodegradation process and raise the temperature in bio-reactors to 55-65°C. The high temperature helps pasteurization/destruction of pathogens. Fresh cold sludge is loaded once a day to autothermal reactors 1-A(B) causing a thermal shock. The hypothesis is that the avoidance of the thermal shock can lead to number of benefits, including energy efficiency improvement. The drop of temperature associated with the load of fresh raw sludge depends on the season and the time for temperature restoration to normal operation condition is estimated within the range of 12 to 14 hours.

The energy analysis of the process in its entirety shows availability of substantial quantity of low potential heat at the exit of the second reactor. Under certain condition this energy can be used for preliminary preheating of the fresh sludge supplied to reactors. Recovering the heat of the product (reacted sludge) would allow to raise the temperature of the fresh sludge entering reactor 1-A(B) to certain level thus decreasing the time required for the elimination of the thermal shock. The recovery and utilisation of this heat is obstructed by the fact that the process is semi-batch and the processes candidates for heat integration are shifted in time.

In order to compensate the temperature drop in reactor 1-A(B), a scheme of process heat integration is proposed in this paper. According to it the heat integration between the stream exiting the reactor 2-A(B) and the stream supplied to reactor 1-A(B) is carried out though one intermediate heating/cooling agent and one storage for accumulation of the “heat” and “cold” during different time intervals.


[image: image1]
Figure.1 ATAD process flow diagram.
Before determining the cost associated with the retrofit of the plant, firstly we have to evaluate the efficiency of heat integration associated with the proposed scheme. This can be done through determination of conditions for the highest achievable temperature in reactor 1-A(B) after mixing preheated stream with the sludge inside this reactor. The raise of this temperature and the elimination of the temporary temperature drop when the fresh sludge is fed into the reactor is the main goal of present study. 

In order to determine the achievable level of energy efficiency a mathematical model matching the proposed heat integration scheme has to be developed. Following this, the identification of the conditions leading to maximisation of the temperature of reactor 1-A(B) requires formulation of an optimisation problem. Finally, the results of system’s optimisation accounting for winter and summer seasonal specifics will present the best integration conditions. Following this logic, a final consideration of required retrofit towards plant flexibility improvement should compliment the accomplished investigation. The clarification and solution of presented list of tasks will help to prove or disapprove the hypothesis formulated earlier. 

3. Mathematical model of the heat integration scheme

The proposed scheme comprises one Heat Storage Tank and two counter-current heat exchangers named HE-c and HE-h (Fig. 2). During the heating period, HE-c is used for preheating the fresh cold sludge drown from the Feed Tank, while in the cooling period the product leaving bioreactor 2-А(В) is cooled in HE-h. Commonly used intermediate fluid is proposed to play the role of a “heating” or “cooling” agent. It will re-circulate between the heat tank and corresponding heat exchangers in predetermined time periods. The heat exchange is non-stationary. Neglecting heat losses, detailed mathematical model of a similar to the proposed heat-exchange scheme is presented by Ivanov at al (1993). It provides opportunity to determine the target temperatures of preheated sludge and cooled product as functions of the main parameters of the heat integration scheme.
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Figure 2. Proposed heat integration scheme

Thus, during the heating period cold sludge enters in HE-c with a known and constant temperature-
[image: image3.wmf]0

c

T

 which becomes 
[image: image4.wmf]1

c

T

 in the end of period-
[image: image5.wmf]c

t

:


[image: image6.wmf]c

c

c

h

m

c

c

e

R

T

T

T

T

F

-

+

=

]

[

0

0

1

,




       (1)

Meanwhile, the supply and target temperatures (
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where:    
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are heat exchange areas of HE-c and HE-h [m2] and 
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Likewise, the temperature of the hot product drops from
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where:   
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Starting “hot” and “cold” temperatures of intermediate fluid in the heat tank are denoted as
[image: image30.wmf]0

h

m

T

 and 
[image: image31.wmf]0

c

m

T

. They can be determined according to:


[image: image32.wmf]21

11

21

12

22

0

1

b

b

b

b

b

T

h

m

-

+

=

;      
[image: image33.wmf]21

11

22

11

12

0

1

b

b

b

b

b

T

c

m

-

-

=





       (7)

where:            
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4. Energy efficiency framework of proposed integration scheme
The drop of temperature in 1-А(В) caused by the thermal shock differs from a season to seasons. Using averaged data listed in Table 1 this temperature is determined to be in the range of 42 оC to 51.9 оC, for winter and summer periods.

Table1. Average values of stream parameters for winter and summer periods. 

	
	Mc

[kg]
	Cpc
[J/kg.deg]
	Tc0
[оС]
	Mh

[kg]
	Cph

J/kg.deg
	Th0
[оС]
	M1-A(B)
[kg]
	T1-A(B)
[оС]

	winter
	20500
	4000
	10
	20500
	4000
	60
	82000
	50

	summer
	15375
	4000
	17.5
	15375
	4000
	60.5
	87125
	58


Energy efficiency of proposed integration scheme could be assessed by the temperature in 1-А(В) established after mixing of biomass with the preheated in HE-c fresh sludge. The target temperature of sludge -
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). The formulation of an optimisation problem aiming to maximise the temperature in bioreactor 1-А(В) and its solution at different design conditions will provide a clear working frame for further cost optimal plant retrofit.

4.1. Description of the optimization problem
Data. The formalization of the optimization problem requires the following data:

Mc and Mh – masses of raw sludge and product [kg]; Tc0 and Th0 – sludge and product inlet temperatures оС; cpc and cph – heat capacities of sludge and product [J/kg.deg]; Uc and Uh – overall heat transfer coefficients of HE-c and HE-h [W/m2 deg];

Taking into account that the range of temperatures determined by the cold sludge and hot product is from 10 to 60.5 оС water is chosen as intermediate fluid (cpm - 4190 [J/kg.deg]). Additionally, admissible individual minimal temperature difference- 
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has to be set for each of the two ends of heat exchangers.

Control variables. Parameters
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 of the integration scheme are introduced as continuous control variables. They are limited in the following ranges:
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Mathematical model. The mathematical model includes equations (1)-(7).
Constraints. They ensure feasible heat exchange in HE-c and HE-h:
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where: 
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 are minimal temperature differences at the corresponding ends of heat exchangers determined the following way:
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Optimization criterion. Temperature, named TEM, reached after mixing the biomass and the preheated fresh sludge in 1-А(В) is calculates as follows:
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where: 
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This temperature is subject to maximisation:
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Formulated optimisation problem can be classified as a typical Non-Linear Programming (NLP) problem.

4.2. Calculation results
Some heat integration data required for winter and summer operation periods are given in Table 1. Assuming mild steel as building material of the heat exchangers with wall thickness of 0.004 [m] and neglecting the thermal resistance of the foulings, the heat transfer coefficients are estimated as Uc = 657 [W/m2 deg] and Uh = 657 [W/m2 deg]. 

Additional data provided by the plant are used to determine the boundaries of the time variables 
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We have assumed the range of heat exchange areas 
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 to be in the range between 0 and 500 [m2]. Having in mind that the mass of intermediate fluid (water) plays an important role in integration process, three values of 30000; 40000 and 50000 [kg] as upper limit -
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 have been considered, while for the bottom limit -
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 a value of 239 [kg] was taken to avoid singularity. In addition, the problem is studied at three possible values for 
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The problem is solved at all nine possible combinations between values of 
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. Results obtained show that the thermal shock in 1-А(В) varies between 45.26оC (best case) and 44.16оC (worst case) for the winter. These temperatures in 1-А(В) correspond to 
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= 10 for the worst one. They are compensating correspondingly 3.26 and 2.16 of the temperature drop caused by the thermal shock without integration. The corresponding exit temperatures of the preheated sludge - 
[image: image79.wmf]1

c

T

 at exit of HE-c are 26.28 and 20.81 оC. For the summer, the corresponding temperature in 1-А(В) varies between 54.05 оC (
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[image: image83.wmf]max

m

M

=30000; 
[image: image84.wmf]min

T

D

=10 and 
[image: image85.wmf]1

c

T

=26.47), which exceeds the recorded temperature of 51.9 оC by 2.12 and 1.35 оC, correspondingly. The values of the control variables 
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 are kept within the predefined ranges. All other results are within the constrained ranges for both periods.

Our records show that the heat required by reactor 1-A(B) to avoid the thermal shock in winter is approximately of 15.58 GJ per batch. The main part of it comes from the biological activities. The consumption of 1 kg oxygen releases 14688 kJ in the form of heat. Considered integration scheme decreases the required heat within a range between 1.335 and 0.886 GJ as set by best and worst cases. The later affects the oxygen consumption reducing it between 91 and 60.3 kg, correspondingly. Moreover, a temperature shock resulting in a winter temperature drop of 8 to 10оC is compensated for about 12-14 hours. The proposed heat integration solution offers 46% decrease of the temperature shock during winter and 40% decrease of the same during summer accompanied by shortening of reactors residence time and reducing the electricity required for mixing. 

5. Final comments

In conclusion, the results presented above define the upper and lower boundaries of the energy efficiency of the proposed integration scheme to serve as cost optimal retrofitting of the plant. Practically the process heat recovery and the partial suppression of the thermal shock open a promising way for general efficiency improvement of the sludge treatment in question. We accept this as a first attempt to address wastewater energy efficiency with the help of process systems engineering approach. This work opens the prospective for further system’s improvement. The way ahead is in combined targeting energy efficiency improvement combined with system’s capacity extension.
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