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Abstract

A detailed approach for modeling the steam consumption in a multipurpose chemical batch plant was developed, tested and used for analysis of the energy-efficiency. Main advantage of the presented approach compared to available modeling approach [1] is the ability to describe the transient steam consumption. This feature of the approach allows it to be used in the optimization of the steam consumption in the multipurpose chemical batch plants whereas the available approach is suitable only for steam consumption forecasting and identification of the main steam consumers. The Bottom-Up method was implemented by modeling particular unit operations (UOs) in a case study plant and validation was accomplished with direct measurements in both UO and building level. The principle of the Bottom-Up model is a detailed energy balance of each particular UO for which real process parameters measurements are necessary as input data. These were extracted from the measurements archive of the case study plant for a period of two months. The model focuses on the particular UO rather than on product specific steam consumption in order to analyze the inefficiencies in the steam consumption. Process data from approximately 1000 sensors  installed in around 100 UOs were acquired and transformed into a time-series with common time basis were used as an input data for the model. Special attention was paid to model the losses of the UOs in a realistic way, so that the models can be used for analysis of “what-if” scenarios and optimization in the future. Loss models were developed in the form of empirical parametric equations considering the losses due to radiation and the internal losses in the heating/cooling system due to inefficient operation. The parameters of the loss models were fitted, based on the developed methodology, to steam measurements of 4 UOs and consequently integrated into the overall Bottom-up model for modeling other UOs as well. The energy usage efficiency of the UOs was inferred and the optimization spots were identified. The results in the case study plant have indicated that the energy savings potential for particular UOs with low steam-usage efficiency can be easily identified and serve as a good hint for the overall plant energy auditing and steam consumption optimization.
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1. Introduction
In contrast to continuous processes, studies on energy consumption or energy saving potentials for batch processes are limited and corresponding methods are not yet well established 
 ADDIN EN.CITE 
[2-4]
.  Furthermore, such studies are often focused on heat-integration [5] and therefore rely on available storage capacity or constant production schedules.  The use of these methods in batch production is limited because most of them are considered as too complicated, lengthy, demanding, and complex to be of practical interest for most of the cases encountered [6].

No models are available in the literature to compute the energy consumption of multipurpose batch processes, accounting for the consumption caused by the chemical process itself, the consumption due to the equipment specification and especially the losses of the different apparatus.  We developed such models on the basis of extensive measurements in a multipurpose batch plant.  This bottom-up approach is also needed for the modeling of the energy consumption of the whole building when the correlation between overall energy/utility consumption and the total amount of chemicals produced, i.e. a top-down approach, is not suitable.
2. Bottom-up Modeling Approach

2.1. General Principles
The basic principle of the bottom-up model is the energy balance using standard or measured process data (e.g. temperature and reaction mass for reactor as UO), physicochemical data of the substances which are processed in the UO (heat capacity, heat of evaporation, heat of reaction) and the process description (recipe or process step procedure) as input data. The type of the input data for the modeling determines the complexity of the modeling procedure and detail level of the results.
Input data:

· Recipe data (process description, set points)
· Process data (process paramters measured during the chemical production)
· Physico-chemical data (e.g. cp, evaporation enthalpy)
· Apparatus data (e.g. stirrer types, reactor materials)
The required steam consumption of the UO for the discrete time interval ti can be set-up: 


[image: image1.wmf],

,,,/

,/,

,,

,

()

UOSt

materialpmaterialpapppHC

TotiappHCmaterialievapevap

UOStUOSt

i

material

rDissLossi

R

EmcmcmcThm

t

mHEE

t

=++D+DD+

+D-+

(1)
where indexes represent: material - the processed material, app - modeled apparatus, H/C - heating cooling system, evap – evaporation; term (ti/tR)mmaterialΔHr represents the heat of reaction per time interval i, EDiss represents dissipated mechanical energy calculated according to [1], and Eloss represents energy losses.
2.2. Modeling of the Energy Losses
Significant effort has been dedicated to develop and test the loss models in order to track the exact source of the losses (radiation losses from the equipment surface, losses in the heating cooling system etc.). The objective is to describe the UO losses in a precise way, while keeping the amount of the necessary input data in a reasonable level. The latter significantly influence the engineering effort invested into energy modeling; therefore, only significant and easy-acquirable data were used in this study.
The deveoped and tested loss model presented in eq. (2) and incorporates the losses in the heating/cooling system and the radiative losses from the UO. The presented loss model was selected as the most suitable among 4 different models based on the accuracy performance (see Model C in Figure 2).
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The H/C system losses are function of the theoretical steam consumption (
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) and the empirical parameters a and b. The radiative losses are determined by the temperature difference between the temperature of the material being processed in the UO (Tmaterial) and the ambient temperature (Tamb). This difference is the driving force for the heat transfer from the UO.

The parameters a,b and k were fitted for particular types of UO using the direct steam measurement as a target value. The direct steam measurement were carried out in the steam measuring period (SMP) covering several batches in order to test the batch-wise performance and stability of the models for different process parameters that are varying during the batch production in longer time. The variability of the process parameters can arise either as a result of the change in the recipe or from inconsistent quality of the processed input materials which can result e.g. in longer processing time.
2.3. Fitting of the model’s parameters

The parameters of the loss models were fitted for particular types of UO using the direct steam measurement as a target value in the fitting procedure (see Figure 2). The direct steam measurement should be carried out in the steam measuring period (SMP) covering several batches in order to test the batch-wise performance and stability of the models for different process parameters that are varying during the batch production in longer time. The variability of the process parameters can arise either as a result of the change in the recipe or from inconsistent quality of the processed input materials which can result e.g. in longer processing time.
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	Figure 1. Loss model fitting in the case of one unit operation, Model C – used for further investigation, R2 = 0.92


3. Results
3.1. Model Accuracy
The overall modeling approach was tested in a 60 days period in the case study plant. The objective was to test the modeling approach as well as the tools applied to the complex industrial database. Historical process data were extracted, preprocessed and rescaled into one minute time grid and stored in the database which was an input file for the calculation engine. All UOs relevant from steam consumption point of view were modeled, using the loss models parameters fitted for the UOs of the same type where the steam consumption was measured or derived from the H/C system balance.The overall results were rescaled to the one day time scale and the accuracy analysis was carried out. 

The overall model accuracy is depicted in Figure 2. Although there is a considerable loss of accuracy in the overall model compared to the UO model, the results are still reliable and most of the calculated overall daily steam consumption lies within 30% error range.
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	Figure 2. Overall building level model performance on the daily basis, R2 = 0.78


The overall results analysis shown in Table 1 indicates much better performance of the model for longer modeling periods, where the relative error between overall and modeled steam consumption during 60 days period was less than 1 %, while the mean relative error of the daily prediction of the steam consumption is stable around 10%. Taking into account the complexity of the system and the engineering effort needed, the overall model of the steam consumption produced reliable results which can be rescaled into the desired time scale and analyzed from optimization point of view.

Table 1. Overall model performance

	Performance parameter
	Result

	Number of modeled days
	60

	Overall steam consumption modeled [t]
	4179

	Overall steam consumption measured [t]
	4145

	Relative overall error
	0.81%

	Mean relative dialy error
	9.02%


3.2. Efficiency of Steam Usage
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UO code R53 R55 R43 R21 R13 R22 R15 R52 R45 R35 R16 R85 R11 R34 R41 R76 R75 R54

# of Products 1 4 4 2 3 1 2 2 1 1 1 1 1 1 1 2 2 1

# of Batches 7 9 15 7 32 26 15 23 9 71 27 55 27 7 184 18 10 24
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H/C type HP DJ DJ HP HP DJ HP DJ DJ DJ DJ DJ DJ HP DJ HP DJ DJ



	Figure 3. Efficiency of the steam usage in particular UOs considering different nominal volume(NV), material – stainless steel (SS), glass lined steel (SE) and type of H/C system – half-pipe coil(HP) and double jacket (DJ)


The efficiency of the steam usage is defined as a ratio between theoretically needed energy from steam and overall consumption including the losses. Ranking the UOs according to their efficiency can help to detect optimization potential in the plant. The heating performance of 18 UOs was observed batch-wise within the modeled period of 60 days. The efficiencies of observed UOs are depicted in Figure 3. 
The most promising UOs from steam consumption optimization point of view are those with low mean value and high standard deviation of the efficiency and high average steam consumption per batch,. It can be seen that the average efficiency ranges from 40 to 70 % and it is mainly influenced by the number of products produced in the particular UO. The UOs with higher product variability tend to have lower mean value and higher standard deviation of the efficiency.
3.3. Optimization Potential

Optimization of the steam consumption in the multipurpose batch plant should be focused on improving steam usage efficiency of particular UO. 
In Figure 4, the cumulative steam consumption of the UO R22 is depicted. It can be seen that almost 40% of the overall steam required for the production of this batch is consumed during the waiting step, when the temperature is maintained at 55°C. 
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	Figure 4. Detailed analysis of the steam consumption of the UO with efficiency under 50% during a batch


Furthermore, analysis of this reactor in Figure 5 shows the steam valve opening (VO) and temperature course during the same batch as depicted in Figure 3. It is obvious, that during the waiting step heating of the reaction mass occurs followed by cooling, which indicates a problem with the control valve, which represents the main optimization spot concerning this particular UO. Further optimization can be reached by improved scheduling of the UOs, which would decrease the waiting time of the UO R22 and increase the heating efficiency. 
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	Figure 5. Control valve opening during batch in UO R22 (VO values above 50% - heating, below 50% - cooling)
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