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A literature survey indicates that decisions about whether to reject or accept an investment are largely based on financial factors. The survey also indicates that a comparison of different efficiency improvement studies is difficult because their results are not readily commensurable. From the management perspective, more information on the physical aspects affecting efficiency is needed. From the engineering perspective, studies on integrated processes deal with a number of criteria that are often in conflict with each other, and for which information is difficult to produce. This paper discusses ways to analyse efficiency improvement studies in integrated industrial processes. The paper demonstrates how these analyses could be made even more comprehensive. The paper presents a case study where test runs and simulations were carried out to improve process efficiency by adjusting process operating parameters. The case study was re-evaluated using a novel approach that has been developed to assess the efficiency of integrated systems. This includes considerations from three design perspectives: energy efficiency, material efficiency and operational efficiency, which, when analysed simultaneously, result in a more complete set of design and evaluation criteria.

Introduction

The process industry is a substantial consumer of energy. Energy consumption is tightly bound to the issue of climate-destabilising carbon dioxide emissions. In addition, the process industry is a substantial consumer of materials, either non-renewable such as ore or virgin renewable such as wood logs. In recent years it has often been asserted that many firms fall behind in global competition because they are too slow to implement new technologies or to improve the performance of existing equipment and processes. Both management literature and engineering literature focus on efficiency improvement from their own perspectives.

1.1

Efficiency improvement analysis from the business management perspective Process industry companies are benchmarked against traditional financial performance metrics such as gross revenues, net profit, return on assets, and earnings per share [START_REF] Grant | Contemporary Strategy Analysis: concepts, techniques, applications[END_REF]. These are the drivers behind process modifications (investments) and operational improvements. Biezma and San Cristóbal [START_REF] Biezma | Investment criteria for the selection of cogeneration plants -a state of the art review[END_REF] studied the criteria used to select cogeneration plants. They found that in spite of the numerous criteria available, virtually the only ones used to determine whether to reject or to accept a project have been the net present value (NPV), the internal rate of return (IRR) and the payback period. A project-level net present value framework places a premium on short-term financial results, and little emphasis on difficult-to-quantify issues, such as quality enhancement or manufacturing flexibility, as stated by Shank [START_REF] Shank | Analysing technology investments -from NPV to Strategic Cost Management (SCM)[END_REF]. According to Mills [START_REF] Mills | From volatility to value: analysing and managing financial and performance risk in energy savings projects[END_REF], many energy-related investments are made without a clear understanding of their financial values, risks and volatilities. Furthermore, accurate and robust analysis demands a high level of understanding of the physical aspects of energy efficiency, which enables the translation of physical data into the language of investment. The authors state that energy managers and investment decision-makers simply do not speak the same language. This is also reported by Thollander [START_REF] Thollander | Optimization as investment decision support in a Swedish mediumsized iron foundry -A move beyond traditional energy auditing[END_REF], who states that barriers to energy efficiency, such as imperfect information, inhibit investments in energy efficiency.

Efficiency by integration

Engineering aimed at resource-efficient and non-waste production deals with interacting factors. In the pulp and paper industry, for example, there may be a need to reduce local environmental impacts through system closure and reduced water usage. However, water-system integration is just a partial solution to the problem, as there are also many other significant factors. In addition, enhancing one feature of a process may worsen another.

Plant performance improvements may involve minimising raw materials and utility consumption, minimising waste production, and increasing throughput. Issues related to raw materials and energy availability and prices have become more strategically important. Other notable aspects include plant operability, flexibility, controllability and safety. The larger the system, the more difficult it is to evaluate how good the process or plant is. This is because increasing complexity increases the number of design and evaluation criteria and adds to the complexity of interactions and involvement of strategic aspects.

The studies by Umeda et al. [START_REF] Umeda | Heat exchange system synthesis[END_REF] and Linnhoff and Flower, [START_REF] Linnhoff | Synthesis of heat exchanger networks, Part I: Systematic generation of energy optimal networks[END_REF], [START_REF] Linnhoff | Synthesis of heat exchanger networks, Part II: Evolutionary generation of networks with various criteria of optimality[END_REF] were milestones in the systematic synthesis of heat exchanger networks using pinch analysis. The heat recovery pinch was a new concept used to connect unit processes and process flows to save energy. Since then, the methodology has been much developed (see the end of the section).

According to studies in Tuomaala [START_REF] Tuomaala | Conceptual Approach to Process Integration Efficiency[END_REF] process integration is traditionally applied to increase efficiency in energy and materials use and to reduce emissions. But nowadays, integration applications exist for various process life span phases. Process integration methods in the operational life span phase deal with production optimisation.

Different solution techniques are combined as well. For example, the insights of physics and thermodynamics are supported by mathematical methods and the use of heuristics. The pinch principle is not necessarily considered in them. Furthermore, the term 'integrate' is used in contexts other than process integration. An 'integrated process plant' means a plant where production units or processes are made to operate in connection with each other. Usually, they constitute a large process site, e.g. an integrated pulp and paper mill. The intended benefits are typically financial, e.g. less packing, storage and transportation, or more strategic, e.g. better material availability. Along with the development of process integration methods, it has become difficult to define process integration. To clarify this, a new definition of process integration is proposed: Process integration means creating efficient systems. The system may represent a variety of scales ranging from the equipment scale to total site scale. The system consists of a physical and/or chemical process(es) and connections to its environment. Consistent with the new definition of process integration is the definition of process integration methods: Process integration methods are developed for the design, analysis and optimisation of integrated process systems. Their characteristic element is an ability to quantify the synergy obtained from integration. The new definition covers process integration activities in all process life span phases and integration activities on various physical scales ranging from the equipment scale to total site scale.

It also covers integration ranging from utility and raw material optimisation to operational optimisation of the plant.

Recently, pinch analysis has been used in industrial applications, for example by Axelsson [START_REF] Axelsson | Heat integration opportunities in average Scandinavian kraft pulp mills: Pinch analyses of model mills[END_REF], to discuss heat integration opportunities in pulp mills and, by Matsuda [START_REF] Matsuda | Energy saving by the energy sharing in industrial area in Japan with pinch technology analysis[END_REF], [START_REF] Matsuda | Applying heat integration total site based pinch technology to a large industrial area in Japan to further improve performance of highly efficient process plants[END_REF], to find energy integration possibilities in a large industrial area. Combined energy and water management is discussed in Savulescu et al. [START_REF] Savulescu | Studies on simultaneous energy and water minimisation -Part I: Systems with no water re-use[END_REF]. The development of process integration is strongly focused on the development of process integration solution techniques. For example, the benefits of applying multi-objective optimisation to process integration are reported in many papers. Svensson and Berntsson [14] developed a methodology to optimise investments with respect to their net present value and corresponding CO 2 emission reduction. In the paper, multi-objective optimisation was used in combination with pinch analysis in thermo-economic optimisation and to combine economy and pollution prevention. Also other applications of multi-objective optimisation exist, which are not discussed under process integration but in the contexts of energy and industry. Examples include models for the optimisation of costs and emissions. Savola and Fogelholm [START_REF] Savola | MINLP optimisation model for increased power production in small-scale CHP plants[END_REF] developed a mixed integer nonlinear programming (MINLP) model for increasing the power production of small-scale combined heat and power (CHP) plants. They show how power production in small-scale CHP plants could be optimised by a MINLP model. The objective function of the model is the sum of additional revenues and costs resulting from the process changes. The model was based on a mass and energy balance of the process modules. This results in calculations by complex mathematical formulas. The study is a good illustration of the fact that the main target in engineering studies is to develop analytical methods or to improve processes. The selection and evaluation of criteria, being the basis for profitability calculations and design evaluation, are seldom the main research focus.

Objective of the study

Decisions concerning investments and process improvements deal with a number of criteria that are often in conflict with each other. The final decision-making is normally based on process economy. From the business management perspective, more information on the physical aspects involved in efficiency improvement is needed. That would enable the translation of physical data into the language of investment. The objective should be to capture the total system efficiency into an analysis. The larger the system boundary, the more complex the analysis will be.

The objective of the paper is two-fold: firstly, it studies how the efficiency of an olefin production process could be improved by adjusting operational parameters; and secondly, it discusses how comprehensive the results obtained by conventional engineering approaches, mainly simulations and test runs, are. In the latter objective, the study aims to demonstrate that it is difficult to provide a complete understanding of the factors affecting the plant's (energy) efficiency and its analysis. Despite that, a harmonised basis of case evaluations should be a goal in order to compare different process improvement options and to facilitate the development of those efficiency analysis techniques that fulfil information needs both from the engineering perspective and from the business management perspective.
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Principles of the conceptual approach to integration efficiency evaluation A conceptual approach was developed in Tuomaala [START_REF] Tuomaala | Conceptual Approach to Process Integration Efficiency[END_REF] to evaluate the efficiency of integrated processes. The approach tries to capture the complex nature of an integrated process into a design efficiency analysis.

Principles of evaluation criteria selection

According to the approach, the design efficiency must be evaluated in a comprehensive manner from the criteria and indicator point of view. This is achieved by taking three efficiencies into account, i.e. material efficiency, energy efficiency and operational efficiency (Figure 1). The final decision-making criteria and indicators should cover all of these three dimensions. The material efficiency describes the use of materials and related aspects, e.g. the amount of reject and waste. The energy efficiency describes all the energy-related aspects. Operational efficiency describes the goodness of operation. The term operational efficiency captures the interactions within the process. The operational design efficiency encompasses process flexibility, controllability and availability.

According to [START_REF] Tuomaala | Conceptual Approach to Process Integration Efficiency[END_REF], the outcome of operational efficiency in the process industry is seen as and monitored through 1) process output (quality and quantity) and 2) process operating time. The final criteria and indicators should be established so that they cover the environmental, health and safety (EHS) aspects, which constitute a larger framework for studies.

An exception is the safety criterion, which, due to its special nature, is not discussed as part of the approach.

Most current management systems try to integrate "safety" into the rest of the decision-making tools. Still, difficulties exist in treating safety together with other aspects.

Principles of improvement potential analysis

The principles of the concept 'potential for improvement in integration' are presented in Figure 2. According to Figure 2, system improvement potential exists in three spheres: theoretical, technical and economic. The 'theoretical potential' represents the maximum improvement potential that can be achieved with respect to a certain selected criterion. It describes the distance to an ideal system. The numeric value of the potential (or the numeric value of the indicator describing the criterion) is a maximum theoretical improvement that could be reached in the case system. For example, when energy efficiency improvement is the primary focus, i.e. the selected criterion, the relevant indicators for the evaluation include metrics such as the specific energy consumption [MWh/t] or the fuel consumption [t/h]. Calculation of the improvement potential is dependent on the process life cycle span phase (see the following paragraphs). The 'technical potential' represents the improvement potential that remains from the theoretical potential after technology is applied. A value for a technical potential can be obtained by comparing the case design to a known technology such as BAT (Best Available Techniques) technology. Since it is very unlikely that the technical design perfectly corresponds to the ideal system, the potential for improvement is less than the theoretical one. Also at this stage, usually several aspects must be considered. This means making compromises with regard to a single criterion performance. The 'economic potential' represents the share of the improvement potential that remains after the economic feasibility criteria are applied. In the best case, the economic potential equals the technical potential. Then, the technical solution maximising the improvement is also the most desirable from the financial perspective. An example is an improvement in solids recovery. The theoretical recovery rate represents the theoretical potential.

The technical potential is the recovery rate that can be achieved with a certain separation technology, e.g. with a fixed effluent rate. The economic potential represents the recovery rate of the final system.

The chances of improving a process vary in different process life span phases. The chances of increasing efficiency are the greatest during the early phases of process design, where the process structure is formed and connections to the process environment are determined. Such is the case in a green-field design. The aim in that phase is to create efficiency in respect of several criteria. Therefore, calculation of the best theoretical performance is difficult since no method exists to calculate the perfect system (perfect process). In other words, reference values for the various design criteria are not known. An example is a bio-refinery for which no ideal products or processes have yet been defined. Exceptions to this include small-scale designs like single operations. In those, an ideal system can be defined and calculated based on heat and material balances and thermodynamics. E.g., for a chemical reactor, the ideal equilibrium yield and selectivity without recycling can be calculated by thermodynamics. In practice the yield may be less because of the kinetics. The technical potential (and the economic potential) can be obtained by referencing to similar or existing designs. Calculation of the theoretical potential becomes possible as the basic structure is formed. For example, the maximum energy recovery (MER) target from pinch analysis can be applied to the heat exchanger network design. However, the three potentials may be difficult to distinguish as the design proceeds in an iterative manner (synthesis, analysis and evaluation steps). In the retrofitting phase, the objective is usually to improve the process with respect to a certain criterion, such as primary energy use. The number of design alternatives is limited by the existing plant, equipment and the environment. An increase in efficiency is dependent on the extent of the retrofit. For example, a MER target may be created for a plant's individual process, such as pulp preparation in a pulp and paper mill, or for the whole plant. In both of the alternatives, the values of the improvement potentials (theoretical, technical and economic) are different. For process sections with major modifications, the process design case is analogous to a green-field design since the design starts from the creation of the process structure.

For simplicity, the process life span phases are categorised into three phases: the design (synthesis) phase, the operational phase and the retrofit phase. The phase during which the plant is in operation is called the operational phase. Major structural modifications are seldom made during that phase, as it would then be considered a retrofit phase. The limits of operation have been set in the design and selection of equipment. The process operation is based on economic optimisation. In other words, the theoretical best performance of a process in respect of a single criterion, such as a raw-material yield, is usually not the main focus. Then, the concept of the technical potential is not valid. However, some technical potentials can be calculated. These include technical potentials achieved by: 1) minor technical changes, e.g. changing parts or components, 2) pilot trials or experiment-based process modifications without any particular need for new hardware.

Principles of system boundary selection

The boundary affects the design goals, constraints and the problem size. This then affects the selection of design and evaluation criteria and indicators (section 2.1). A larger scale incorporates new and more strategic perspectives, such as raw material availability and product transportability, into the analysis.

The performance within a large boundary is an aggregate of the lower level performances. Most probably, the plant management is most interested in these. Therefore, it is important to know how changes made in a process affect these more strategic measures.
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A case study on increasing efficiency by adjusting operational parameters

General

The case study plant represents a large process site with three main processes: olefin production, aromatics production and polyolefin production. The processes are highly integrated with each: the aromatics and polyolefin production processes obtain their feedstock directly from the olefin plant, and all of the processes are served by the same energy production unit, the CHP process (combined heat and power). The case study was made on the first section of the olefin manufacturing process, mainly steam cracking. The purpose was to study how much additional efficiency could be gained by adjusting operating parameters.

Steam cracking

Lower olefins, i.e. ethylene, propylene and butadiene, are mainly produced by thermal cracking in the presence of steam. The endothermic reaction is called cracking or pyrolysis. The name refers to the decomposition of a compound by heating. Olefins can be produced from a variety of raw materials. Typical raw materials are naphtha, gas oil, butane, ethane and propane. Steam cracking of hydrocarbons to form light olefins is one of the most energy-consuming processes in the chemical industry.

The manufacture of olefins, i.e. ethylene, propylene and butadiene, comprises several process steps, steam cracking being the first. A typical cracking furnace configuration from [START_REF]Techniques for the Large Volume Organic Chemical Industry[END_REF] is presented in Figure 3. In steam cracking, the hydrocarbon raw material and the dilution steam are preheated before entering the furnace.

Preheating occurs in the furnace convection section. The temperature of the furnace is 500-680 0 C and the cracking temperature inside the coil is up to 850 0 C. The cracking reaction is endothermic. After leaving the furnace, the product is cooled down quickly. This is to avoid secondary reactions and the formation of undesired by-products. After steam cracking, the cracked gas is led to the purification and separation sections of the olefin plant.

Process test runs and simulations

The effects of increased feed rate were tested in plant test runs in [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF]. Complementary information was produced by Spyro simulations [START_REF] Spyro | The SPYRO Furnace design and optimization software[END_REF]. Spyro simulates the process conditions of a steam cracking furnace. The simulations do not cover the furnace convection section. The original feed rate was 25 t/h. During testing, it was increased up to 28 t/h.

Yield

The effect of the feed rate on the main product (and the sum of the product's HVC, high value chemicals) yields is represented in Figure 4. The coil inside temperature, COT, was 865 °C in all the four test cases. The highest yield is obtained between 25.5 t/h and 26 t/h. The trend clearly shows that the ethylene yield decreases with high feed rates. The possible causes of this are: increased pressure in the coil, differences in temperature or retention time, or changes in the exact naphtha composition. Olefin production favours low pressures.

Therefore, the pressure rise can be assumed to be one of the main causes of the yield reduction.

The effects of the feed rate were also tested by simulations. The results are illustrated in Table 1. According to the simulations, the highest yield for ethylene is obtained at the feed rate 25 t/h, the highest yield for propylene is obtained at the feed rate 27 t/h, and the highest yield for butadiene is obtained at the feed rate 28 t/h. The table indicates that it is difficult to match the simulated and measured results in some yields. Therefore, simulation results were not used to tell the trends in yield.

Table 1. Main component yields by simulation and test runs. DS/HC is the ratio between the dilution steam rate

and the hydrocarbon feed rate [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF]. 

feed

SIMULATED AND MEASURED YIELDS

Yields wt-%

Furnace energy consumption

The effects of higher feed rates on fuel gas consumption and on the production of 100 bar steam were studied in test runs. The results are presented in Table 2. It can be seen that the relationship between the production rate [t] and the fuel gas consumption [t] decreases with increased feed rate. This indicates decreasing energy efficiency.

The table also shows that the production of 100 bar steam increases as the feed rate is increased. Spyro simulates the steam cracking furnace. It calculates the reaction heat requirement but does not account for the changes in the convection section. The simulation results are seen in Table 3. There are no particular changes in the reaction heat since the feedstock was kept the same. 

Production amount

The simulation enables one to study the effect of coking. Spyro simulations indicate that the coke formation increases at higher feed rates. Still, the highest annual production is obtained at the highest feed rate. This is the case even when the run cycle length is the shortened. This is illustrated in Table 4.

Table 4. Spyro-simulated annual production rates. DS/HC is the relationship between the dilution steam rate

and the hydrocarbon feed rate [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF]. 

Feed rate HS/HCratio

Results from test runs and simulations

The yield of the main products, ethylene and propylene, decreased the most at the highest feed rates (Figure 4).

The decrease was most probably caused by increased pressure inside the coil as a result of the higher feed rate and coke deposition. This was also tested by simulations with Spyro. Increased coking leads to shorter run cycles and more decoking days in a year. However, the simulations indicate that annual production rises with the highest feed rate of 28 t/h (DS/HC ratio = 0.5) as compared to other feed arrangements. The simulated annual increase in ethylene production at the feed rate of 28 t/h was 9 % as compared to a normal feed rate of 25 t/h. Propylene production was increased by 13 %, and butadienes production was increased by 14 %.

According to the simulation (Table 4) the income will be 89 000 000 €/year at the feed rate 25 t/h, 96 000 000 €/year at the feed rate 27 t/h and 99 000 000 €/year at the feed rate 28 t/h as the price of ethylene is 826 €/t, the price of propylene is 826 €/t and the price of butadiene is 816 €/t [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF]. According to the test runs, the fuel gas consumption per ton of ethylene increased by 13% at the same time (Table 2). However, the cost of feedstock accounts for most of the variable cost [START_REF]Techniques for the Large Volume Organic Chemical Industry[END_REF]. The choice was made to increase the feed rate since it increased the annual production.

It was also noted that operation at high feed rates requires more careful follow-up, because operating margins become narrower. The first limiting factor can possibly be the opening of the control valves that limit the rate of flow [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF].

The efficiency evaluation was based on the simulated annual production rate without numerical considerations over the energy related aspects. Such data was not available from simulations. Spyro simulation do not account for the changes in the convection section.

Results and discussion based on the presented evaluation approach

The case study dealt with efficiency improvement in an olefin plant by adjusting operational parameters.

Operational changes affect the whole cracking furnace, including its preheat and convection sections. In the following, the case study is re-evaluated against the theory in section 2. The re-evaluation broadens the perspective of the study.

Review of the known references

In steam cracking, the feedstock type used affects the product yield distribution. The highest production yields of ethylene from ethane are reported close to 80 wt-%. Naphtha is a refinery hydrocarbon fraction consisting of C 6 -C 10 hydrocarbons, depending on the origin and refinery conditions. A typical overall ethylene yield in high severity naphtha cracking is about 30wt-% or even more. Table 4 indicates ethylene yields 29.1…29.6 wt-%.

From the energy perspective, ethane is the shortest alkane to produce olefins, and the reaction enthalpy (theoretical minimum energy) is the greatest of all the raw materials, +4893 kJ/kg (4,893 GJ/t). The reaction enthalpy for ethylene production from propane is +4295 kJ/kg (4,293 GJ/t), i.e. slightly less [START_REF]World light olefins analysis[END_REF], [START_REF] Barendregt | New challenges confront ethylene furnace designers[END_REF], [START_REF] Zimmermann | Ullmann's Encyclopedia of Industrial Chemistry[END_REF]. The required energy depends on the cracking temperature. A typical total energy requirement for naphtha steam cracking is within the range of 26-31 GJ/t of ethylene or 14-17 GJ/t of HVC (High Value Chemicals). The minimum energy requirement for naphtha cracking to achieve the reaction is ca. 8 GJ/t of ethylene [START_REF] Ren | Olefins from conventional and heavy feedstocks: Energy use in steam cracking and alternative processes[END_REF]. This means that the reaction enthalpy in naphtha cracking corresponds to about 25%…30% of the total energy consumption (as all energy is allocated to ethylene). It can also be seen that the reaction enthalpy is highly dependent on the feedstock quality, being much more for naphtha than e.g. for ethane. The Spyro-simulated results indicate reaction heat requirements of slightly above 6 GJ/t of ethylene and about 3.5 GJ/t of HVC (Table 3). The fuel gas requirement according to Table 2 is about 19…22 GJ/t of ethylene and about 11…13 GJ/t of HVC (LHV=48MJ/kg).

Operational efficiency expresses how efficiently the process operates. The theoretical operation time is 100%.

However, from time to time it is necessary to stop the cracking furnaces for decoking. This is to remove the carbonaceous deposits formed on the coils' inner surfaces during cracking. The carbon layer reduces heat transfer and increases pressure drop in the coils. Typically, a naphtha pyrolysis furnace is decoked every 15-40 days [START_REF] Ren | Olefins from conventional and heavy feedstocks: Energy use in steam cracking and alternative processes[END_REF]. Based on simulations, the run length becomes 31…33 days and decreases with increased feed rate.

The calculation of improvement potentials is a means to evaluate the goodness of a design. Here, its calculation allows one to evaluate the savings potential in operation costs. The test runs indicated that the overall ethylene yield was on a typical level. The test runs indicated that the fuel consumption was considerable low. The value for the operational efficiency was simulated, and the results indicated average values. Hydro-pyrolysis of naphtha is seen as an emerging technology. In that, hydrogen is fed to the furnace with the feed and dilution steam. In a naphtha-fed furnace a 20 % increase in ethylene yield and a 30 % decrease in energy use are reported. However, this technology is not offered by major licensors [START_REF] Ren | Energy efficiency and innovative emerging technologies for olefin production[END_REF].

The system boundary and evaluation criteria

The cracker feeds consist of hydrocarbon raw material and dilution steam. Boiler feedwater is led to the furnace to cool down the products in a quench system. This generates high-pressure steam that is further superheated in the furnace convection section. That can be used to run turbines in the cleaning and purification sections or to generate electricity.

The feasibility evaluation was based on the annual production rate (section 3.4.1). A more complete evaluation would include also the energy efficiency -aspects. For that, a cracker energy balance including the fuel gas consumption and the 100 bar steam production would be needed. The Spyro model simulates the process conditions in a steam cracking furnace. It cannot be used to produce a complete energy balance from the cracker, including its downstream and upstream operations. Still, in principle, the evaluation boundary should be set as large as possible to avoid sub-optimisation.

Also, a wider perspective on efficiency would require considering the strategic aspects. These are usually termed as 'operational key performance indicators (KPIs)'. Companied are benchmarked against these values.

Such indicator is e.g. specific energy consumption. The specific energy consumption, SEC, is defined by [START_REF]Reference document on Best Available Techniques for Energy Efficiency[END_REF]:

(

) 1 
where SEC is the specific energy consumption, usually measured in physical units such as tons of product (GJ/t). Specific energy consumption and CO 2 emissions are becoming more and more importance due to rising energy and CO 2 costs and because of company image reasons. The test runs indicated that the specific fuel consumption (t/t products ) increased slightly (Table 2). This means that the specific CO 2 emission (t/t products ) would increase slightly as well. The test runs indicated that the production of high-pressure steam increased.

Consequently, the specific high-pressure steam production (t steam /t products ) was about the same. The specific energy consumption (MWh/t of ethylene) would increase slightly.

The outcome of operational efficiency is seen as and monitored through 1) process output (quality and quantity) and 2) process operating time [START_REF] Tuomaala | Conceptual Approach to Process Integration Efficiency[END_REF]. Quality in this context can be evaluated through the product yield distribution (material efficiency). The total production quantity [t] is the product of production rate [t/s] and production time

[s]. The information can be readily translated into numeric form and furthermore into an economic cost function. Increasing the feed rate decreased the cycle length. Still, the simulations indicated higher capacity due to increased production. However, it was also estimated that operation at a high feed rate requires more careful follow-up, and that the control valves may limit the rate of flow. These aspects were not considered in the final calculations.

Decision-making

The case plant is in an operational life span phase. In that phase, the main interest is to maximise the profit of operation based on multiple criteria. Major process changes are seldom made (section 2.2). Therefore, knowledge of the theoretical potential is not very useful. The concepts of the technical potential and the produced products used energy  SEC produced products used energy  SEC economic potential are valid in the case study. However, as the final decision-making was based on revenues from the production, did the product "yield" have any value as such? Information on the yield was used rather as an indicator of the relative performance of the process. The same applies to the studies on the reaction heat and fuel consumption.

In the early 1970s, crude oil price rises increased the cost of both petrochemical feedstocks and fuels, and created an increasingly competitive environment. This prompted process modifications that increased olefin yields by designing cracking heaters to operate more selectively, and to reduce the energy consumption of ethylene plants. About 60 % of energy reductions since the 1970s have stemmed from improvements in cracking [START_REF]Techniques for the Large Volume Organic Chemical Industry[END_REF]. The hydro-pyrolysis process was given as an example of a new emerging technology, indicating that major improvements in material efficiency and in energy efficiency are still expected. Therefore, knowledge of the improvement potentials is important in order to rank processes against competitors.

The decision-making was mainly based on the numeric information obtained by simulations. This particular modification did not require investments in new hardware. If it had, the data would have been compiled as net income cash flows, total number of years over which cash flows occur, annual operating hours and the investment cost. It would probably have been difficult to produce accurate investment calculations due to imprecise data.

Conclusions

The paper discusses the study of efficiency improvement in an olefin plant in the chemical industry. A case study was made to improve a plant's efficiency by adjusting operational parameters. The method of producing such an analysis was supported using a conceptual framework that has been developed to analyse the efficiency of integrated systems.

In the case study, test runs and simulations were carried out to verify whether increasing a hydrocarbon feed rate would result in improved efficiency. According to the rest runs, the ethylene (and HVC) yield remained about the same or decreased slightly. However, the coking rate increased and the run length shortened. Despite all this, the annual ethylene production increased. As a result, changing operating parameters was considered desirable.

According to the principles of the new approach, the analysis should capture the 'total efficiency' of processes.

That encompasses material, energy and operational efficiencies and a widened design scale perspective. The results were supported by an evaluation of the process potentials, which clarify how much improvement is expected. The target potential for improvement depends on the process life span phase. In the operational phase of a plant, for instance, the efficiency studies seem to turn into a comprehensive optimisation of the economic potential based on multiple criteria. To provide comprehensive information, one must ensure that the system boundary is selected so that it considers all important aspects. Also, criteria on different boundary layers are different. A wider perspective involves considering strategic aspects as well. The changes may affect the operational performance values and management's operational key performance indicators (KPIs). These may be values against which companies are benchmarked, e.g. specific energy consumption. The study confirms that the information gap between managers and engineers is hard to bridge, probably due to the complexity of the cases. For example, in this case, exact numeric information on energy and CO 2 efficiency is difficult to provide. Nevertheless, more complete information could help to promote efficiency in circumstances such as energy efficiency investments. Evaluation on a wider scale would allow a comparison of fairly different modification alternatives. Information on the complete set of criteria would, for example, provide a new way to manage plants in a recession, when there is always a need to increase efficiency, but not necessarily production. 
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Figure 4. Effects of the feed rate on the main product yields and on feedline pressure [START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF].

Figure 1 .

 1 Figure 1. A balanced selection of criteria.

  

Table 2 :

 2 Test run results of the fuel gas consumption and the production of high pressure steam[START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF].

		Produced					
		100 bar	O2 in flue	ethylene/	propylene/	1.3-butadiene/	HVC/ fuel
	Feed rate	steam	gas	fuel gas	fuel gas	fuel gas	gas
	t/h	t/h	vol-%	t/t	t/t	t/t	t/t
	25.0	33.2	2.1	2.45	1.23	0.40	4.32
	25.4	33.7	2.0	2.55	1.21	0.40	4.32
	27.0	36.8	2.0	2.31	1.16	0.38	4.05
	28.0	38.0	2.0	2.17	1.10	0.34	3.80

Table 3 :

 3 Spyro-simulated reaction heat (RH) requirement. DS/HC is the relationship between the dilution steam rate and the hydrocarbon feed rate[START_REF] Leino | Effect of operational changes on product yield and energy use in a pyrolysis furnace at Borealis Polymers Oy[END_REF].

								RH/
								(ethylene+
	Feed	DS/HC-	Run	Cumulative	RH/	RH/	RH/	propylene+
	rate	ratio	days	RH	ethylene	propylene	butadiene	butadiene)
			days/					
	t/h	t/t	year	GW	GJ/t	GJ/t	GJ/t	GJ/t
	25.0	0.5	344.1	0.013	6.2	11.5	31.9	3.6
	27.0	0.5	344.1	0.013	6.1	10.8	33.0	3.5
	28.0	0.5	343.4	0.014	6.2	11.1	30.5	3.5

Figure 3. Typical cracking furnace configuration [16].

Acknowledgements

The plant personnel are greatly acknowledged for providing the data for the analysis.