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Abstract 

Drying processes contribute a significant proportion of energy use within industry today, 

from food and pharmaceuticals to construction products. The need to find and improve 

methods to increase the energy effectiveness of drying processes without reducing product 

quality can have significant effects on both financial costs and the cost to the environment 

through direct or indirect greenhouse gas emissions. These methods, beyond what is 

already used in industry already (such as improved insulation), are required to be able to be 

used and understood to make a difference. 

There are various tools and methodologies which can be used to analyse and estimate the 

effect of process changes on systems – from ideal rate comparison models (Inversion 

Temperature) to heat exchanger optimisation tools (Pinch Analysis), to a full energy 

utilisation integration (Exergy Analysis). It is important to understand when each method is 

suitable, and the benefits of each. For example, an Exergy Analysis will provide the same 

outcomes as a Pinch Analysis when dealing exclusively with heat recovery; but will be more 

challenging to apply. 

The Inversion Temperature has been compared with a Pinch Analysis on a typical stand-

alone dryer system. For the Inversion Temperature to be relevant, different evaporative 

gases needed to be compared. In this instance, superheated steam was compared with hot 

air. One of the results revealed that the steam dryer is likely to be smaller than that of the 

air system (given the same inlet temperature) based on the higher evaporation rate 

presented by the superheated steam system. 

In order to compare the Inversion Temperature (rate-based estimation method) with Pinch 

Analysis (thermal flow model), a Pinch Analysis was applied to both systems, yielding 

reasonable results (over open systems in both cases) of 18% energy recovery for the air 

system and 8.4% (with 86.6% potential) energy recovery for the steam system. 

The extra potential from the steam system is due to the outlet temperature being at a much 

higher temperature (100OC vs 40OC), meaning that, as part of an extended system, the 

steam dryer has the potential to also have lower energy costs. It is important to note that 
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the air dryer operates above its system’s Pinch Temperature –meaning that any extra heat 

added to the system is lost, with extra cooling potentially needed. 

By contrast, the steam dryer operates across its Pinch Temperature, meaning that the steam 

system is less sensitive to process changes than the air system in terms of the system’s 

energy recovery potential. This is due to the steam system having a significant recycle 

component to it, as gas recirculation requires less energy than heating a colder feed stream 

(this is harder to do with air systems as the humidity increase per recirculation interferes 

with the driving force within the dryer, further reducing efficiency). 

The use of exergy analysis over a single unit operation has been explored, showing that 

while a spray dryer is effective at rapidly drying particulate solids, the energy use is 

inherently inefficient. Defining the task as evaporation of water means that the task-based 

losses are in the order of 38% of energy being fed to the dryer, with energy efficiencies 

ranging from 30% on a transiting basis to 94% on a temperature and pressure (thermo-

mechanical) basis. 

Small optimisation opportunities exist, within the range of typical operating temperatures 

and flows, mainly confirming that existing optimisations on existing systems are suitable at 

this point. The shortcut technique using the Carnot efficiency and a first law (energy 

balance) is suitable on systems that rely on temperature effects (such as drying; pressure 

within the dryer is a secondary effect). 

An exergy analysis has been extended to two different systems which support the dryer –an 

electrically supplied system (vapour recompression) and a typical natural gas-driven steam 

boiler system. The key results are that as the systems get larger and more complex, exergy 

losses tend to get higher, and the total exergy lost within both systems is significantly higher 

than just the dryer on its own. 

Key metrics of energy flows, including evaporation potential, recovery potential, and some 

key factors, have been explored for each system. While these overall factors compare the 

systems, it is important to also analyse each unit’s operation within each system to help 

focus on which part of each system has the most improvement opportunities. While the 

boiler-driven system is better based on several of the metrics, changing the valve in the 
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Vapour Recompression system to a work recovery turbine (to help drive the compressor) 

reduces the wasted work potential of that system significantly enough to make the system 

competitive (the valve accounts for more than 50% of that system’s exergy loss). 

A preliminary level of system costing has also been carried out, outlining the scale of the 

cost of each of the studied systems in this thesis. Carbon accounting has also been 

presented for the systems. Carbon accounting highlights how the electrically-driven system 

is likely to be less damaging to the environment as more renewable energy sources come 

online in Australia, and this is aligned with the operating cost differential. The Vapour 

Recompression system costs around 60% more to build and 20% more to operate under 

current energy costing scenarios. The capital cost is unlikely to converge over time. 

However, operating costs are likely to change significantly based on the cost of natural gas 

and electricity production costs changing over time. 
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Chapter 1 Introduction to the Study 

1.1Project Introduction 

Several authors have reviewed energy consumption in drying, including Baker [4], Al-Adwani 

[5] in fluidised bed drying, and McKenzie [6] in spray drying. Estimates for the percentage of 

industrial sector energy used by dryers are between 10%-25% [7-9]. In addition, a Warren 

Centre study at the University of Sydney on energy efficiency [10] found that the energy 

usage by the industry sector was 40% of the 3,000 PJ/annum of energy used in Australia 

between 1997-1999, at a cost of $16 billion/annum. This translates to a range of 120 - 

300 PJ/annum used for drying in Australia during that time period on the basis of 10%-25% 

of the total energy use being used for drying; equivalent to $1.6 and $4 billion/annum 

associated with dryers alone during that period. 

1.1.1The Scope of the Thesis 

The main task of the thesis is to find a suitable method of saving energy and cost within 

drying systems, where a reduction of any margin could save industry millions of dollars per 

year, and finding further savings is considered challenging due to the low temperature of 

dryer outlets (typically below 100OC) [11]. This assessment can be completed by using a 

variety of tools to determine if and how much energy can be saved in the drying processes. 

The scope includes the creation of a methodology which uses a combination of methods to 

assist in the optimisation of drying processes, including a kinetics comparison method, 

energy use and recovery, and exergy optimisation techniques. 

As a part of this methodology, Inversion temperature (IT) was chosen as it presents a 

method of comparing the kinetics of two drying gases (in this study air and steam systems 

were compared). In this way, the IT method gives an indication of what drying gas is more 

likely to result in a smaller dryer at a given temperature, and potentially resulting in a more 

efficient process. 

Another key tool which can be used is Pinch Analysis (PA), which aims to maximise heat 

(energy) recovery within a system, and this analysis was performed on the systems 

described in the comparison using IT in Chapter 4. 
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It is also important to discuss the potential to recover significant amounts of energy 

commonly discharged to the environment in the form of vapour from a spray-dryer exhaust. 

The recovery of this (environmentally discharged) excess energy is not a simple task, unless 

starting with a humid stream with a higher moisture content than the saturation conditions 

(cold temperature) that a coolant can provide, the vapour recovery will be low. This low 

recovery can be even more problematic for recirculation systems due to requiring more 

energy to reheat the dried vapour back to the dryer inlet temperature. If it was possible to 

extract a much larger proportion of the evaporation energy from the outlet gas stream, the 

energy recovery potential would become significantly more important. This issue is 

explained in more detail in Chapter 4. The utilisation of condensing humid air as an energy 

source and the potential energy quality that may be extracted from such a process. 

PA is often confused with optimisation since it is used to optimise a significant part of the 

system. However, most systems do not rely solely on heat transfer or heat processes, 

generating pressure differentials and generating flow is generally done with non-heat 

sources such as electrically-driven pumps/compressors/blowers. PA does not easily 

integrate non-heat sources in a straightforward and easy-to-interpret manner, for that task 

it is better to integrate a more holistic method such as exergy analysis (ExA). ExA was used 

here to demonstrate the integration of non-heat energy within a system, including one of 

the key benefits of ExA over PA – in that ExA is based on the second law of thermodynamics.  

Exergy (which ExA is based on) has also been referred to by several names historically, 

including Gibbs free energy, Availability, and Work Potential. While no single method exists 

to perform an ExA on systems, adding a procedure to assist with generating assumptions for 

a given system has been important. It is also important to determine the parts of a 

calculation which can be left out, in order to achieve this, understanding the system being 

studied is crucial. The second law of thermodynamics has been used to compare different 

energy sources for the same task within the system (such as electricity relative to direct fuel 

use). 

A discussion of losses within a system and to the environment in terms of exergy is covered 

in Chapter 5; this is an important aspect of optimisation as it gives an indication that internal 

and external efficiency are not always linked. It is important to differentiate methods that 
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isolate the different losses, both to the environment and internally. The understanding of 

where the losses come from gives a better understanding of what a unit is doing and how 

efficient a unit operation is, in this case a dryer, in each context. 

Chapter 6 discusses the potential to replace a boiler system with an electrically-driven 

vapour recompression system; this comparison is an illustrative example of where PA would 

be inappropriate. The discussion of losses within the system and to the environment is 

extended to include pressure-based losses. A cost comparison of potential changes within a 

system was also completed to demonstrate that cost is generally a good indicator for the 

likelihood of potential optimisations being adopted. 

1.2Approach in the Thesis 

The process of drying and the systems associated with drying are complex in nature, since 

simultaneous heat and mass transfers occur in most cases. In the case of spray drying, this 

occurs in a single vessel and is not straightforward in concept. To understand the nature of 

spray dryers, research into calculation models appropriate to approaching PA and ExA 

models of heat and mass transfer in the context of a spray dryer were researched, extending 

to integrating the heat and mass transfer device into larger systems. It was clear that taking 

the dryer and solids separator as a single unit reduced much of the complexity in modelling 

by allowing the gas side and liquids side of the dryer to be isolated, with the interaction 

being treated as occurring within both units in an ideal manner. This method is described in 

more detail in Chapter 3. 

A mass and energy balance (MEB) was initially constructed for a spray dryer and was based 

on and inspired by the work of Langrish [12]. The following constraints and assumptions 

were used for the MEB: 

• The dryer is a well-insulated adiabatic continuous co-current spray dryer. 

• The dryer is well mixed and equilibrium limited [13, 14].  

• The flow rate of warm gas entering the dryer is 21 kg.s-1 and the liquid solution flow rate 

is 2.5 kg.s-1 of 50 %wt milk solids.  

• An outlet approach temperature of 20OC was used for the PA and dryer outlet 

temperature. This assumption will be explained in the relevant sections. 
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• The dryer curve was not studied. Instead, the results of the mass and energy balance 

were utilised to represent the dryer. 

• Utilities analysis was not undertaken in the calculation of IT or for the first stage of PA. 

The generation of the heat exchanger network diagram was not completed, since the 

system is too simple for this part of the pinch processes to be utilised effectively. 

• The system boundaries are located where each inlet and outlet streams are found at 

ambient conditions. 

o This assumption regarding ambient conditions in and out of the system was 

made to ensure the maximum recovery potential could be determined. For 

example, if venting the dryer exhaust directly to the environment, no energy can 

be recovered. This also means that the maximum acceptable utility usage for the 

system can be calculated easily. Any increase in utilities from this point would be 

wasteful. 

• The calculation of the solids feed side of the system may be estimated by replacing the 

mass and energy balance with that of an evaporation tower system, but is currently 

indicative of the energy usage scale between the two sides of the system. The higher 

resolution would not yield further system improvement potential unless integration of 

the internal heat profile of the dryer becomes an option. 

 

The MEB model was created and developed using Microsoft Excel, which allows for process 

variations and plant-wide process changes to be calculated. The choice of using Excel over 

more complex, and expensive, mathematics programs such as Matlab was straightforward 

as the analysis was to be completed for a steady-state system. At one point, it was more 

beneficial to code the mathematics into Visual Basic to speed up the calculation process. 

While researching and creating the MEB model, it was evident that it only applied to using 

air as a drying gas since the model was reliant on a humidity term. The MEB is the basis 

upon which the rest of the study was built and is referenced in Chapters 2 - 6. To include 

non-air-based drying, the model was also adapted to handle gases such as steam. This 

change allowed for a superheated steam (SHS) dryer to also be studied. During this phase it 

was thought that using SHS could improve energy recovery as the steam leaving the dryer 
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would be at a warmer temperature than the equivalent air temperature and would allow 

heat recovery by condensation. 

Using the IT method was a reasonable approach for comparing these two dryer types. The 

information required for IT was relatively simple to gather, being the heat capacity and 

equilibrium data for the two systems (since this can be found from the results of the MEB). 

The results for IT were informative but incomplete, so the MEB was used as the starting 

point for a common thermal analysis such as PA; the combination of IT and PA is discussed 

in Chapter 4. 

Both methods were missing key parts of a potentially more complete optimisation tool, with 

both methods studying different aspects ― IT based on relative kinetics and PA based on 

heat recovery potential. Both methods ignored electrical and pressure-based energy. 

Though both electricity and pressure are important energy aspects in drying, where sub-

ambient pressure improves drying rates, and compressing the outlet could pre-heat the 

exhaust gas, potentially recovering more energy, each is generally ignored during a 

conventional PA or is added at the end. 

To reduce the need to integrate pressure and electricity into an optimisation methodology, 

there were a few options, from advanced PA, ExA, as well as a few other ideas (which are 

discussed in more detail in Chapter 2), it became evident that exergy was perhaps the most 

interesting due to its potential to be as inclusive as any other method while also being 

useful in describing parts of a process individually or collectively in a meaningful way. The 

visualisation of results from an ExA is important to improve the understanding of any 

system, and visualisations for an ExA were completed in several forms (since the 

visualisation methods in PA enhance the usability of the PA method). These visualisations 

are presented in Chapters 5 and 6.  

The concepts that were developed included the following aspects: 

• The concept of phase change incurring no change in exergy was an important concept. 

The effect of the evaporation exergy calculation is a significant part of the result. 

• The analysis done has been on ideal systems, with the dryer being adiabatic and 

assumed to be equilibrium limited (or close to it). 
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Based on these assumptions and methods, several methods were discussed, and a brief 

introduction to these will follow: 

1.3The Underlying Laws of Thermodynamics 

There are four underlying laws of thermodynamics, which define the physical quantities 

such as temperature, energy, and entropy, and which characterise thermodynamic systems 

at thermal equilibrium. The laws describe how these quantities behave under various 

circumstances. 

The four laws of thermodynamics are [15, 16]: 

• Zeroth law of thermodynamics: If two systems are in thermal equilibrium with a third 

system, they are in thermal equilibrium with each other. This law helps to define the 

concept of temperature. 

• First law of thermodynamics: When energy passes, as work, as heat, or with matter, into 

or out from a system, the system's internal energy changes in accord with the law of 

conservation of energy. Equivalently, perpetual motion machines of the first kind 

(machines that produce work with no energy input) are impossible. 

• Second law of thermodynamics: In a natural thermodynamic process, the sum of the 

entropies of the interacting thermodynamic systems increases. Equivalently, perpetual 

motion machines of the second kind (machines that spontaneously convert thermal 

energy into mechanical work) are impossible. 

• Third law of thermodynamics: The entropy of a system approaches a constant value as 

the temperature approaches absolute zero. With the exception of non-crystalline solids 

(glasses) the entropy of a system at absolute zero is typically close to zero and is equal to 

the natural logarithm of the product of the quantum ground states. 

The third law has a negligible impact for systems above ambient temperature as it refers to 

the entropy of cryogenic systems, particularly those in near vacuum. The first and second 

laws will be referred to throughout this thesis. 

1.4Pinch Analysis and Inversion Temperature Introduction 

Many proposed solutions to energy use in drying tend to be based on a single method for 

studying energy quality and quantity measurements and methodologies. There are a few 

papers built around an optimisation algorithm that includes comparing set changes within 
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the system to an ideal case [17]. There is also some literature that compares or combines 

certain methodologies to create a more complete picture of other possible solutions. 

However, there is very little in the way of comparisons or integrations of methodologies to 

create a more complete picture of possible solutions in respect to drying, although some 

have an application - such as Zhelev’s ‘Cleaner flue gas and energy recovery through pinch 

analysis’ [18, 19]. Of the many comparisons used in literature, simple efficiency calculations 

have primarily been used. 

In some ways, pinch technology is an attempt to take the quality of the energy into account 

when analysing the energy systems, in a way that first law analysis (e.g. energy balances) 

does not. In first law analysis, 1 kW is just 1 kW, regardless of whether it is available at 50OC 

or 250OC. Pinch technology starts to introduce the idea that 1 kW at 250OC is more useful 

(has higher quality) than 1 kW at 50OC. Exergy takes the idea of energy quality a step further 

than pinch technology. This progression is explored in this thesis. 

1.5Exergy Analysis for a Spray Dryer and Drying Systems 

Optimising unit operations beyond the traditional methods of pinch, chemical reaction 

completion and energy requirements is necessary to further improve the efficiency of 

processes. One such method, exergy analysis, is proposed here as a way of optimising the 

overall energy requirements of drying processes. Exergy was first suggested in the 19th 

century, starting with Gibbs, and then Carnot, but the development of the methodology 

halted until the mid-20th century. The modern version of exergy had its primary 

development in engineering applications (called exergy analysis) between 1950 and 1990, 

with development continuing to this day [20, 21].  

Due to its more complete and complex nature, exergy was thought cumbersome while 

giving relatively small gains relative to PA [20]. Today, however, PA is often undertaken as 

part of the design stage [22], before construction, and this leaves a place for further 

improvement or optimisation techniques to be used for retrofitting, or plant-wide changes. 

There exist many challenges with introducing exergy as a concept to industry in general, as 

it does not follow the general rules associated with energy and is a comparison method with 

ideal-reversible systems, which are not realistic, and is more abstract in its interpretation 

than a standard heat analysis such as PA. One of the rules that exergy does not follow is 
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conservation ― exergy is destroyed as it is used or converted. Exergy also does not have a 

negative value when a change is being determined; work can occur in both directions. For 

example, in cooling systems, the energy level may be negative (when compared with 

ambient conditions), but the exergy is positive as there is work potential [23]. 

Exergy is the study of available energy or the ability to do work. In the case of process 

integration and development, it represents the ability to utilise energy. Exergy analysis 

works to save as much available energy as possible by manipulating the whole processing 

system, just as PA saves thermal utility requirements. This exergy analysis may require more 

data than PA, including flow properties, pressure drops through unit operations and piping, 

chemical reaction energy changes, and momentum changes. As such, it is more difficult to 

collect data.  

Some comparisons have been made between PA and exergy analysis, with a focus on the 

limitations of PA or problems associated with interpreting the results of exergy analysis. One 

example is the work of Wall and Gong [24], which illustrates how exergy analysis is useful at 

determining heat pump integration. This work may be compared with Krajnc and Glavic’s 

work [25] on integrating heat pumps into a PA and its composite curves. 

1.5.1The Application of Exergy Analysis 

Exergy analysis has been used in industry to optimise energy loads on dryers and drying 

plants for many years with some success. The exergy of drying systems in the food industry 

has been explored broadly in the past [26-33], mainly focussing on tray drying with air as the 

drying gas. Topic [34] investigated drying systems in general, particularly the effects of a 

direct-fired burner, fuel consumption, mixing, and solids moisture content on the exergy 

usage of the studied drying system. The main result from that analysis was that the dryer 

was the dominant exergy inefficiency within the system. Other drying techniques have been 

explored, such as tray-type heat pump timber drying [35], solar-thermal [36], ground source 

heat-pump drying [37], and pharmaceutical products using a gas engine-driven heat pump 

dryer [38]. In general, the results of the exergy analysis suggest dryers have second law or 

exergy efficiencies in the order of 4%-25% [28, 34] compared with high-pressure gas boilers 

(60%-75%) [39, 40], and electrically-driven air compressors (70%-80%) [30]. Chapter 5 of this 
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thesis has reviewed the application of various exergy analysis and efficiency factors on a 

dryer in isolation. 

1.5.2Exergy Analysis for Other Dryers 

Tambunan et al [36] studied a solar kiln dryer and stated that the optimum result for a solar 

thermal storage charge-discharge (energy battery) system would require a maximum loss 

ratio (exergy loss to exergy input ratio) of 60% to be a reasonable practical replacement for 

direct solar drying, while the loss ratio of the studied system was as high as 86% ― meaning 

that the current technology has made the solar thermal dryer inefficient for direct solar 

drying, even though the drying cycle can be extended by a few hours per day. 

The work of Gungor et al [30, 38] states ranges of results for exergy analyses on gas-engine 

heat-pump dryer systems, with a focus on which parts of the system required further study. 

The Gungor study found that the exhaust air heat exchanger (3.08 MW/USD) and drying 

ducts (1.42 MW/USD) were the worst performers on an exergy loss per capital cost basis. 

This result allows studies of the energy saving to be focused on these two units. Gungor and 

Hepbasli have been studying ways to assist in targeting poor exergy performers in systems 

with respect to ground engine heat pumps used for drying [41-43]. Their method uses the 

complex and integrated method of exergo-economic analysis which integrates costing (both 

capital and operating) over the lifetime of the operation to determine long-term savings in 

cost and exergy. The method in this thesis is more basic in that it isolates the two aspects. 

This is discussed in more detail in Chapters 5-7. 

Other additions to targeting methodologies have been focussing on loss types and cause-

effect analyses [41, 43-47]. These metrics are useful for system-wide optimisations but are 

limited in their use for a single unit operation ― such as the spray dryer studied in this work. 

However, the determination of inevitable losses (INE) is useful to determine an optimal or 

desired operating condition.  

1.6Challenges with Exergy Optimisation 

A challenge that exergy presents is in the interpretation of the results, which is complicated 

by the difference in exergy evaluation factors. Chapter 5 of this thesis compares the most 

common factors used within the exergy literature to explore why no consensus has been 

reached in this area. Aghbashlo and Erbay [48-53] have both studied spray-drying systems 
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using exergy analysis in an attempt to optimise the systems. Both concluded that spray 

drying is far from an ideal system (in terms of exergy), and work is required to find more 

efficient ways of drying wet particles.  

The results of these studies found that the parametric analyses showed no peak values, 

having optima at the upper or lower limitations of the process variables. Erbay and Koca [49, 

51] also studied the effect of atomisation pressure on white cheese spray-drying and 

suggested that the atomisation pressure was a significant area of exergy loss. This result 

occurs since pressure has a small effect on the system equilibrium, while having a large 

effect on exergy requirements (to pressurise the feed for the atomiser). The pressure is a 

requirement of the operating conditions, and to create flow (spray) within the dryer. 

Pressure optimisation on atomisers is a trade-off between particle size, orifice size and 

flowrate. As a result, pressure should be considered important, but secondary to 

temperature and flow, for energy optimisation in most cases. 

Optimising the spray dryer for maximum exergy recovery while maintaining an acceptable 

product specification (based on these results) may be challenging. Aghbashlo [48] 

determined that upwards of 15% of exergy fed to the dryer is lost from the dryer, and over 

30% is converted to entropy (unusable energy), with only 7% of the combined exergy feed 

being utilised for drying.  

Another notable challenge that exergy presents is the interpretation of the results ― an 

undertaking complicated by the difference in factors. Kuzgunkaya and Hepbasli [37] stated 

that “the results (of the exergy analysis) can focus an engineer’s attention on components 

where the greatest potential is destroyed and quantify the extent to which modification of 

one component affects, favourably or unfavourably, the performance of other components 

of the system”. This statement implies an ability to target and optimise systems without 

explicitly saying how, and this current work explores that area.  

1.7Summary of Scope 

This chapter introduced the various methods used within this thesis and the importance of 

comparing and combining various methodologies when applied to spray drying to develop 

an objective methodology to optimise the quality of the energy used, as well as the 
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quantity, while integrating different forms of energy into the analysis to allow for a simple 

comparison on the basis of cost and environmental impacts. 

Throughout this thesis different directions are taking towards optimisation. This thesis tries 

to assess the use of different tools and measures that would help designers to answer the 

following spray drying design questions: 

• Should air, steam or other gas be used as the drying gas? 

• What are the optimal inlet conditions (temperature and flow)? 

• What options for energy recovery are available? 

• How can these be best employed and assessed? 

With these questions in mind, it is possible to study the compatibility and suitability of a 

combined, or integrated, optimisation approach using IT, PA, and ExA for the purpose of 

optimising spray-drying systems. 

Chapter 2 has continued the introduction to the tools within the thesis and is a study of 

relevant literature. The scope of the thesis beyond what is described in this Chapter is 

outlined. 

Chapter 3 has introduced the underlying thermodynamic principles, including sample 

calculations, particularly for ExA. Chapter 3 also covers the many factors used within ExA 

and the basis for their calculations, the proper use for each of these factors is discussed in 

more detail in Chapters 5 and 6. 

Chapter 4 has investigated the IT technique and PA to determine the suitability of both 

methods for early-stage design decisions and potential optimisation potential. Chapter 4 

demonstrates that even a simple heat-recovery option can reduce utility usage by a 

significant amount. IT and PA share a consistent set of results which demonstrates the link 

between kinetic based models, and heat recovery, particularly in drying systems. 

Chapter 5 has demonstrated the application of an ExA to a spray dryer as a single focused 

unit for optimisation potential. This chapter is important as it links with Chapter 6 in the way 

that the dryer is found to be one of the most restrictive units for optimisation in both 
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systems studied in Chapter 6. The investigation of the dryer in Chapter 5 also compares the 

use of several effectiveness factors using a dryer system case study. These factors are then 

discussed in terms of their usefulness as optimisation tools. 

Chapter 6 has investigated the optimisation of a drying system, and shows that optimisation 

is not limited to just heat exchangers or kinetics as given by PA or IT. ExA is a powerful tool 

that needs help to be made accessible to engineers because it is not limited to just heat, as 

in PA, and has the potential to improve the understanding of the systems being analysed. 

While PA is limited to heat exchange networks, ExA may be completed on systems to find 

alternative non-temperature-based optimisation pathways ― such as vapour recompression 

or the integration of heat pumps, for which PA is not equipped. Chapter 6 has also examined 

the benefits of ExA compared to PA for drying systems, as well as demonstrating that exergy 

is a straightforward analytical technique that allows integration beyond what is offered by 

PA. Several visualisation tools presented in the literature are compared to help define 

where the system can be improved the most.  

Chapter 7 has compared exergy analysis with PA regarding the required information as well 

as on a ‘time to do the analysis’ basis – which is useful in understanding the close 

relationship between exergy analysis and the time and information required to do the 

analysis. This chapter provides a method of simplifying exergy analysis to make it more 

accessible to engineers as a tool for optimisation of both thermal and non-thermal systems. 

To help demonstrate the comparison between PA and exergy analysis, an initial cost analysis 

has been provided to illustrate both the potential improvements to the system as well as 

the implications of each analysis. 

Chapter 8 completes a techno-economic analysis of each case studied within this thesis, the 

boiler driven air drying and superheated steam systems from Chapter 4 and the vapour 

recompression system in Chapter 6. A basic carbon accounting has also been done based on 

localised conditions (a high level of coal power generation in Australia’s east coast). An 

attempt to link ExA and PA results to costing in a simple and meaningful manner was 

discussed in this chapter. 
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These energy analysis methods shown in this thesis are designed to be an addition to the 

optimisation process, assuming that all other avenues for traditional process energy loss 

minimisation (such as insulation and improved system seals) have been implemented. 

This thesis focuses on energy quality in drying and drying systems, using the second and 

third laws of thermodynamics to add value to energy analysis above the value given by 

energy balances alone, which are essentially based on the first law of thermodynamics. 
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Chapter 2 A review of the Comparison Tools and Methods 

2.1The Proposed Methods 

The proposed solutions for optimising dryers and drying processes include various 

standardised methods, such as Pinch Analysis (PA), extended-PA, Gibbs-enthalpy plots, 

Exergy Analysis (ExA), extended-ExA, Emergy analysis, and the integration of other 

environmental tools such as life cycle assessments. Some comparisons that can be used as a 

guide are Wall and Gong [24] and Sorin [54] for Pinch vs. Exergy, Zhelev for Pinch with 

Emergy [18], Sciubba and Ulgiati for Extended Exergy vs. Emergy [55], Nilsson and Jørgensen 

[56, 57] for a combination of several methods.  

The best way to learn the strengths and weaknesses of each of these methods, as applied to 

drying, is to test each on a simple system and compare the results in detail. One of the key 

areas of focus in this thesis is using multiple tools to find a more suitable optimisation than 

each can give on their own. 

2.2Hot Air and Superheated Steam 

Superheated steam drying was developed in the mid to late 19th century but received very 

little attention in industry until the energy crisis of the 1970’s [58]. Steam drying has 

become increasingly popular for many applications in recent years as technology has 

improved. Steam drying has benefits over air drying in the following areas [8, 59, 60]: 

• Since the dryer exhaust is steam, it is possible to recover the majority of the latent heat 

that is supplied to the dryer inlet stream. This energy can be used in another part of the 

plant or partially re-compressed for use elsewhere. 

• There are no oxidative reactions with solid skim milk powder, meaning it is desirable for 

oxygen-sensitive products. 

• Recovery and removal of toxic or organic liquids are easier. 

• Sterilisation, deodorisation, and pasteurisation are side effects that can be beneficial.  

• Better rehydration properties, porosity, and colour retention often result from this 

process. 
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However, there are some potential disadvantages of steam drying: 

• There may be a larger energy requirements associated with steam recirculation [61]. 

• There is limited industrial experience of this process compared with air systems. 

• The system may be more complex for pressure containment and minimisation of solids 

entrainment using separation equipment can be more complicated. 

• Potentially a more corrosive environment for equipment. 

• The solid temperature can be higher than in conventional hot air drying. 

• A higher risk of condensation in solids recovery systems. 

2.2.1Useful Comparisons 

There are several useful comparisons of air and superheated steam drying for the food 

industry in Prachayawarakorn [62], which show that for some systems, steam is more 

suitable than air as a drying gas. Prachayawarakorn’s research also covers the detrimental 

effects of the initial condensation period that comes with the use of superheated steam. 

Wimmerstedt [58] also discussed the potential for process integration; his primary example 

was boiler fuel feed drying. This example has the potential to improve boiler energy 

efficiency, reduce the boiler size, and reduce the environmental impact of the plant. He also 

explains that, for a fully integrated plant, such as a town electricity and heating supply from 

a combined heat and power plant (CHP), there are significant exergy losses, meaning the 

overall amount of recoverable heat is lower from the CHP plant. However, the exergy losses 

do not outweigh the benefits in this particular application [58].  

It is clear from the literature that steam drying has a superior ability to be integrated within 

larger systems (at least for heat recovery). Steam also has a higher potential to have other 

methodologies applied to the outlet gas for energy recovery, such as mechanical vapour 

recompression and heat pumps [58]. 

2.3Inversion Temperature 

The inversion temperature is the temperature where one thermally-driven system dries 

material more quickly than another one. This applies to drying gases such as convective hot 
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air and superheated steam systems. This approach to separation systems has been known 

for well over a century and has become a ‘rule of thumb’ approach to the process design of 

dryers [58].  

Costa and Neto De Silva [53] have made the following statements with regards to the 

application of IT to separation systems: 

“The common perception of the drying process states that the air streams are more 

effective drying agents at low humidity and high temperature. However, this is true only 

below a given temperature.” [63] 

Several works on this IT for air relative to steam systems have been produced over the 

years. One in particular [63] describes how several previous analyses of the inversion 

temperature provided varying results based on differing assumptions - such as keeping the 

outlet solids moisture content constant or keeping the input energy constant for the dryer. 

Quoted ranges for the inversion temperature are between 140OC - 260OC for previous works 

[63]. The primary basis for the inversion temperature analysis is that a wet surface releases 

unbound water into a stream of humid air or superheated steam [63]. 

The drying of unbound water is typically called the unhindered drying region, which may 

limit the range of the method if the material temperature being dried does not have a long 

unhindered drying period, particularly for large porous solids such as timber; the system 

being studied in this thesis is powdered skim milk with an initial moisture content of 50%. 

For the case of any hindered drying, the material temperature rises above the wet-bulb 

temperature (for hindered drying). 

The drying rate through the both the hindered, and unhindered regions may be interlinked 

through the concept of a Characteristic Drying Curve or the Reaction Engineering Approach 

[64]. For the systems being studied in Chapter 4, the drying of milk is likely to be hindered. 

The small size of skim milk powder also means that the Characteristic Drying Curve is likely 

to be true [64]. This situation means that the IT will be higher than if they drying process 

was unhindered [60, 63, 65, 66]. 
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2.3.1Inversion Temperature Methodologies 

Costa and Neto da Silva developed a methodology to get a consistent result for the majority 

of conditions by studying the mass-transfer rates at the surface of the material [63], in this 

case moist skim milk powder. This method (Inversion Temperature) is useful in determining 

if it is best to make a major change in the system in terms of air vs steam, or consider the 

potential change as an option to save energy and costs without taking into consideration 

other factors like capital or maintenance costs. 

Costa and Neto da Silva determined that a similar result to the localised and effective IT’s 

may be achieved by assuming that the dryer approximates an adiabatic saturation chamber 

and that the heat and mass transfer occur under the conditions of the outlet for the dryer. 

This situation simplified the calculation of the IT by assuming that the dryer reaches 

equilibrium, which allows for a more flexible analysis, negating the effects of the localised 

mass transfer rates. The result of this simplifying assumption was similar to those of the 

more detailed drying rate analyses [63].  

2.3.2Adiabatic Saturation Inversion Temperature 

For the application of IT to this thesis, in particular Chapter 4, the assumption that the dryer 

acts as an adiabatic saturation chamber as described by Costa and Neto Da Silva [63] is used. 

This assumption allows a simple metric to be used at an early stage of the optimisation 

process.  

The saturation conditions that relate to the inlet conditions of temperature and humidity 

are assumed to be the point at which all of the evaporation occurs. That assumption 

removes the need to determine specific, and local, evaporation fluxes, thus making this 

method independent of local kinetic variables, rather than based on equilibrium conditions 

[63]. Many IT methods work with localised conditions across a surface length through the 

dryer. Those methods are based on kinetic information, while ASIT is based on equilibrium 

information, which is easier to find. The ASIT is suitable for dryers of sufficient length that 

they achieve, or come close to, equilibrium. 

In effect, this is a comparison of the ideal rate at which drying occurs, and the IT is where 

the steam drying rate becomes higher than the air drying rate [60, 63]. However, even if 
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these conditions are not met in real dryers, the analysis is sufficient to use as a starting point 

for later and more complete assessments, such as PA, process modelling, and dryer design. 

ASIT can be defined as the ratio of heat flows for the system, this is shown in Equation 2-1 

 
ASITW=TSat∆V

+
β

1-β
(TSat∆V

−TST) 

Where: 

𝛽 =
(𝑚𝐷𝐴 + 𝑚𝑉)𝐼𝑁

𝑚𝑆𝑇𝐼𝑁

𝐶𝑝𝐷𝐴 + 𝑦𝐼𝑁𝐶𝑝𝑉

1 + 𝑦𝐼𝑁

1

𝐶𝑝𝑉

∆ℎ∆𝑉(𝑇𝑆𝑎𝑡∆𝑉)

∆ℎ∆𝑉(𝑇𝑆𝑇)
 

2-1 

[63] 

Where: 

• (𝑚𝐷𝐴 + 𝑚𝑉)𝐼𝑁 = 𝑚𝐴𝑖𝑟=total wet air feed mass flowrate. 

• 𝑚𝑆𝑇𝐼𝑁
=total steam feed mass flowrate. 

• 𝐶𝑝𝑖= specific mass heat capacity of each component. 

• ∆ℎ∆𝑉(𝑇𝑆𝑎𝑡∆𝑉) and ∆ℎ∆𝑉(𝑇𝑆𝑇)= latent heat of vaporisation at the saturation temperatures 

of the air and steam, respectively. 

• TSat∆V
 and TST are the saturation temperatures of the air and steam, respectively. 

• 𝑦𝐼𝑁 is the humidity of the feed air in gW.gDA
-1. 

The pressure of the system is critical on the properties used within the calculation. It should 

also be noted that this calculation assumes that the solids temperature change is 

insignificant and that the evaporation occurs adiabatically (the two-step process is discussed 

later in this chapter). 

2.4Pinch Analysis 

There are several papers and books [23, 67-72] that address the PA of systems, but most are 

based on a rigid system structure, i.e., the major items are reactors, which cannot be 

manipulated or changed to make a more energy-efficient process. Most of the literature on 

PA has not focused on manipulating the system, but rather on heat exchange and the 

recovery network around the key systems. Many of these analyses do not include increased 
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capital and maintenance costs using a differential economic analysis of the plant, where the 

differences are created by the changes in the system structure. 

In these papers and books, dryers are discussed in modest detail in terms of potential 

savings using a PA, due to the adiabatic nature of drying systems, blower requirements, and 

the low dew point temperatures of dryers exit stream(s). However, it is generally agreed 

that drying is a key area where energy savings need to be addressed. 

There are several papers and books written by Kemp [61, 73, 74] that address the need to 

look at the actual processing arrangement and interactions for separation systems such as 

dryers, evaporators, and distillation columns. In these books [61, 73, 74], changes to the 

dryer were studied to fit the dryer around other sections of the plant, as opposed to 

studying the plant and manipulating it to fit around the dryer. Considering the significant 

energy usage of dryers, manipulating the system to fit around the dryer may result in 

reducing utility requirements more effectively.  

Another factor that has not been included in any standardised PA reference is the electrical 

energy requirements. especially those involved in re-circulation or flow induction 

equipment, or electrical heating and cooling systems such as heating elements, 

refrigeration, and heat pump cycles. The interaction between electrical energy flows and 

pinch analysis has been studied [75], but the quality of any replacement energy source has 

not been considered, and an analytical approach to including energy quality in a pinch 

analysis needs to be developed to improve the understanding of such decisions. The 

proposed approach should encompass more energy solutions, such as open ended or closed 

circuit heat pumps [24, 25]. 

2.4.1Method for Pinch Analysis 

Starting a Pinch Analysis 

In order to begin a PA it is important to have a complete process ready to analyse. In that 

regard, at least the reactors and separators and recycle loops need to have been designed, 

during the early stage of process design, assuming the use of only utilities is acceptable (PA 

is a process that takes care of integrating the heat within the process). A mass and energy 

balance should be completed first. 
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Heat Profile Data Collection 

Once the process has been designed to the point where a heat balance can be done, 

generating a table for heating and cooling requirements is the next step. The important 

information includes the heat gradient information (m.Cp) average data for each flow. The 

streams are required to be a new table row if the m.Cp value changes too dramatically. 

Once these values are generated, it is possible to split and combine energy within each 

temperature range. The data from Error! Reference source not found. are then used to c

reate a pinch plot with combined hot and cold curves. 

Composite Curves 

Composite curves can be constructed to indicate the pinch temperature, and how to start 

generating the heat exchange network. 

Integration Network Diagrams 

Heat network diagrams are a way of pairing heat sources and heat sinks to minimise total 

utility requirements. 

2.4.2Assumptions and Rules in Pinch Analysis 

• Streams can be split, just like pipes 

• Phase change should be separated to ease calculation, and better matching 

• Heat must not be transferred across the pinch 

• There must be no external cooling above the pinch 

• There must be no external heating below the pinch 

• Attempting to match heat profiles (mCp) as close as possible, for heat exchangers lead 

to better results. 

• Do not ignore cost, there is a trade-off between capital and energy costs 

• Keep refining the network, some better options may exist 

• When designing the network, start at the pinch, and move towards the outer ends, this 

ensures that the utilities are used in more appropriate locations (in general). 
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A more detailed method and calculation is completed in Chapter 4. 

2.5Combining Inversion Temperature and Pinch Analysis 

Inversion temperature (IT) arises from a simplified kinetics model that can be used to 

compare the drying rates of different fluids into different gases within a dryer. In terms of 

drying, it refers to the temperature where two drying gases dry at the same rate [63]. This 

situation in effect means that using a different drying gas may become beneficial at 

different temperatures.  

While the inversion temperature may not be explicitly stated in some other works, the same 

method has been used by several authors to compare superheated steam and hot air. 

Choicharoen et al [65] studied hot air against superheated steam in drying high-moisture 

content particulate materials.  

The main benefits that were stated by Choicharoen of steam over air, on top of reduced 

energy consumption, was the higher temperature potential within the dryer, the improved 

recycle potential, and reduced re-heating energy requirement. Suvarnakuta et al [66] 

investigated low-pressure superheated steam with vacuum drying in molecular sieve beads. 

It was commented in the study by Suvarnakuta that while an inversion temperature existed 

for the constant rate period of drying, there existed no inversion temperature for the 

complete drying cycle, suggesting that superheated steam was not always superior.  

It should be noted that the inversion temperatures were recorded near the high end of the 

tested temperature spectrum. The extrapolation from the modelling suggested no inversion 

point. The work of Suvarnakuta et al [66] would be significantly more useful with more 

studied operating points, three pressures and three temperatures make it difficult to draw a 

conclusion from when comparing the two systems. There are several different IT calculation 

methods outlined in the work of Costa and Neto De Silva [63].  

The method applied in this work is the simplified Adiabatic Inversion Saturation 

Temperature (ASIT). The simplified form is more than adequate for this thesis because IT is 

used as a comparison and selection tool, and thus high levels of detail and modelling are not 

required. 
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In the case being studied, humid air and superheated steam are the two options chosen. 

These cases will be compared with the aid of PA, which studies heat exchange potential and 

heat recovery options of the process streams around the dryer. 

The results from the inversion temperature have been used as the basis for the mass and 

energy balances. From these balances, the system limitations have been assessed, such as 

the minimum inlet gas temperature to dry the solids sufficiently. These results will be used 

to complete the PA by comparing the air and superheated steam systems on the basis of 

energy recovery and energy use per unit moisture evaporation. This situation is outlined in 

Error! Reference source not found.. 
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Figure 2-1: A diagram of the proposed optimisation process. 

 

A comparison of the IT and PA methods is given in Error! Reference source not found.. This s

ituation presents a basis for comparison for determining if the two methods give 

complementary results. 

Rule of Thumb Analysis:

Adiabatic Saturation Inversion Temperature (ASIT)

The actual method may be found in the relevant section.

Calculate Cp, dew point 
temperature (TDP), and 
heat of vapourisations.

Flow 
specification,
air humidity 

specification.

Calculate β
parameter in ASIT formula.

Calculate ASIT.

Mass and Energy balance (MEB):

Use ASIT as the starting temperature for the MEB

Calculate outlet conditions 
for the dryer.

Run case studies based on temperature 
and flow on the outlet moisture content.
This determines the system limitations.

Is ASIT above 
system limitations 

from MEB?

Pinch Analysis:

Determines the heat recovery potential for the systems
Bring all process streams 
at the system boundaries 

to ambient conditions 
(25oC and 1 atm).

Gather heat flux 
information for each 

stream. Separate phase 
change energy from simple 

heat energy.

Combine the energy 
profiles for heating and 

cooling potential streams.

Calculate the cascaded energy profile from 
a 0 heating utility, then offset by the most 
negative value so that the new minimum 

cascade value is 0.

NO

YES

Determine the minimum 
heating duty and associated 

cooling duty.

Determine which heat 
loops are not needed 
below the pinch and 

remove them.

Set new system 
boundaries until

thermally optimised.

Determine most likely 
utility sources.

Integrate utilities with 
process hot and cold 

curves.

Build Grand Composite and Balanced 
Grand Composite Curves and determine 

utility pinch points.

Recalculate dryer outlet 
conditions with the system 

limitations.
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Table 2-1: A comparison of the IT and PA on some key properties. 

Property Inversion Temperature [63] Pinch Analysis [61] 

Basic Principle Kinetic based comparison. Thermodynamic optimisation. 

Primary focus Drying gas effectiveness within the 
dryer. 

Heat recovery of external/ peripheral 
parts of the dryer. 

Determines Dryer inlet temperature, where during 
the constant rate period of drying, the 
drying rates of air and steam are the 
same. 

Heat recovery potential based on an 
approach temperature. 

Level of detail There are various approaches for which 
different levels of detail are required. 

High levels of analysis for heat 
exchanger networks can be done here. 

Results 
accuracy 

Approximate, can be used as a starting 
analysis or a rule of thumb for drying gas 
selection. 

Dependent on approach temperature, 
which is related to heat exchanger 
sizing. 

Scope Can only be applied to a mass-transfer 
process, such as drying. 

Can be used plant wide, used for heat 
exchanger network design. 

Used here for Estimating and comparing steam and 
convective air evaporation kinetics. 

Determining the heat recovery 
potential. 

Past usage To select drying gases for drying based 
on the evaporation rates associated with 
each, after the effects of material 
sensitivity has been taken into 
consideration. 

To optimise heat exchanger network 
design plant-wide. This has become a 
standardised optimisation tool within 
the design stages of a plant. 

 

Error! Reference source not found. is the flowchart for the process used in Chapter 4. The r

eason why the IT was used as a starting point for a MEB, and ultimately the PA, is so that a 

combination of a kinetics based and a thermodynamics-based models can be implemented 

into one analysis procedure. This combination has the potential to optimise the dryer 

systems without going into a high level of detail regarding the dryer design, and to help in 

the preliminary stages of the design process.  

Combining kinetics and thermodynamics for optimisation is important in minimising 

equipment sizing (kinetics) and running costs due to energy (thermodynamics). The benefit 

of combining these two methods is that they complement each other by focussing on 

different aspects of the system. Both are simple and require readily available information to 

use. 

PA is an example of a simple, robust methodology for thermal network and energy 

targeting. This method however, has a significant drawback in that it does not include 

energy types other than thermally-based enthalpy very well.  
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2.6Exergy Analysis 

ExA requires more data than PA, including flow properties, pressure drops through 

operations and piping, chemical reaction energy changes, and momentum changes. As such, 

it is much harder to collect the data. This situation means that most exergy analyses are 

simplified versions of a total analysis. This simplification is generally done by removing some 

of the less significant parts of the analysis, such as the change of altitude, momentum, and 

dispersion work potential. The general equation for exergy is shown in Equation 2-2 [28, 35]. 

The analysis may be completed using known system equations, such as thermodynamic 

modelling or actual plant data [24].  

Even though Wall and Gong [24] state there is limited potential to find appropriate heat 

pumping options with PA, there have been slight variations to include heat pumps and other 

mechanical equipment into a PA, as demonstrated by Krajnc and Glavic [25], Feng and Zhu 

[39], and Staine and Favrat [75]. Several other sources have stated that an exergy analysis is 

superior to PA [24, 34, 35, 70, 76, 77] due to it providing more options to improve the 

system and manipulate more forms of energy. Fushimi studied a self-heat recuperative air 

and steam dryer with the assistance of a VRC system for superheated steam [78], these 

results were compared on a pinch basis, and further verified with a preliminary exergy 

analysis. 

There are several modified PA methodologies dealing with the integration of heat pumps 

into PA [23, 25]. The additions to the standard operating rules of pinch are that any heat 

pump must work across the pinch point in the reverse direction or the utilities will increase. 

Also, the higher the temperature change required, the lower the energy benefits become 

[23, 61, 74]. A heat pump example will be explored for this system to demonstrate the 

methods, and to compare them to an exergy analysis. 

 



44 

 

Figure 2-2: The breakdown of the most common exergy components [23]. 

 

 
𝑒𝑥 = (𝑢 − 𝑢0) + 𝑃0(𝑣 − 𝑣0) − 𝑇0(𝑠 − 𝑠0) + ∑(𝜇𝑖 − 𝜇0)𝑥𝑖

∞

𝑖=0

 

Internal Energy, Volume Work, Entropy, Chemical Potential 

+𝑔(𝑧 − 𝑧0) +
𝑉2

2𝑔
+ 𝐸𝑖𝐴𝑖𝐹𝑖(3𝑇4 − 𝑇0

4 − 4𝑇0𝑇3) 

Potential, Kinetic, and Radiation Energies 

2-2 

[35] 

2.6.1Exergy and Efficiency Models 

A review of several papers and their application of an exergy analysis to dryers has shown a 

variety of simplified models. To be more specific, Ozgener and Ozgener [33] present a model 

for a solar kiln dryer on a mass basis that takes many of the aspects of exergy into account 

presented here, including the effect of humidity, overall pressure changes, and dispersion to 

the environment. However, it is clear that the Ozgener study does not take evaporation or 

condensation into account when dealing with the exergy use.  

Ozgener and Ozgener [33] also present some interesting results for the exergy efficiency of 

a dryer while key operational factors were changed over a range, such as residence time (0-

18 hours), solar radiation levels (450-700 W.m-2) and inlet gas temperature (40-50OC ). They 

also present several useful factors concerning exergy destruction, as well as a variety of 

other efficiency factors which are common in papers relating to exergy analysis. The 

Ozgener paper concludes that, since the study is based on solar energy within a greenhouse 

system, low solar energy input regions (non-tropical climates) will have low efficiencies, and 

low drying potentials. 

Further research on exergy and dryers include a two-part paper by Cay [79, 80], which 

presents some practical ways of comparing different units within a system using exergy 

destruction per unit. The model used by Cay is the same as that of Ozgener and Ozgener 

[33]. The Cay papers are based on an air dryer in the textiles industry, which recirculates the 

outlet gas. Textiles are less likely to have solids entrainment issues, unlike the powder 

drying of milk solids studied in this current work. The air system studied here will initially be 
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treated as a once through system (no air recirculation). Different configurations can be 

modelled to determine the effect of changing the process variables, such as the 

recirculation rate or the outlet relative humidity. 

A paper on exergy modelling by Aghbashlo, Kianmehr and Arabhosseini [26] uses only the 

temperature-based thermo-mechanical (TM) exergy component (shown in Equation 2-3), 

i.e. changes in system pressure are ignored, treating the system as an isobaric closed 

system.  

 
𝑒𝑥𝑇𝑀

𝑇 = 𝐶𝑝̅̅̅̅  (𝑇 − 𝑇0) − 𝑇0𝐶𝑝̅̅̅̅ ln (
𝑇

𝑇0
) 2-3 

The analysis in that paper is limited to the dryer and its thermal nature and does not 

consider the surrounding equipment. Aghbashlo et al [26] highlight a simple summarisation 

method for more complex systems. This method applies the idea of an exergy utilisation 

ratio (ExUR) (the used exergy per exergy input) to compare the effects of process changes. 

The ExUR is calculated in a similar fashion to the simple exergy efficiency. 

 𝐸𝑥𝑈𝑅 =
𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
 2-4 

 

Overall the work of Aghbashlo gives a brief starting point for thinking about applying a 

simple exergy model to a dryer to determine its thermal effectiveness [26]. This model has 

been simplified and tailored to the application and is likely to be misleading for other 

applications, such as those with significant pressure changes or vents to the environment. 

A paper by Hepbasli [31] presents a method called exergoeconomic analysis. The focus of 

that paper is the cost of equipment and it treats exergy destruction per capital cost as the 

primary factor for optimisation, the equations are shown in Equation 2-5. This method may 

be considered when working with real systems, especially in the design and optimisation 

stages. 

 
𝑅 =

𝐿𝑜𝑠𝑠 𝑟𝑎𝑡𝑒

𝐶𝑜𝑠𝑡
 2-5 
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𝑅𝐸𝑥 =
𝐿𝐸𝑥

𝐾
 

And 

𝑅𝑄 =
𝐿𝑄

𝐾
 

 𝐿 = consumption + loss rate 

𝐿𝐸𝑥 = ∑ 𝐸𝑥

𝐼𝑁

− ∑ 𝐸𝑥

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

 

𝐿𝑄 = ∑ 𝑄

𝐼𝑁

− ∑ 𝑄

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

 

𝐾 = Capital cost of equipment 

 

The main issue with this analysis method is that it depends highly on the timescale, since 

the capital cost is a once off, and the loss rate is ongoing. 

Icier [32] compares the two most common exergy efficiency parameters and suggests the 

ratio of exergy outflow to exergy inflow rate (equation 2-9) is more meaningful in comparing 

different drying operations than the exergy used per specific exergy of evaporation 

(equation 2-8). The paper also introduces a factor called the improvement potential (IP), 

which is a method of calculating un-utilised lost exergy. The IP factor is a measure of how far 

apart of the plant is from ideal exergetic efficiency. Apart from being able to compare 

different parts of a plant, it can also be used to compare different designs for the same task, 

such as different dryers or drying gases. The equation for the improvement potential is 

shown below in Equation 2-6. 

 𝐼𝑃 = (1 − 𝜂𝐸𝑥)(𝐸𝐼𝑁 − 𝐸𝑂𝑈𝑇) 2-6 

 𝜂𝑒𝑥 = 1 −
𝑒𝑥𝐿𝑜𝑠𝑠

𝑒𝑥𝐼𝑁
 2-7 

 𝜂𝑒𝑥 =
𝑒𝑥∆𝑉

𝑒𝑥𝐺𝐼𝑁

 2-8 

 𝜂𝑒𝑥 =
𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
 2-9 
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 𝜂𝑇𝑎𝑠𝑘 =
𝑒𝑥𝐼𝑁𝑚𝑖𝑛

𝑒𝑥𝐼𝑁
 

or 

𝜂𝑇𝑎𝑠𝑘 =
𝑒𝑥𝐼𝑁𝐼𝐷

𝑒𝑥𝐼𝑁
 

2-10 

The difference between Equations 2-7 to 2-10 will be explained in Chapter 5 in more detail 

as the difference is significant for the results and application of its use. This IP factor was 

used to compare three different dryer types to determine which type was the most exergy 

efficient for each application. Icier’s paper [32] was based on a laboratory-scale drying 

system. Since the dryers studied were run at atmospheric pressure, or close to it, the 

pressure-based exergy term was ignored in that study. 

Dincer and Rosen [28] produced a book on the uses of exergy analysis in various forms 

including its usefulness in sustainable and environmental development, as well as industrial 

applications. While this book [28] is not comprehensive in its theoretical background on 

exergy, it does cover many practical applications in industrial and environmental 

approaches, including combining exergy with LCA and industrial ecology methods. This book 

[28] contains many practical applications of exergy analysis, but requires some 

understanding of exergy. 

One of the most useful tables in the book is Table 1.1 on page 13 [28], which compares the 

properties of energy and exergy, reproduced here in Table 2-2. 

Table 2-2: A comparison of energy and exergy (from [28]). 

Property Energy Exergy 

Dependency Matter flow or energy flow. 
Matter flow or energy flow and the local 
environment. 

Conservation ΔH=0 
ΔEx=0 for reversible ideal systems. 
ΔEx≠0 for real systems. 

Value 
H>0, when in equilibrium with the 
environment. 

Ex=0 when at the dead state. This means 
being in equilibrium with the local 
environment. 

Consumption Cannot be created or destroyed. 
Destroyed (consumed) in real 
(irreversible) processes, but not destroyed 
in reversible processes. 

Forms Many forms, measured individually. 
Many forms, measured on the ability to 
produce work. 

Usefulness Measure of quantity. Measure of quantity and quality. 
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Chapter 2 of Dincer and Rosen [28] goes into significant detail regarding different reference-

state models, and different efficiency calculations that have been presented, including a 

short discussion on each of their merits. The chosen method for the reference environment 

is the “natural environment sub-system” [28] as described in the discussion on the 

reference state. 

Chapter 6 of Dincer and Rosen [28] examines in more detail the methodology for dealing 

with a psychrometric process, and Chapter 8 of Dincer and Rosen [28] builds on this by 

analysing a variety of air dryers using exergy analysis.  

This review is not however, a comparison of work on exergy analysis alone. Rather it is a 

comparison and discussion of the usefulness of the various factors used within the literature 

to compare systems. A brief of some of the key results are described in the introduction to 

give context for the discussion.  

2.6.2Efficiency factor use 

The INE calculation is one of many metrics that may be used to interpret the data given by 

exergy analysis, along with many efficiency factors in use, some of which are presented 

here. The review of exergetic indicators by Zisopoulos et al [81] indicates the complexity in 

understanding exergy analysis. This variety of preliminary interpretations is one of the main 

challenges with exergy analysis, and a standard has yet to be accepted. A conceptual 

breakdown analysis of the factor types is presented in Chapter 5, which indicates the 

desired, and effective, usefulness of each factor type regarding process efficiency 

calculations.  

For example, many factors only work across mass-transfer devices, such as the evaporation 

efficiency 𝜂Δ𝑉.𝐸𝑥𝐼𝑁
 while others only work on a phase-to-phase basis, such as the solids 

exergy efficiency 𝐾𝐸𝑥 or the gas exergy efficiency 𝜂𝐸𝑥𝐺
. While these factors are useful, their 

use is limited in explaining a system, while more overarching factors can be misleading and 

harder to interpret in terms of what each unit is trying to achieve. For example, the simple 

efficiency 𝜂𝐸𝑥  shows the overall exergy efficiency of the system, but does not explain 

whether the exergy is being utilised or is part of system inefficiencies or emissions. Using an 

item-by-item task efficiency requires a more detailed analysis.  
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There has also been work done with artificial neural network (ANN) methods on exergy 

analysis of drying systems, but this method is more complicated than the exergy calculation 

method which it is intended to emulate [82-84]. ANN’s should only be a tool for exergy 

analysis and should not be an alternative to exergy calculations, not a potential model-

fitting and extrapolation tool. 

As part of this work, a variety of factor types have been applied and discussed, to help guide 

engineers about the appropriate use of effectiveness factors in optimisation methods. 

2.6.3Reference Conditions and the Dead State 

The reference state refers to the reference temperature, pressure and environmental 

chemical state used for the calculations. In this work, 25OC (298.15 K) and 101.325 kPa 

(1 atm) have been used for the reference temperature and pressure. For the dead state, the 

composition of the two phases has been used. In the case of the gas phase, the composition 

shown in Table 2-3 has been used, so as to be consistent with standard atmospheric 

conditions [85]. 

Table 2-3: Assumed dead-state and composition used for the gas phase. (These can be assumed to also be 

the air feed properties) 

Air Component Dead state 
partial pressure 

(bar) 

Feed partial 
pressure (bar) 

Feed mass 
fractions 

O2 0.2039 0.2099 0.2335 

N2 0.7578 0.7802 0.7599 

CO2 0.000355 0.0004 0.0006 

H2O 0.022 0.0096 0.0060 

Inert  
(mainly Ar) 

0.015945 - - 

Other useful properties Units 

Humidity (Y) 14 6 gW.kgDA
-1 * 

T 25 25 OC 

P 1 1 atm 

*NOTE 2-1: Dry air constitutes the dead state O2, N2, and CO2 compositions only. 

 

Since a condensed phase (both solids and liquids) is present, it is necessary to consider any 

components that exist within that phase, which are not in equilibrium with the vapour 

phase. This dead-state parameter changes significantly depending on the composition of the 

materials being studied.  
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There are several ways of representing the condensed phase in the literature [21, 85-89]. 

The general pathway for calculating chemical potential energy is to assess the energy 

change for diffusing the chemical with consideration to the natural concentrations found in 

the environment. For this step, this chemical must be reduced or oxidised to these natural 

components, mainly CO2, O2, N2, SO2, and H2O. The most common pathway for this process 

is generally assumed to be combustion in the environment. The overall composition change 

of oxygen in the environment is assumed to be negligible for the process. For most cases, 

the chemical potential is equivalent to the higher heating value (HHV).  

For this work, the condensed phase has been assumed to be an ideal mixture of solids and 

pure water in equilibrium with the partial pressure of water in the gas phase. Therefore, the 

condensed phase has been assumed to be independent of the gas phase, but in equilibrium 

with the gas/vapour. There is a small fraction of sulphur in SMP (~9.04x10-3 mol of S per mol 

of H2O produced from SMP). The effect of sulphur is smaller than the accuracy of the data 

used to calculate the value of the calculation of chemical exergy, and is not considered in 

this work. This assumption means that the condensed phase may be assumed to be pure 

water (after the reaction).  

2.6.4Transiting Exergy 

Transiting exergy refers to a component that has an insignificant contribution to, or 

interaction with, the unit operation [90, 91]. For example, if no chemical reaction or phase 

change takes place across a unit or system, the exergy associated with this movement 

across the unit or system is not taken into account for the change calculation within that 

unit or system. This assumption mainly affects the chemical potential energy of the SMP 

(which is likely to be unchanged) with the evaporation of water from the solids being the 

only change to that phase. SMP may also be assumed to be relatively inert in the 

environment due to its long shelf life, even in high humidity environments [92]. 

2.6.5Mole and mass calculation bases 

It is common in the literature for exergy calculations to be calculated on a mass basis – 

particularly those used for space heating and air conditioning texts [93-97]. 

Exergy is generally expressed on a mass basis, resulting in cumbersome formulae, so this 

section will use a molar basis to show that an exergy analysis is quite straightforward on a 
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molar basis. While the mass basis makes more sense in real processing plants, introducing 

concepts in a complex manner is not amenable to readers wanting to use it. A simple 

presentation is fine to start with, then afterwards, you can give the reader the more 

practical form of the equations. 

The formulae for Thermomechanical (TM) exergy remain the same with a domain change. 

However, the chemical and diffusion exergy changes significantly. This change can be seen 

by comparing Equations 2-46 and 2-11. As Equation 2-11 is presented on a molar basis, the 

calculation for the component-specific R value is not needed, and the mole fractions are 

relatively simple to calculate. The definition of chemical potential is given on a molar basis, 

which means that the mass basis (which only works in this form for a binary system) is 

needlessly complex due to the basis conversions required throughout the equation. 

 
𝑒𝑥 = (

𝐶𝑝𝐷𝐴 + 𝑦𝐶𝑝𝑉

1 + 𝑦
) 𝑇0 (

𝑇

𝑇0
− 1 − ln (

𝑇

𝑇0
)) + (

𝑅𝐷𝐴 + 𝑦𝑅𝑉

1 + 𝑦
) 𝑇0 ln (

𝑃

𝑃0
)

+ 𝑇0 (𝑅𝐷𝐴 (
1

1 + 𝑦
) ln (

1 + 𝑦0

1 + 𝑦
)

+ 𝑅𝑉 (
𝑦

1 + 𝑦
) ln (

𝑦

𝑦0

1 + 𝑦

1 + 𝑦𝑜
)) 

𝑤ℎ𝑒𝑟𝑒: 

𝑦 =
𝑚𝑉

𝑚𝐷𝐴
, 𝑦0 =

𝑚𝑉0

𝑚𝐷𝐴0

 

𝑅𝐷𝐴 =
𝑅̅

𝑚𝑚𝐷𝐴
, 𝑅𝑉 =

𝑅̅

𝑚𝑚𝑉
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𝑒𝑥 = (𝑥𝐷𝐴𝐶𝑝𝐷𝐴 + 𝑥𝑉𝐶𝑝𝑉)𝑇0 (

𝑇

𝑇0
− 1 − ln (

𝑇

𝑇0
)) + 𝑅̅𝑇0 ln (

𝑃

𝑃0
)

+ 𝑅̅𝑇0 (𝑥𝐷𝐴 ln (
𝑥𝐷𝐴

𝑥𝐷𝐴0

) + 𝑥𝑉 ln (
𝑥𝑉

𝑥𝑉0

)) 

where: 

𝑥𝐷𝐴 =
𝑛𝐷𝐴

𝑛𝐷𝐴 + 𝑛𝑉
, 𝑥𝑉 =

𝑛𝑉

𝑛𝐷𝐴 + 𝑛𝑉
 

𝑛𝐷𝐴 =
𝑚𝐷𝐴

𝑚𝑚𝐷𝐴
, 𝑛𝑉 =

𝑚𝑉

𝑚𝑚𝑉
 

2-12 
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 Alternatively, mole fractions from humidity and molar mass: 

𝑥𝐷𝐴 =
1

1 + 𝑦
𝑚𝑚𝐷𝐴

𝑚𝑚𝑉

, 𝑥𝑉 =
𝑦

𝑚𝑚𝐷𝐴

𝑚𝑚𝑉

1 + 𝑦
𝑚𝑚𝐷𝐴

𝑚𝑚𝑉

 

 

In addition, the calculation of exergy for a liquid differs slightly, in that the pressure-based 

exergy is not defined solely on the phase being calculated. The liquid phase exergy is 

pressure-based and, as a result, has a significant dependence on the gas phase. This form 

does not differ between a molar and a mass basis. The liquid phase specific exergy may be 

calculated using Equation 2-13. 

 

𝑒𝑥𝐿 = 𝐶𝑝𝐿𝑇0 (
𝑇

𝑇0
− 1 − ln (

𝑇

𝑇0
)) + (𝑃 − 𝑃𝑇𝑆𝑎𝑡)𝑣𝑆𝑎𝑡.𝐿(𝑇)

− 𝑅̅𝑇0 ln (
𝑃𝑉

𝑃𝑇𝑆𝑎𝑡
)  

2-13 

Calculating exergy on a molar basis leaves the equations in a simpler and straightforward 

form (compared with the mass equivalent). The mass basis is useful for thermo-physical 

calculations, but becomes very complex for chemical potential calculations. This situation 

means that the basis for the calculation becomes important, particularly when it comes to 

more complex systems. 

2.6.6Efficiency Factors 

There are several efficiency factors used to determine the system, or unit efficiency with 

respect to exergy. In this work, the following definitions have been used: 

 𝐼𝑃 = (1 − 𝜂𝑒𝑥)(𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇) 2-6 

Where: 

η= Exergy efficiency can be defined by one of Equations 2-7 to 2-10. 

 𝜂𝑒𝑥 = 1 −
𝑒𝑥𝐿𝑜𝑠𝑠

𝑒𝑥𝐼𝑁
 2-7 

 𝜂𝑒𝑥 =
𝑒𝑥∆𝑉

𝑒𝑥𝐺𝐼𝑁

 2-8 

 𝜂𝑒𝑥 =
𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
 2-9 
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 𝜂𝑇𝑎𝑠𝑘 =
𝑒𝑥𝐼𝑁𝑚𝑖𝑛

𝑒𝑥𝐼𝑁
 

or 

𝜂𝑇𝑎𝑠𝑘 =
𝑒𝑥𝐼𝑁𝐼𝐷

𝑒𝑥𝐼𝑁
 

2-10 

The above efficiency factors (Equation 2-6) take the entire exergy calculation into account 

for each unit. Equation 2-7 represents the basic (or standard) exergy efficiency, while 

Equation 2-8 represents the evaporation efficiency common to much of the literature when 

referring to dryers, and Equation 2-9 represents the simple exergy efficiency, which is the 

easiest to calculate. The main difference between Equations 2-7 and 2-9 is that, for real 

systems, losses occur between the unit and the environment (typically through heat loss via 

equipment walls).  

For this work, these two are identical since loss represents change over the unit (i.e. 

loss=out-in). However, these factors may not be useful in determining the true effect of 

system factors on a unit. To determine a more appropriate efficiency for these cases, a 

transiting exergy factor may be used. The simple transiting calculation is shown in Equation 

2-14: 

 𝑒𝑥𝑇𝑟𝑎𝑛𝑠 = 𝑒𝑥 − 𝑒𝑥𝑖𝑛𝑒𝑟𝑡 2-14 

 𝜂𝑇𝑟𝑎𝑛𝑠 =
𝑒𝑥𝑂𝑈𝑇 − 𝑒𝑥𝑇𝑟𝑎𝑛𝑠

𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑇𝑟𝑎𝑛𝑠
 2-15 

In practice, this is not a simple calculation when dealing with large systems, but a simplified 

method of determining transiting exergy may be used, and this calculation is discussed in 

Chapter 5. In order to determine many of these factors, intermediate calculations are 

required. For example, the evaporation rate and gas phase evaporation potential are 

required for the evaporation efficiency calculation (Equation 2-8). Some key items of 

information used to calculate the efficiency factors are QΔT.G and ExΔT.G These are the energy 

and exergy changes associated with the gas side of the dryer on a temperature basis only, 

while assuming that no mass transfer has taken place (chemical exergy is ignored). These 

factors are defined by Equations 2-15 and 2-16, respectively. 
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 𝑄Δ𝑇.𝐺 = 𝑛𝐺𝐼𝑁
̇ 𝐶𝑝𝐺

̅̅ ̅̅ ̅(𝑇𝐺𝐼𝑁
− 𝑇𝐺𝑂𝑈𝑇

) 2-16 

 
𝐸𝑥Δ𝑇.𝐺 = 𝑛𝐺𝐼𝑁

̇ 𝐶𝑝𝐺
̅̅ ̅̅ ̅ (𝑇𝐺𝐼𝑁

− 𝑇𝐺𝑂𝑈𝑇
− 𝑇0 ln (

𝑇𝐺𝐼𝑁

𝑇𝐺𝑂𝑈𝑇

)) 2-17 

Some other parameters may be used to describe the system, which are the ideal 

evaporation potentials: 𝑚Δ𝑉𝐼𝐷.𝑄
̇  and 𝑚Δ𝑉𝐼𝐷.𝐸𝑥

̇ . On an energy and exergy basis they are 

determined by Equations 2-8 and 2-9, respectively. 

 
𝑚Δ𝑉𝐼𝐷.𝑄

̇ =
𝑄Δ𝑇.𝐺

Δ𝑄Δ𝑉
 2-18 

 
𝑚Δ𝑉𝐼𝐷.𝐸𝑥

̇ =
𝐸𝑥Δ𝑇.𝐺

Δ𝐸𝑥Δ𝑉
 2-19 

The effect of evaporation is not just a thermal effect, but also contains a change of exergy 

associated with the diffusion change or inter-phase mass transfer (chemical potential 

change). This situation is important to note for systems that are open to the environment. 

The evaporation efficiency may be defined on a mass flow basis (𝜂Δ𝑉𝐼𝐷.𝑄
), where the actual 

evaporation is divided by the evaporation potential on a first law basis. 

 
𝜂Δ𝑉𝐼𝐷.𝑄

=
𝑚Δ𝑉̇

𝑚Δ𝑉𝐼𝐷.𝑄
̇

 2-20 

The evaporation efficiency may be defined on the basis of the gas feed energy or exergy 

(𝜂Δ𝑉.𝑄𝐼𝑁
 Equation 2-21 and 𝜂Δ𝑉.𝐸𝑥𝐼𝑁

 Equation 2-22, respectively). 

 
𝜂Δ𝑉.𝑄𝐼𝑁

=
𝑚Δ𝑉ΔℎΔ𝑉

̇

𝑚𝐺𝐼𝑁
̇ 𝐶𝑝𝐺(𝑇𝐺𝐼𝑁

− 𝑇0)
 2-21 

 
𝜂Δ𝑉.𝐸𝑥𝐼𝑁

=
𝑚Δ𝑉Δ𝑒𝑥Δ𝑉

̇

𝑚𝐺𝐼𝑁
̇ 𝐶𝑝𝐺 (𝑇𝐺𝐼𝑁

− 𝑇0 (1 − ln (
𝑇𝐺𝐼𝑁

𝑇0
)))

 
2-22 

Other methods exist for discussing the exergy efficiency system. For example, Feng and Zhu 

[39, 98] proposed using the omega factor (Ω) to simplify the use of exergy analysis to 

provide a simple graphical method similar to the grand composite curves used commonly in 

PA. The method can be applied to unit operations, streams or systems in the same manner. 
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However, there are some rules that must be followed for the method to be useful. The 

general form of Ω is shown in Equation 2-22. 

 
Ω =

𝐸𝑥𝑒𝑟𝑔𝑦 (𝐸𝑥)

𝐸𝑛𝑒𝑟𝑔𝑦 (𝑄)
 2-23 

Where Ω can be simplified for several conditions: 

For Work: Ω = 1 2-24 

For Heat: 
Ω = 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −

𝑇

𝑇0
 2-25 

And for steady-state flow: 

 
Ω =

Δ𝐸𝑥

Δ𝐻
 2-26 

Due to the definition of Ω, the value is greater than unity for expansion processes, and less 

than unity for compression processes. In the case of expansion processes, the exergy loss 

can be defined as the area between the Ω=1 line and the system curve, i.e. regardless of the 

value of Ω, the exergy loss can still be defined as the area between two lines. In the case of 

work (in or out), the second line corresponds to Ω=1 [39, 98]. 

One of the concerns with ExA is that the basis for which the comparison is made is often 

unrealistic. As a result of this criticism, research has been done to characterise the 

difference between inevitable (INE) and avoidable (AVO) exergy losses within systems [98]. 

The important aspect of inevitable loss is its relationship with the minimum loss associated 

with the task, or the unit operation performing the task. In this case, it represents the loss 

associated with evaporating the liquid from the solid. Typical unit operations may be 

determined based on the relationship with the Carnot efficiency, or the minimum entropy 

generation for non-thermal systems. 

Assuming that the dryer acts to evaporate water and assuming that the exergy loss 

associated with evaporation is small, Equation 3 from [98] may be used to calculate the 

inevitable exergy loss associated with the evaporation of water using hot gas. This 

calculation is presented here as Equation 2-27. 
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𝐼𝑁𝐸 = 𝑄𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟.𝐺𝑇0 (

1

𝑇∆𝑉.𝑚𝑎𝑥
−

1

𝑇𝐺𝐼𝑁.𝑚𝑎𝑥
)  2-27 

Assumptions used for Equation 2-27 include: 

• 𝑇∆𝑉.𝑚𝑎𝑥 = (𝑇𝐷𝑃𝑂𝑈𝑇
 , 𝑇𝑆𝑂𝑈𝑇

) + ∆𝑇𝑚𝑖𝑛corresponding to the offset temperature 

assumption used in the model. 

• 𝑇𝐺𝐼𝑁.𝑚𝑎𝑥 the feed gas inlet temperature. 

• 𝑄𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟.𝐺 is the overall change in energy on the gas side of the dryer. 

• 𝑄𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑄Δ𝑇𝐺𝐼𝑁
= 𝑄Δ𝑉𝐺

(based on Equation 2-21). 

Other unit operations have used a similar calculation based on the Carnot efficiency for each 

task or unit operation [98]. 

The basis for the calculation of the exergy loss for an ideal dryer is that the exergy 

associated with the internal mass transfer is negligible (isothermal). The inevitable exergy 

loss will be due to the difference between the feed gas temperature and the evaporation 

temperature within the dryer. Another way to determine the exergy loss is to calculate the 

entropy generated by the ideal drying process. It should be noted that, for simple unit 

operations, this may be done using the first law analysis as the basis. This method assumes 

that the change of exergy is only thermally based (Carnot efficiency). A discussion of the INE 

calculation methodology is provided in Chapter 5. 

Another use for the inevitable loss is to determine the unit efficiency relative to its potential 

efficiency. This can be seen in Equation 2-29, which represents a more detailed version of 

Equation 2-7 in that it takes the minimum potential loss and compares it with the actual 

loss, which provides a useful factor for describing how close to ideal the task operates. 

 
1 −

𝐼𝑁𝐸

𝐸𝑥𝐼𝑁
=

𝐸𝑥𝐼𝑁 − 𝐼𝑁𝐸

𝐸𝑥𝐼𝑁
=

𝐴𝑉𝑂

𝐸𝑥𝐼𝑁
 2-28 

This factor can also be used to describe energy effectiveness on a first law basis when 

replacing exergy with energy (as shown in Equation 2-28). 

 
1 −

𝐼𝑁𝐸

𝐻𝐼𝑁
=

𝐻𝐼𝑁 − 𝐼𝑁𝐸

𝐻𝐼𝑁
=

𝐴𝑉𝑂𝐻

𝐻𝐼𝑁
 2-29 
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2.6.7Summary of Exergy Formulae 

The general forms of enthalpy, entropy and chemical-potential exergy used within this study 

are shown in Equations 2-10 to 2-45. 

General Form  
 

𝑒𝑥 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + ∑(𝜇𝑖 − 𝜇0)𝑥𝑖

𝑖𝑛𝑓

𝑖=0

  2-30 

*NOTE 2-2: This is the shortened version of the exergy definition; the full version includes all forms of 

work, including potential energy, kinetic energy, radiation, etc, as shown in Equation 2-2. 

 
Enthalpy Terms 

 ℎ𝑖
𝑇 = 𝐶𝑝𝑖(𝑇 − 𝑇0) 

and 

ℎ∆𝑉
𝑇 = [𝐶𝑝𝑉

̅̅ ̅̅ ̅(𝑇 − 𝑇0) + ∆ℎ∆𝑉.0
̅̅ ̅̅ ̅̅ ̅̅ ] 

2-31 
 
 

2-32 
 ℎ𝐶𝐻 = ∑ 𝑥𝑖ℎ𝑖

𝐶𝐻

𝑖

 

where: 

2-33 

 ℎ𝑖
𝐶𝐻 = 𝐻𝐻𝑉𝑖 = 341𝐶 + 1,323𝐻 + 68𝑆 + 15.3𝐴 − 120 (0 + 𝑁) 

in %𝑤𝑡 using the general reaction form 
2-34 
[99] 

 
𝑋𝑖 + 𝑣1𝑂2 ↔  𝑉2𝐶𝑂2  +  𝑣3𝐻2𝑂 + 𝑣4𝑁2 + 𝑣5𝑆𝑆𝑜𝑙𝑖𝑑  + 𝑣6𝐴𝑠ℎ 

where:            𝑣𝑗  “𝑖𝑠 𝑡ℎ𝑒 𝑠𝑒𝑡 𝑜𝑟 𝑚𝑜𝑙𝑎𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡(𝑠)”  

2-35 

 
Entropy Terms 

 
𝑇0𝑠𝑖

𝑇 = 𝑇0𝐶𝑝𝑖 ln (
𝑇

𝑇0

) 

and 

𝑇0𝑠∆𝑉
𝑇 = 𝑇0 [𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇

𝑇0

) + ∆𝑠∆𝑉.0
̅̅ ̅̅ ̅̅ ̅̅  ] 

2-36 
 
 
 

2-37 

 
Exergy Terms 

 
Thermo-mechanical Exergy Terms 

 𝑒𝑥𝑇𝑀 = ℎ𝑇𝑀 − 𝑇0𝑠𝑇𝑀 2-38 
 𝑒𝑥𝑇

𝑇𝑀 = ∑ 𝑥𝑖(ℎ𝑖
𝑇 − 𝑇0𝑠𝑖

𝑇)

𝑖

 2-39 

 
𝑒𝑥𝑃𝐺

𝑇𝑀 = 𝑅̅𝑇0 ln (
𝑃

𝑃0

) 
2-40 

 𝑒𝑥𝑃𝑆&𝐿
𝑇𝑀 = 𝑇0𝑣𝐴𝑣𝑒̅̅ ̅̅ ̅̅ (𝑃 − 𝑃0) 2-41 

 
Chemical Potential and Diffusion Exergy Terms 

 𝑒𝑥𝐺
𝑑𝑖𝑓𝑓

= 𝑅̅𝑇0 ∑ 𝑥𝑖0 ln (
𝑝𝑖0

𝑝𝑖00

)

𝑖

 2-42 

 𝑒𝑥𝑆&𝐿
𝑑𝑖𝑓𝑓

= 𝑇0 ∑ 𝑥𝑖0𝑣𝑖0̅̅ ̅̅ ln (
𝑥𝑖0

𝑥𝑖00

)

𝑖

 2-43 

 𝑒𝑥𝑆&𝐿.𝐺
𝑑𝑖𝑓𝑓

= 𝑅̅𝑇0 ∑ 𝑥𝑖0𝑣𝑖0̅̅ ̅̅ ln (
𝑝𝑖0

𝑝𝑖00.𝑆𝑎𝑡

)

𝑖

 2-44 

 𝑒𝑥𝐶𝐻 = ∑ 𝑥𝑖𝑒𝑥𝑖
𝐶𝐻

𝑖

 2-45 
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where: 
 𝑒𝑥𝑖

𝐶𝐻 = 𝛽𝑖 × 𝐿𝐻𝑉𝑖  

𝛽𝑖 = 1.047 + 0.0154
𝐻

𝐶
+ 0.0562

𝑂

𝐶
+ 0.5904

𝑁

𝐶
(1 − 0.175

𝐻

𝐶
) 

in %𝑤𝑡  

2-46 
[99] 

2.6.8Assumptions 

• Air has been assumed to be an ideal gas for all calculations.  

• Water properties have been taken from steam tables at the calculated partial 

pressures, assuming ideal interactions with dry air. 

• Heat loss within the system has been ignored for all calculations, but has been 

discussed conceptually. 

• The modelled system is a short-form spray dryer with a solution flow of 2.5 kg.s-1 

(50% solids content), with a feed of 21 kg.s-1 moist air flow at 190OC .  

• Feed gas temperatures and flows were changed to test optimisation potentials. 

• The SMP (Skim Milk Powder) Water mixture has been assumed to be an ideal 

mixture while being limited by the moisture isotherm typical of SMP at lower 

moisture contents [1, 12]. 

• The dryer outlet has been assumed to have a temperature difference between the 

gas and solid phases of 20OC to allow for equilibrium not being reached in the dryer 

[1, 13]. 

• The air feed to the dryer has been assumed to be at standard conditions, which are 

shown in Table 2-3. 

• For chemical calculation purposes, SMP has been assumed to have an average 

molecular weight of 342.3 kg.mol-1 and a chemical formula of 

(C12.66H23.66O8.82N1.69S0.05). This value was calculated based on a proximate analysis of 

8.5% whey, 41.5% casein, and 50% lactose (dry ash free weight basis) [100-104]. 

While the assumptions for the isotherm being the limiting point for solid moisture and 

the temperature offset at the outlet may seem contradictory, the two have interactions 

through most of the drying curve. The isotherm is based on the solids temperature, 

while the gas temperature is based purely on the mass and energy balance. For the 

initial part of the dryer, the drying is purely related to surface moisture evaporation, 

which is unhindered by the solid.  



59 

 

However, once the surface moisture is removed, the isotherm interacts with the system 

as a measure of “resistance” to evaporation and is linked heavily with gas-side partial 

pressure and the solids moisture content. Employing a temperature offset to the gas 

side and bringing the system to thermal equilibrium (with the offset in place) is a 

reasonable way of estimating system inefficiency. Since the isotherm is the limiting 

moisture content (minimum for a given temperature) of the solids, the mass balance can 

be based off that, and as long as there is enough energy in the gas side of the dryer to 

evaporate that amount of water, the temperature can be estimated.  

The Mass and Energy balance is iterative with the gas and solids temperature converging 

(with the offset) to a single point of convergence. The only time when the isotherm is 

not limiting in the method, when the gas inlet temperature is too low to complete the 

required evaporation to reach the isotherm for the given outlet conditions. This 

approach is covered in more detail later in this chapter in the discussion of the two-step 

calculation method. 

2.6.9Overview of Exergy 

Exergy is the sum of the physical and chemical exergy, and generally the chemical exergy is 

orders of magnitude larger than the physical exergy, particularly for low temperature 

processes with organic materials or fuel, as they are equivalent to the HHV [99, 105, 106]. 

For this reason, segregating the two components of the exergy calculation may allow more 

meaningful analysis to be carried out.  

In terms of chemical exergy, cases exist where components exist in multiple phases, for 

example both the gas and the condensed, or S&L (Solids and Liquids) phase. The calculation 

for that component is slightly different, in that it accounts for the interaction with the gas 

phase (typically replacing x0/x00 with p0/pSAT.0) while referring to the condensed component 

fraction as shown in Equations 2-41 and 2-42. The most common example of this situation is 

water, as it is part of the environment in both gaseous and liquid states. This situation 

means that humidity is taken into account when dealing with the condensed phase, so when 

evaporation takes place within the dryer, the diffusion potential changes significantly for 

both phases, not just the gas phase. This calculation is completed by using Equation 2-43. 
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The diffusion potential is typically ignored in exergy calculations due to the magnitude being 

much smaller than the reaction potential. In the case of transiting exergy, this part of the 

calculation becomes more important. 

Equations 2-30 and 2-35 are typical of the literature, i.e. they represent calculations for 

constant heat capacity values. Since a system with phase changes is being studied in this 

thesis, a more appropriate calculation method has been given in Equations 2-31 and 2-36. A 

combination of the two methods has been used, since many components do not have a 

significant change in heat capacity over the calculation range. Air and the SMP have been 

assumed to have a constant heat capacity, while the heat capacity of water has been 

sourced from steam tables.  

The generic equation for exergy, which is valid for all conditions, has been shown in 

Equation 2-10. This definition has been applied to all conditions, and as the components of 

exergy (enthalpy, entropy and chemical potential) are state variables, exergy is inherently a 

state variable. This situation means the path for the calculation does not matter.  

2.7Exergy Analysis and Other Assessment Tools 

There have been several proposed options to combine both work and thermal energy into 

one method, most of which are based on exergy or the Gibbs free energy methods. There 

are also several approaches and attempts to combine the PA and ExA, with varying degrees 

of success [23, 39, 54, 107]. 

Exergy analysis and variations thereof are beneficial to systems where pressure drops and 

other work-related information are known. However, this does not take into account the 

differences between the quality of different energy sources, and ignores the environmental 

impacts of the process, which is where extended exergy analysis and emergy analysis are 

appropriate [55, 56, 108]. 

Extended exergy and emergy are biosphere energy assessment tools that need a substantial 

amount of data, and use many assumptions, to determine the overall environmental 

‘energy loading’. The difference between extended exergy analysis and ordinary exergy 

analysis is the scope of the process. Standard exergy analysis studies the immediate process, 

including the on-site utilities production, and extended exergy analysis examines the exergy 
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cost associated with how the offsite utilities and services are created. Emergy analysis uses 

tabulated data for base energy sources, such as coal, natural gas and even wind and rain 

energy. With a common set of units, in this case solar equivalent Joules (se-J), from these 

base energy sources, each conversion process can be given a conversion factor and all 

energy sources can be compared on a common basis. This approach in effect gives an 

overall system energy usage [55]. 

Other methods like Life Cycle Assessments (LCA) have a basis in different environmental 

impact loads. With each of these methodologies - from IT, to PA, ExA, Emergy, LCA etc., 

more information is required to complete each analysis. This trend is a good indication that 

each of these methods should be applied at different stages of the process, making 

modifications to the overall design at each stage [56]. Optimising at each of the stages 

should reduce the effects of the change at each later stage. 

For example, IT requires kinetic information for unit operations, PA requires heat exchange 

thermal requirements, ExA requires the addition of pressure, chemical composition, and 

electrical requirements for a basic analysis. Emergy requires solar profiles, environmental 

variables, physical profiles and building material assessments, while LCA requires specific 

details regarding potential pollutants, not just CO2. Any of these methods can be used at the 

start, but typically LCA, IT and PA are suitable for preliminary stages with ExA and Emergy 

more suited for mid to post design stages, respectively. 

It must also be noted that, since some of these later steps can only occur when the process 

is finalised, they become more of an auditing tool, rather than design tools, like PA and ExA. 

2.8Emergy, Extended-ExA and LCA 

These methods are focused on auditing and have not been used so much in optimisation, so 

they have not been used so much in this chapter. 

The difference in auditing and design in this context means that IT, PA and ExA can influence 

the design and construction of a project, making it potentially optimised from the start. 

Auditing tools, such as Emergy, LCA and Extended-ExA lead to retro-fitting options, or 

benchmarking, and as such any recommendation given by those tools tend not to be 

implemented due to a higher cost, both in downtime and capital. In the manner of 
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optimisation, it is important to make gains as early as feasibly possible in a design process. 

While optimisation is key in the design phase, retrofitting can lead to significant 

improvements, particularly in lean times of profit and increased energy costs. 

2.9Two-step calculation for drying 

Before any short-cut mass and energy balances can be made, it is worth looking at the long 

form of the mass and energy balances (sample calculations for the dryer outlet may be seen 

in Chapter 3). 

2.9.1Mass Balance 

A mass balance in theory is quite simple, material in equals material out, this is shown in 

2-47. But this is not enough, because rarely is a system containing a single material, so to 

complement this a component balance, or an atom balance (Equation 2-48) may be paired 

with 2-47 to give more detail. 

 ∑ 𝑚𝐼𝑁 = ∑ 𝑚𝑂𝑈𝑇 2-47 

 ∑ 𝑛𝑖.𝐼𝑁

𝑖

= ∑ 𝑛𝑖.𝑂𝑈𝑇 

Where: 

 𝑖 refers to individual components or 

atoms (in the case of reactions) 

2-48 

 

2.9.2Energy Balance 

Along the same lines as the mass balance, the energy balance refers to the first law of 

thermodynamics in that “Energy cannot be created or destroyed”. As part of that it can be 

equated in the same manner as the mass balance as shown in equation 2-49. It is important 

to note that in most cases both QIN and QOUT can be measured, QLoss is generally only 

estimated or derived as it is harder to measure directly. 

 ∑ 𝑄𝐼𝑁 = ∑ 𝑄𝑂𝑈𝑇 + ∑ 𝑄𝐿𝑜𝑠𝑠 

Where: 

2-49 
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 𝑄 is the energy, which may come in many forms 

𝑄𝐿𝑜𝑠𝑠 is the loss to the environment 

While in many cases this is over simplified, on a simple energy basis the energy is linked to 

the mass balance in that mass is a component of energy, for parts of the system which 

contain no reactions, energy is simplified to that shown in equation 2-50 

 ∆𝑄 = 𝑚𝐶𝑝∆𝑇 

Where: 

 ∆𝑄 is the change in energy 

𝑚 is mass 

𝐶𝑝 is the heat capacity at constant pressure 

∆𝑇 is the change in temperature 

2-50 

Phase change energy is defined per material and is independent of the other materials, only 

relying on pressure and temperature, the basic change equation is shown in 2-51. 

 ∆𝑄 = 𝑚∆𝑉𝜆 

Where: 

 ∆𝑄 is the energy change 

𝑚∆𝑉 is mass of phase change 

𝜆 is the heat of change per mass 

2-51 

Given these equations, all non-reactive systems may be solved to balance both mass and 

energy. 

2.9.3Dryer Simplification 

If it is assumed that the solids side of the dryer has a small change in energy and exergy 

compared with the gas side of the dryer, the analysis or mass and energy balance may be 

simplified significantly as shown in Equation 2-52. 

 𝑚𝐺̇ 𝐶𝑝𝐺(𝑇𝐺𝐼𝑁
− 𝑇𝐺𝑂𝑈𝑇

) = 𝑚𝛥𝑉̇ 𝜆𝐺𝑂𝑈𝑇
  2-52 
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Where Equation 2-52 applies, the energy associated with reducing the feed gas to the 

temperature of the outlet is used for evaporating the moisture of the solids at the outlet gas 

temperature. This method is useful for determining evaporation efficiency.  

Another key result of splitting the calculation into two parts and isolating the solids and gas 

phases for the calculation is that the change in energy and exergy on the solids side of the 

dryer is insignificant compared with the change associated with the gas side using a two-

step method (heat and mass transfer separated).  

The assumption can be illustrated in Figure 2-3. The bulk of the exergy change is due to the 

large temperature change, which means the simplified dryer assumptions are reasonable on 

the gas side.  

On the solids side (light grey lines in Figure 2-3), enthalpy and exergy are very similar and 

small, and the sensible heat effect is small and insignificant in comparison. These 

calculations demonstrate that the assumption of treating the dryer as a water evaporator is 

a good estimate in exergy terms, since the deviation from the overall exergy profile is small. 

Mass transfer and evaporation affect the enthalpy significantly, but has little effect on the 

exergy change. 
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Figure 2-3: The effect of feed temperature on maximum efficiency (note that the H_S line is shifted to the 

right by 1,200 kW for ease of reading). 

 

Figure 2-3 is an example of the enthalpy and exergy plots (in-out analysis) for the system, 

with an inlet temperature of 230OC . The change in energy and exergy on the solids side is 

insignificant compared with the change associated with that of gas using a two-step method 

(heat and mass transfer separated).  

The overall energy change may be the same, but the change of exergy associated with 

evaporation is small (nearly zero) and the effect of temperature on energy and exergy 

values is more important in this instance. The assumption that the exergy change is 

associated with the gas phase is valid for this system as the temperatures are quite low. 

However, at much higher temperatures this might not be true. Dryers typically operate 

below 300OC , and for that range the change in exergy associated with the solids phase is 

insignificant (provided the outlet solids temperature remains below the boiling point of 

water). 
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Chapter 3 An Introduction to the Calculation of Energy and Exergy 

Efficiency 

This chapter aims to introduce the calculations, methodologies and assumptions which will 

be used for the rest of the thesis, along with this will be a derivation of exergy from first 

principles and several sample calculations. 

3.1Nomenclature 

Within this work, there are several methods being studied. The following nomenclature has 

been adapted from several sources to be consistent in this work. 

Table 3-1: The main nomenclature and symbols used within this work. 

Symbol Description Symbol Description 

𝑚 mass (kg) (or 𝑚̇ flowrate (kg.s-1)) T Temperature (K) 
𝑛 moles (kmol) (or 𝑛̇ flowrate (kmol.s-1)) 𝑉 Velocity (m.s-1) 
ℎ Specific enthalpy (kJ.mol-1) 𝐻 Enthalpy (kJ) 
𝑒 Specific exergy (kJ.mol-1) 𝐸𝑥 Exergy (kJ) 
𝑢 Specific internal energy (kJ.mol-1) 𝐸𝑖 , 𝐴𝑖 , 𝐹𝑖  Radiation energy co-efficients 
𝑠 Specific entropy (kJ.mol-1.K-1) 𝑆 Entropy (kJ) 
𝑣 Specific volume (m3.kg-1, or m3.kmol-1) 𝑄 Energy (kJ) 
𝑥 Component fraction F Flow 
𝑔 Gravity constant (9.81 N.kg-1 on earth) 𝐿𝐻𝑉 Lower Heating Value (kW.kg-1) 
𝑧 Height (m) 𝐻𝐻𝑉 Higher heating value (kW.kg-1) 
𝑦 Humidity (gW.kgDA

-1) 
unless stated otherwise 

ASIT Adiabatic Saturation Inversion 
Temperature 

𝑚𝑚 Molecular mass (kg.kmol-1) 𝑆𝑀𝐸𝑅 Specific Moisture Extraction Ratio 
𝑝 Partial Pressure (Pa, kg.m-1.s-2) 𝑃 Pressure (Pa, kg.m-1.s-2) 

𝐶𝑝 Heat Capacity at constant pressure  
(kJ.kg-1.K-1) 

𝐶𝑝̅̅̅̅   Average Heat Capacity at constant 
pressure (kJ.kg-1.K-1) 

𝑅 Specific gas constant  (when paired with 
subscript) 
Loss rate per cost ratio (in Eq. 2-5) 

𝑅̅ Ideal Gas Constant (J.K−1.mol−1)  

𝐸𝑈𝑅 Energy Utilisation Ratio 𝐸𝑥𝑈𝑅 Exergy Utilisation Ratio 
𝐿 Loss 𝐾 Cost of equipment 

𝐼𝑃 Improvement Potential 𝑃𝐼 Process Irreversibility 
MC Moisture Content (a combination of Y and 

X) 
PFD Process Flow Diagram 

X Solids moisture ratio (gW.kgS
-1) 𝐼𝑁𝐸 Inevitable loss (minimum for task) 

𝑆𝑊 Specific exergy saving 𝐴𝑉𝑂 Avoidable loss (the remaining loss) 
    

∆ Change |#| Absolute value 
𝛽 A ratio of evaporation energy used in the 

ASIT calculation 
A estimated conversion factor for LHV to 
chemical exergy 

Ω A Quality factor based on the ratio of 
exergy and energy 

𝛾 mole fraction 𝜃 Gas to solids flow ratio 
𝜇 Chemical potential energy (kJ.kmol-1) 𝑆𝑊 Specific exergy saving 
𝜂 Efficiency Ψ Superheat number 
𝜆 is the heat of change per mass (also ∆ℎ∆𝑉)   
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Table 3-2: The subscripts, sub-subscripts and superscripts used within this work.* 

*NOTE 3-1: Each subscript may be used as a sub-subscript. 

3.2Grouping of Factors 

There are many different efficiency factors that may be used to describe a system. Each has 

advantages and disadvantages when applied to either a drying unit or a larger system. To 

clarify, a larger system will typically include heating and cooling in order to support the 

dryer unit or may refer to a much larger scope when dealing with a dryer unit integrated 

into a larger processing plant. This section discusses the merits of each factor. 

Firstly, it is useful to divide the factors into groups. There are two ways of doing this. One is 

to assess the information level (or complexity) of each factor, as shown in Table 3-3. 

Table 3-3: The information levels for different exergy factors. 

Level Brief of level Examples Eq. Refs 

0 Does not use thermodynamics (parametric level) 𝑚𝛥𝑉

𝑚𝐺𝐼𝑁

 Eq. 2-19 

1 Does not use exergy (first law/mass-energy balance) 𝜂Δ𝑉.𝑄𝐼𝑁
 

𝑚Δ𝑉𝐼𝐷.𝑄
̇  

1 −
𝐼𝑁𝐸

𝐻𝐼𝑁

 

Eq. 2-20 
Eq. 2-17 
Eq. 2-28 

2 Simplistic factors based on raw results, some are case 
specific, described in Table 3-4. 

𝜂𝑒𝑥 = 1 −
𝑒𝑥𝐿𝑜𝑠𝑠

𝑒𝑥𝐼𝑁

 Eqs. 2-39 
to 2-41, 
2-27, 2-25 

Symbol Description Symbol Description 

Sat Saturation (generally part of 
Temperature 

DA Dry Air part 

𝐼𝑁 Into the unit/or system V Vapour Water part 
𝑂𝑈𝑇 Out of the unit/or system 𝐿 Liquid water part 
𝐷𝑃 Dew Point (Temperature) W Water 
𝑊𝐵 Wet Bulb (Temperature) 𝑆 Dry Solids part 

1 State 1 (T,P) ST Steam 
2 State 2 (T0,P) ∆V Change in vapour (evaporation) 
0 Reference state (T0,P0) i Each individual component raw state 

00 Dead state (T0,P0,μ0) j Each individual component product 
T Thermal (ΔT) basis  𝑄 Energy basis 
P Mechanical (ΔP) basis  𝐸𝑥 Exergy basis 

TM Thermo-mechanical (ΔT, ΔP) basis 𝐾 Cost 
𝐶𝐻 Chemical Potential Basis 𝑚𝑖𝑛 Minimum 
𝐺 Gas Basis 𝑚𝑎𝑥 Maximum 

𝑆&𝐿 Solid and Liquid or condensed phase 𝐼𝐷 Ideal 
𝐿𝑜𝑠𝑠 Loss portion (has several definitions) 𝑖𝑛𝑒𝑟𝑡 The part that does not change 
𝑇𝑎𝑠𝑘 Based on the task of the unit/system 𝐶𝑎𝑟𝑛𝑜𝑡 Carnot Factor 

𝑇𝑟𝑎𝑛𝑠 Transiting factor 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 Part that is transferred 
𝐼𝑁𝐸 Inevitable loss (minimum for task) 𝑆𝑃 Sticky Point 
𝐴𝑉𝑂 Avoidable loss (the remaining loss) 𝐻𝑜𝑡 Hot side 
𝐺𝑒𝑛 Generated 𝐶𝑜𝑙𝑑 Cold side 

𝑃𝑟𝑜𝑑 Product Basis 𝐶𝑎𝑝 Capital cost basis 
𝑎𝑣𝑒 Average 𝑅𝑒𝑐 Recovery Potential 
𝑀𝑖𝑥 Mixing 𝑠𝑖𝑚𝑝𝑙𝑒 Simple (not complicated) 
𝑟𝑥𝑛 Reaction 𝑓𝑢𝑒𝑙 Fuel 



68 

 

𝜂𝑒𝑥 =
𝑒𝑥∆𝑉

𝑒𝑥𝐺𝐼𝑁

 

𝜂𝑒𝑥 =
𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁

 

𝜂𝑚𝑎𝑥 = 1 −
𝐼𝑁𝐸

𝐸𝑥𝐼𝑁

 

3 Factors which assess the specific task (more detailed). 
These are typically based on factors shown in level 1 and 
2 (above). 

 𝜂𝑒𝑥
𝑇𝑟𝑎𝑛𝑠 

𝜂𝑇𝑎𝑠𝑘 
Eq. 2-14 
Eq. 2-9 

4 Factors which are not efficiency but are used to interpret 
results based on levels 2 and 3 (above). 

𝐼𝑃 Eq. 2-4 

 

The second way is to group the factors on a calculation basis. For example, some of the 

factors focus on entire systems, or a set task, or neglect a part of the system, whether it be 

gas flow, solids flow, or evaporated moisture. For the system being studied, the key factor is 

the energy used to achieve the task of evaporation. A summary of several factor types is 

presented in Table 3-4. 

Table 3-4: A summary of the features of different efficiency factors found in the exergy literature. 

Factors  Use/Features 

Overall (O) [23, 31, 33, 35, 
85, 94, 96, 109, 
110] 

Good to determine exergy use items. 
Not good for finding ineffective units. 

Gas Side (G) [27, 35] Good when most of the systems energy is found on the gas side of the 
system. 
Not appropriate where condensed phase chemical exergy is significant. 

Evaporation (V) [26, 28, 33-35, 
76, 94, 96, 111] 

Exergy per evaporated moisture, good for dryer/evaporator. 
Poor for utilities and system wide analysis. 

Solid Side (S) [70] Suitable for dryers and evaporators, essentially a solids throughput 
comparison. 
Only suitable for systems with multi-phase systems. 

Other Factors 
(F) 

[79, 89, 112, 
113] 

These are generic, and have either no basis for comparison, can be used 
on streams, or change specifically with each unit type. 

-Process 
Irreversibility 
(PI) 

[91] This is the entropy generated in each unit. 
Limited in an optimisation approach. 

-Quality Factor 
(Ω) 

[114] Quality of the system, exergy/energy. 
Can be used on streams (abs), or units (change). 
May give negative or inflated qualities for systems with high chemical 
exergies. 

-Task Efficiency 
(IP) 

[30-32] Based on the ideal exergy use for a task. 
Defining the task exergy may not be straightforward in some cases. 

-Exergy Cost 
Factor (K) 

[29] This is a late stage factor that includes a cost analysis and is used as a 
comparison between systems on a cost and exergy basis. 

 

An important aspect when discussing the efficiency is the purpose of the dryer. The exergy 

cost and associated factors consider the best exergy efficiency possible for a particular item 
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(more specifically, the dryer). The exergy cost factor (K) [29] has the potential to give a good 

basis for optimising such an exergetic perspective. 

The factors that are used in this work are shown in Equations 2-6 to 2-10. Equations 2-6 to 

2-10, and 2-14 to 2-15 show factors that are used extensively in the literature. The key is to 

understand which factors are suitable for use in each application. For example, Equation 2-7 

is only suitable in applications where evaporation occurs, such as dryers and evaporators. 

The improvement potential (IP; shown in Equation 2-4) is a factor derived from the unit 

efficiency and is an indication of how much exergy is being wasted compared with an ideal 

but not necessarily realistic set of unit operations.  

This method allows for different types of unit operations to be grouped into one factor 

while maintaining a useful metric for the entire system. For example, the dryer uses a 

different efficiency factor to a heat exchanger. The dryer (D-1) may use Equation 2-7 while a 

heat exchanger uses Equations 2-8 or 2-14 to describe the efficiencies. Equation 2-8 is the 

simple efficiency commonly used, while Equation 2-14 is the transiting exergy. Overall 

efficiencies or an overall factor–such as the IP–are useful in monitoring changes in the 

optimisation of specific units by accounting for the effects on other units. Equation 2-6 

provides an indication of how a real unit operation has an inherent efficiency.  

Exergy loss may be defined in several ways. The most common method is in the second 

bracket of Equation 2-6 (exIN-exOUT). Others, such as the task efficiency (Equation 2-9) take 

into account how much of the loss is associated with the process and how much is lost to 

the environment (typically through heat loss). 

The Ω factor represents the quality (or quality change) and is useful as a metric to simplify 

systems. This factor works as a targeting metric – similar to the ones used in PA. The main 

issue occurs when units such as expanders are used to convert work potential to work. This 

situation typically gives a value that is greater than unity for Ω. The value of Ω then requires 

manipulation to fit within the range of (0-1) required for a graphical representation using Ω 

vs H. Since Ω is a quality factor that can be used to describe unit operations and streams, it 

has the potential to simplify the interpretation of exergy analysis optimisation algorithms 

[114]. 
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3.3Efficiency Factors 

3.3.1Overall Energy Efficiencies 

Simple Energy Efficiency 

The simple energy efficiency calculation is determined by the energy transferred and the 

energy lost to the surroundings, as shown in Equation 3-1. 

 
𝜂𝑄1 =

ℎ𝐼𝑁 − 𝑄𝐿𝑜𝑠𝑠

ℎ𝐼𝑁
=

ℎ𝑂𝑈𝑇

ℎ𝐼𝑁
 3-1 

This equation represents the energy loss as a fraction of what is fed into the process and can 

be applied to a unit or process equally effectively. Applying this method using plant data is 

equivalent to taking the heat losses to the surroundings into account.  

If working with real plants, it is important to approach each item from its ideal perspective 

and to then determine the deviation from this ― represented by 𝑄𝐿𝑜𝑠𝑠. This procedure will 

help in understanding what part of the process requires process changes or insulation. 

Energy Utilisation Ratio 

The energy utilisation ratio (EUR) represents the energy used compared against the total 

energy entering the process. The relationship with Equation 3-1 is shown in Equation 3-2. 

 
𝐸𝑈𝑅 =

ℎ𝐼𝑁 − ℎ𝑂𝑈𝑇

ℎ𝐼𝑁
 3-2 

3.3.2Gas Side Energy Efficiency 

This parameter was created for this work as a comparative measure related to the unit 

exergy efficiency, as presented by Ceylan [35]. 

Unit Energy Efficiency 

The unit energy efficiency is shown in Equation 3-3. 

 
𝜂𝑄𝐺

=
ℎ𝐺𝑂𝑈𝑇

ℎ𝐺𝐼𝑁

 3-3 
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3.3.3Evaporation Energy Efficiencies 

These efficiencies are commonly used to compare the energy use of dryers, evaporators, 

and other mass transfer units, based on the energy entering the process. Unlike the other 

energy efficiencies, these factors are application specific. 

Evaporation Energy Ratio 

 
𝜂𝑄∆𝑉

=
ℎ𝐺𝐼𝑁

− ℎ𝐺𝑂𝑈𝑇

𝑚∆𝑉̇
 3-4 

This factor, Equation 3-4, is simple because it represents the change in specific enthalpy of 

the gas stream compared with the amount of water evaporated, which means that it is 

independent of gas flow rate, but strongly dependent on the evaporation rate. 

Specific Moisture Extraction Rate (SMER) 

SMER represents the amount of moisture removed per energy input, shown in Equation 3-5. 

 
𝑆𝑀𝐸𝑅 =

𝑚Δ𝑉̇

∑ 𝑄𝐼𝑁
 3-5 

This factor has been used to compare the energy use of different dryers per unit of 

evaporated water [115]. 

3.3.4Solid Side Energy Efficiency 

This factor was created for this work as a comparison measure with the exergy cost factor, 

as presented by Sieniutycz [70]. The unit of comparison for exergy is the dry solids flow. 

Solids Energy Efficiency 

The solids energy efficiency is shown in Equation 3-6. 

 
𝜂𝑄𝑆

=
ℎ𝐺𝐼𝑁

− ℎ𝐺𝑂𝑈𝑇

𝑚𝑆𝐼𝑁
̇

 3-6 

This factor can be useful in comparing the energy associated with producing a unit of solids. 

This means that despite it not being popular, it does incorporate a useful unit (energy per 

flow of solids) to compare different operating conditions. This factor is capable of comparing 

dryers of different capacities in a useful way. 
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3.3.5Overall Exergy Efficiencies 

These efficiencies are able to be used as simple exergy efficiency measures. Unlike the 

overall energy efficiency calculations presented above, exergy is consumed in a process, and 

as such, ideal systems do not have the same exergy input as that at the outlet. These factors 

may be applied to individual systems and overall systems alike.  

Simple Exergy Efficiency 

 𝜂𝐸𝑥1 =
𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
 3-7 

Equation 3-7 is very simple and determines how much exergy has been used in each unit 

operation or for an entire process. Equation 3-1 is the energy equivalent. 

Exergy Utilisation Ratio 

The energy utilisation ratio is the change of exergy to the exergy input. This is called a 

utilisation ratio because it represents the exergy use within the system. This ratio has the 

same treatment as the energy utilisation ratio (Equation 3-2), as shown in Equation 3-8.  

 𝐸𝑥𝑈𝑅 =
𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
= 1 − 𝜂𝐸𝑥1 3-8 

3.3.6Gas Side Exergy Efficiency 

If it is determined or assumed that the non-gaseous phases of a system have a negligible 

effect on the overall exergy calculation [35], then it is appropriate to apply exergy efficiency 

calculations to the gas-phase parts of the system alone.  

Unit Exergy Efficiency 

This factor, Equation 3-9, suggests that the liquids and solids phases in drying processes do 

not undergo significant exergy change, so it is suitable to determine the gas phase exergy-

use ratio [35]. In order to compare this ratio with the equivalent energy efficiency, the ratio 

uses the gas side energy as the basis for comparison (Equation 3-3). 

 𝜂𝐸𝑥𝐺
=

𝑒𝑥𝐺𝑂𝑈𝑇

𝑒𝑥𝐺𝐼𝑁

 3-9 
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3.3.7Evaporation Exergy Efficiencies 

These efficiencies are commonly used to compare the exergy use of dryers, evaporators, 

and other mass transfer units, based on the exergy input to the system. Unlike the other 

exergy efficiencies, these factors are specific to the task of evaporation. 

Evaporation Exergy Ratio 

 𝜂𝐸𝑥∆𝑉
=

𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑚∆𝑉̇
 3-10 

This factor (Equation 3-10) is equivalent to Equation 3-4; it provides a factor that can be 

used to compare process changes with the evaporation exergy use. Ultimately, this factor is 

limited in its usefulness in process optimisation since it is limited to the dryer. 

Exergetic Moisture Extraction Rate (EMER) 

EMER represents the amount of moisture removed per unit exergy input, as shown in 

Equation 3-11. 

 
𝐸𝑀𝐸𝑅 =

𝑚Δ𝑉̇

∑ 𝐸𝐼𝑁
 3-11 

This factor has been used to compare the exergy use of different dryers per unit of 

evaporation [115], and can be compared with Equation 3-5. 

Drying Exergetic Efficiency 

This efficiency ratio, Equation 3-12, compares the amount of exergy used in the evaporation 

within a dryer with the exergy provided by the drying gas at the inlet [76]. 

 
𝜂𝐸𝑥𝐷𝑟𝑦𝑖𝑛𝑔

=
Δ𝐸Δ𝑉

𝐸𝐺𝐼𝑁

=
𝑚Δ𝑉̇ (𝑒𝐿𝑂𝑈𝑇

− 𝑒𝐿𝐼𝑁
)

𝑚𝐺𝐼𝑁
̇ 𝑒𝐺𝐼𝑁

 3-12 

This factor is specific to drying and evaporation systems and can be used as a comparison 

ratio of different dryer types because it uses a common factor to compare dryer types, 

called a functional unit. This factor is different to the form of Equations 3-4 and 3-5 and 

should not be used in conjunction with it. 

3.3.8Solid Side Exergy Efficiency 

In drying processes, it is important to note that the dry solid is the product of the process, 

and there is a need to associate the exergy cost with creating that product. There are two 
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ways of doing this: by comparing dryers based on their solids capacity or on their 

evaporation capacity. The evaporation efficiencies are more popular because the focus is 

related to the evaporation, which is the main purpose of the dryer. However, the solids 

factor was proposed by Sieniutycz [70] and will be discussed here. 

Exergy Cost and Associated Factors 

This method of comparison assesses how much exergy is used in producing the solid 

product [70]. Equation 3-13 shows what the factor represents. 

 
𝐾𝐸𝑥 =

Δ𝑒𝑥

𝑚𝑆𝐼𝑁
̇

=
𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑚𝑆𝐼𝑁
̇

 3-13 

There are several equations that need to be coupled with this, as shown by Equations 3-14, 

3-15, and 3-16: 

 
𝜃 =

𝑚𝐷𝐴𝐼𝑁
̇

𝑚𝑆𝐼𝑁
̇

 3-14 

 𝑒𝑥𝐼𝑁 = 𝜃𝑒𝑥𝐺𝑎𝑠𝐼𝑁
+ 𝑒𝑥𝑆𝐼𝑁

 3-15 

 𝑒𝑥𝑂𝑈𝑇 = 𝜃𝑒𝑥𝐺𝑎𝑠𝑂𝑈𝑇
+ 𝑒𝑥𝑆𝑂𝑈𝑇

 3-16 

These equations can be combined in different ways to give different factors:  

𝐾 (Equation 3-17), 𝜂𝐾  (Equation 3-18), and 𝑆𝑊 (Equation 3-19) as shown here: 

 𝐾 = 𝐾𝐸𝑥 + 𝐾𝐶𝑎𝑝 =
𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑚𝑆𝐼𝑁
̇

+ 𝜃𝜆 3-17 

𝜆 represents the ratio of change of capital cost for a change in the gas-to-solids flow ratio 

(𝜃). This factor is useful when comparing the effect of changing a piece of equipment to 

handle improved exergy efficiency and could be used as a justification to either change or 

not change a process. 

The solids exergy efficiency (𝜂𝐾) can now be defined as: 

 𝜂𝐾 = 1 −
𝑒𝑥𝐼𝑁 − 𝑒𝑥𝑂𝑈𝑇

𝑒𝑥𝐼𝑁
 3-18 

The next factor that can be found is the specific exergy saving (or cost). 
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𝑆𝑊 =

Δ[𝑒𝑥𝐼𝑁(1 − 𝜂𝐾)]

𝑋𝐼𝑁 − 𝑋𝑂𝑈𝑇
 3-19 

Where the delta refers to a deviation from the optimum, or current point if used as a 

starting point, and iteration occurs until the optimum solution is found. 

Also, 𝑋𝐼𝑁 and 𝑋𝑂𝑈𝑇 refer to the solids moisture ratio at the feed and outlet of the dryer, 

respectively. 

3.3.9Process Irreversibility 

This factor (Equation 3-20) studies how much entropy is generated in a system. It presents a 

way of finding changes within the system to reduce the amount of entropy generation, or to 

reduce the irreversibility of a system [91]. 

 
𝑃𝐼 = ∑ 𝐸𝑥𝑖

𝐼𝑁

− ∑ 𝐸𝑥𝑖

𝑂𝑈𝑇

= 𝑇0 (∑ 𝑆𝑖

𝑂𝑈𝑇

− ∑ 𝑆𝑖

𝐼𝑁

) = 𝑇0Δ𝑆𝐺𝑒𝑛 3-20 

This calculation, however, is not particularly helpful; this is because it can only indicate 

improvement, but not how improved the system is. It does not indicate whether the 

entropy is generated as a requirement of the process. As a result, optimisation using the 

process irreversibility method is not realistic due to the trial and error approach that occurs 

with it. The next two methods that use some of the above factors are useful in describing 

the limitations of exergy efficiency and the deviation of the current process from that upper 

limit. 

3.3.10Energy Level or Quality Factor 

This comparison method assesses the ratio of exergy to enthalpy for a single point or item in 

a larger system to determine its quality [39, 114]. This quality factor (Equation 3-21) may be 

used to replace the temperature axis on pinch plots to allow exergy quality to be plotted 

against the cumulative energy flows of a system [39, 114]. 

 
Ω =

𝐸𝑥

𝐻
 𝑂𝑅 

Δ𝐸𝑥

Δ𝐻
 3-21 

Equation 2-42 can be combined with the idea of Inevitable (INE) and Avoidable (AVO) exergy 

losses to produce an effective way of identifying process exergy inefficiencies [39, 98]. The 

INE and AVO exergy losses can be described by Equations 3-22 and 3-23 [39, 98]. 
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 𝐸𝑥𝐿𝑜𝑠𝑠 = 𝐸𝑥𝐴𝑉𝑂 + 𝐸𝑥𝐼𝑁𝐸  3-22 

 
𝐸𝑥𝐴𝑉𝑂 = 𝐸𝑥𝑃𝑟𝑜𝑑

𝐸𝑥𝑈𝑅𝑚𝑎𝑥

(1 − 𝐸𝑥𝑈𝑅𝑚𝑎𝑥)
 3-23 

These additional equations are applied as though there is a minimum driving force applied 

to each process to achieve the same goal. Equation 3-23 determines the inevitable exergy 

losses, and the remaining portion is the avoidable part of the exergy loss. These losses can 

include heat losses from equipment walls, process limitations that require flow or energy 

compensations to overcome, process technological limitations, and utility mismatching. The 

minimum driving force calculation can also assist in determining a more effective pinch 

offset temperature [98]. In this instance, the 20˚C ΔTmin assumption is used to be consistent 

with the assumptions used for the PA shown in Chapter 4. 

3.3.11Task Efficiency 

The task efficiency (Equation 3-24) is defined more generally than the exergy cost, and is 

commonly used in the literature [28, 31, 56] to describe how different something is from the 

exergetic optimum. 

 
𝜂𝑇𝑎𝑠𝑘 =

𝐸𝑥𝐼𝑁𝑚𝑖𝑛

𝐸𝑥𝐼𝑁
 3-24 

Equation 3-24 represents a deviation from an optimum, which has the same purpose as 

Equations 3-22 and 3-23, but in a more generic form. 

This efficiency (Equation 3-24) is found in case studies, which find a best-case scenario, and 

as a result, the efficiency is less useful during the design stage, but is shown to be more 

useful for process modelling and the optimisation of existing processes.  

3.4Summary of Formulae 

The temperature-based thermo-mechanical exergy (of components, which have a constant 

𝐶𝑝), is shown in Equation 3-25. 

 
𝑒𝑥𝑇

𝑇𝑀 = ∑ [𝐶𝑝𝑖
̅̅ ̅̅ (𝑇 − 𝑇0) − 𝑇0𝐶𝑝𝑖

̅̅ ̅̅ ln (
𝑇

𝑇0
)]

𝑖

 3-25 
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The temperature-based thermo-mechanical exergy of that part of the system that 

undergoes phase change is shown as Equation 3-26. 

 
𝑒𝑥𝑇

𝑇𝑀 = ∆𝑉 (𝐶𝑝𝑉
̅̅ ̅̅ ̅ [𝑇 − 𝑇𝐷𝑃 − 𝑇0 ln (

𝑇

𝑇𝐷𝑃
)]

+ 𝐶𝑝𝐿
̅̅ ̅̅ ̅ [𝑇𝐷𝑃 − 𝑇0 − 𝑇0 ln (

𝑇𝐷𝑃

𝑇0
)] + ∆ℎ∆𝑉 − 𝑇0∆𝑠∆𝑉) 

3-26 

The pressure-based thermo-mechanical exergy for gas components is shown in Equation 

3-27. 

 
𝑒𝑥𝑃𝐺

𝑇𝑀 = 𝑅̅𝑇0 ln (
𝑃

𝑃0
) 3-27 

The pressure-based thermo-mechanical exergy for solid and liquid components is shown in 

Equation 3-28. 

 𝑒𝑥𝑃𝑆&𝐿

𝑇𝑀 = 𝑣𝑎𝑣𝑒̅̅ ̅̅ ̅̅ (𝑃 − 𝑃0) 3-28 

The chemical-based exergy for mixing of gaseous components from one concentration to 

another, reversibly, is shown in Equation 3-29. 

 
𝑒𝑥𝑖𝐺

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝛾𝑖0

𝛾𝑖00

) 3-29 

The chemical-based exergy for mixing for solid and liquid components from one 

concentration to another, reversibly, is shown in Equation 3-30. 

 
𝑒𝑥𝑖𝑆&𝐿

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖0

𝑃𝑖00

) 3-30 

A summation of the different temperature-based thermo-mechanical component enthalpies 

gives: 

 ℎ𝑇𝑀
𝑇 = ℎ𝐷𝐴1

+ ℎ𝑆1
+ ℎ𝐿1

+ ℎ𝑉2
+ ℎ∆𝑉

𝑇  3-31 

The summation of the different temperature-based thermo-mechanical component 

entropies gives: 
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 𝑇0𝑠𝑇𝑀
𝑇 = 𝑇0𝑠𝐷𝐴1

+ 𝑇0𝑠𝑆1
+ 𝑇0𝑠𝐿1

+ 𝑇0𝑠𝑉2
+ 𝑇0𝑠∆𝑉

𝑇  3-32 

The relationship between Equations 3-31 and 3-32 in terms of exergy is shown in Equation 

3-33: 

 𝑒𝑥𝑇𝑀
𝑇 = ℎ𝑇𝑀

𝑇 − 𝑇0𝑠𝑇𝑀
𝑇  3-33 

The summation of the different pressure-based thermo-mechanical component enthalpies 

gives: 

 ℎ𝑇𝑀
𝑃 = ℎ𝐷𝐴2

+ ℎ𝑆2
+ ℎ𝐿0

+ ℎ𝑉2
+ ℎ∆𝑉

𝑃  3-34 

The summation of the different pressure-based thermo-mechanical component entropies 

gives: 

 𝑇0𝑠𝑇𝑀
𝑃 = 𝑇0𝑠𝐷𝐴2

+ 𝑇0𝑠𝑆2
+ 𝑇0𝑠𝐿0

+ 𝑇0𝑠𝑉2
+ 𝑇0𝑠∆𝑉

𝑃  3-35 

The relationship between Equations 3-34 and 3-35 in terms of exergy is shown in Equation 

3-36: 

 𝑒𝑥𝑇𝑀
𝑃 = ℎ𝑇𝑀

𝑃 − 𝑇0𝑠𝑇𝑀
𝑃  3-36 

Given the enthalpy and entropy, the pressure-based exergy of the phase change component 

is given in Equation 3-37: 

 𝑒𝑥∆𝑉
𝑃 = ℎ∆𝑉

𝑃 − 𝑇0𝑠∆𝑉
𝑃  3-37 

Summation of the different components exergies is given in Equation 3-38: 

 𝑒𝑥𝐶𝐻 = 𝑒𝑥𝐷𝐴
𝐶𝐻 + 𝑒𝑥𝑉

𝐶𝐻 + 𝑒𝑥𝐿
𝐶𝐻 + 𝑒𝑥𝑆

𝐶𝐻 + 𝑒𝑥∆𝑉
𝐶𝐻 3-38 

Given the enthalpy and entropy, the chemical-based exergy of the phase change component 

is shown in Equation 3-39: 

 𝑒𝑥∆𝑉
𝐶𝐻 = ℎ∆𝑉

𝐶𝐻 − 𝑇0𝑠∆𝑉
𝐶𝐻 3-39 

The overall summation of the different components of the enthalpy system is: 

 ℎ = ℎ𝑇𝑀
𝑇 + ℎ𝑇𝑀

𝑃 + ℎ∆𝑉
𝐶𝐻 3-40 

The overall summation of the different components of the exergy system is: 



79 

 

 𝑒𝑥 = 𝑒𝑥𝑇𝑀
𝑇 + 𝑒𝑥𝑇𝑀

𝑃 + 𝑒𝑥∆𝑉
𝐶𝐻 + 𝑒𝑥𝐶𝐻 3-41 

The quality factor equation is: 

 𝛺 =
𝑒𝑥

ℎ
 3-42 

The quality factor equation is a representation of the work potential of a system as a 

function of the enthalpy within that system [24, 40, 114, 116]. The part of the enthalpy that 

can be used to do work and the part of the enthalpy that has no work potential can be 

determined simply by using Equations 3-40 and 3-41. This determination is a useful way of 

describing the potential work in a system as a function of enthalpy, which is commonly used 

as the basis of most energy calculations for thermal systems.  

Many exergy efficiency factors apply to operations and units, while this factor can be used 

at any point in a process independently and represents a combination of both pressure and 

temperature. This factor has been used for the exergy analysis visualisations to compare the 

results with those of pinch analysis. 

3.5Derivation of exergy terms from first principles 

When doing thermodynamic calculations, like an exergy analysis, it is the standard 

convention to work on a molar basis. There are no molar component changes within this 

system, so working on the mass basis is possible, but this is not always the case, and as such, 

the molar basis will be used. 

The single-phase component terms should be multiplied by their molar fraction in order to 

get their partial effect on the system. The simple equality shown in Equation 3-43 indicates 

that the mole fractions of all components in the total system must add to unity. 

 1 = ∑ 𝑥𝑖

𝑖

 3-43 

Since there is a phase change within the system, the constant 𝐶𝑝 assumption will not work 

for that component, so each component should be considered separately. Taking the part of 

the phase change component that changes phase separately and combining the other 

components is a good idea, but for this example, the components will have their subscripts 

written as follows. 
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• The dry air (DA) 

• The solids (S) 

• The liquid (L), that stays liquid in both states 

• The water vapour (V), that stays in the vapour phase in both states 

• The phase change (ΔV), this is just the part of that component that changes phase 

within the calculation domain. 

 

Recall the general exergy formula, Equation 3-44. 

 
𝑒𝑥 = (𝑢 − 𝑢0) + 𝑃0(𝑣 − 𝑣0) − 𝑇0(𝑠 − 𝑠0) + ∑(𝜇𝑖 − 𝜇0)𝑥𝑖

∞

𝑖=0

+ 𝑔(𝑧 − 𝑧0) +
𝑉2

2𝑔
+ 𝐸𝑖𝐴𝑖𝐹𝑖(3𝑇4 − 𝑇0

4 − 4𝑇0𝑇3)

+ any other exergy terms 

3-44 

This equation can be simplified for this system by making the following assumptions [35]: 

• The potential and kinetic energy terms are considered insignificant for this system 

• The system contains no radiation exergy (it does not emit any significant energy through 

radiation, it is not hot enough or radioactive in any way) 

• There are no other forms of work potential in or on the system not already accounted 

for in Equation 3-44 

• Enthalpy contains internal energy and pressure volume work (Equation 3-45) 

 ℎ = 𝑢 + 𝑃𝑣 3-45 

Substituting Equation 3-45 and the other statements into Equation 3-44, this equation 

simplifies to the one under study, Equation 3-46.  

 
𝑒𝑥 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + ∑(𝜇𝑖0

− 𝜇𝑖00
)𝑥𝑖

∞

𝑖=0

 
3-46 
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Using (𝑇, 𝑃) as the initial conditions, and (𝑇0, 𝑃0) as the reference conditions, Equation 3-46 

changes its notation to become Equation 3-47. 

 𝑒𝑥 = [ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃0)] − 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃0)]

+ ∑(𝜇𝑖0
− 𝜇𝑖00

)
𝑇0,𝑃0

𝑥𝑖0

∞

𝑖=0

 
3-47 

Since the different components of exergy are separated, they can be addressed one step at 

a time, to make it easier to follow.  

Since exergy is a measure of the potential ideal work of a system, it is more convenient to 

change the temperature under constant pressure first, and then change the pressure 

isothermally at the reference temperature. This procedure makes sense since, in order to 

run isothermally, energy must be transferred between the process and the environment to 

keep the temperature constant. This situation means that the best path to take to 

determine the exergy is to determine the temperature-based exergy component, at 

constant pressure and composition, then the pressure-based exergy component at constant 

temperature and composition. 

3.5.1Temperature based exergy 

Therefore, initially the isobaric exergy change should be investigated, which is the exergy 

change associated with the temperature change (𝑇0 → 𝑇) only. This exergy change is called 

the temperature-based thermo-mechanical component of exergy (𝑒𝑇𝑀
𝑇 ), as categorised in 

Figure 2-2. This component is represented by Equation 3-48. 

 𝑒𝑥𝑇𝑀
𝑇 = ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃) − 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃)] 3-48 

So, consider the general definitions of both enthalpy, Equation 3-49, and entropy, Equation 

3-50. 

 
𝑑𝐻 = 𝑚𝐶𝑝𝑑𝑇 + [𝑉 − 𝑇 (

𝜕𝑉

𝜕𝑇
)

𝑃
] 𝑑𝑃 

3-49 

[117] 

p183 

 
𝑑𝑆 =

𝑚𝐶𝑝𝑑𝑇

𝑇
− (

𝜕𝑉

𝜕𝑇
)

𝑃
𝑑𝑃 

3-50 

[117] 
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p184 

It is reasonable that these parts can be separated into both temperature and pressure-

based terms to solve this problem, since the temperature-based exergy is determined first, 

the term 𝑑𝑃 = 0. Equation 3-49 then simplifies to Equation 3-52, assuming a constant 𝐶𝑝 

value (phase change should be dealt with separately to constant 𝐶𝑝 changes). 

 
𝑑𝐻 = 𝑚𝐶𝑝𝑑𝑇 + [𝑉 − 𝑇 (

𝜕𝑉

𝜕𝑇
)

𝑃
] 𝑑𝑃 3-51 

 
𝐻𝑇 = 𝑚 ∫ 𝐶𝑝

𝑇

𝑇0

𝑑𝑇 = 𝑛 ∫ 𝐶𝑝̅̅̅̅
𝑇

𝑇0

𝑑𝑇  

 ℎ𝑇 = 𝐶𝑝(𝑇 − 𝑇0) 3-52 

 
𝑈𝑛𝑖𝑡𝑠 𝑜𝑓 ℎ: 

𝑄

𝑀. 𝑇
𝑇 =

𝑄

𝑀
 

𝑊ℎ𝑒𝑟𝑒: 

𝑄 = 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐽𝑜𝑢𝑙𝑒𝑠) 

𝑀 = 𝑢𝑛𝑖𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 (𝑚𝑜𝑙, 𝑔, 𝑚3, 𝑒𝑡𝑐. ) 

𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 (𝐾, ℃, 𝑅, ℉) 

𝐶𝑝 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑜𝑛 𝑡ℎ𝑒 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑢𝑛𝑖𝑡𝑠 

 

Now it is necessary to solve the entropy component of Equation 3-48 to find the overall 

temperature based thermo-mechanical component of the exergy for the stream. 

Now manipulate Equation 3-50, in the same way as Equation 3-49, i.e. the term that relates 

to the 𝑑𝑃 = 0. Equation 3-50 simplifies to be Equation 3-55, assuming a constant 𝐶𝑝 value; 

again: the phase change component will be discussed separately.  

 
𝑑𝑆 =

𝑚𝐶𝑝𝑑𝑇

𝑇
− (

𝜕𝑉

𝜕𝑇
)

𝑃
𝑑𝑃 3-53 

 
𝑆𝑇 = ∫

𝑚𝐶𝑝𝑑𝑇

𝑇

𝑇

𝑇0

= ∫
𝑛𝐶𝑝̅̅̅̅ 𝑑𝑇

𝑇

𝑇

𝑇0

 3-54 

 
𝑇0𝑠𝑇 = 𝑇0𝐶𝑝 ln (

𝑇

𝑇0
) 3-55 

0 

0 



83 

 

 
𝑈𝑛𝑖𝑡𝑠 𝑜𝑓 𝑇0𝑠: 𝑇

𝑄

𝑀. 𝑇
=

𝑄

𝑀
  

These units are consistent with the units for specific enthalpy as above. 

Therefore, by substituting Equations 3-52 and 3-55 into Equation 3-48, Equation 3-56 is 

obtained for systems with constant 𝐶𝑝, and the molar basis is to be used, so the 𝐶𝑝 is in its 

molar form. 

 
𝑒𝑥𝑇𝑀

𝑇 = 𝐶𝑝̅̅̅̅  (𝑇 − 𝑇0) − 𝑇0𝐶𝑝̅̅̅̅ ln (
𝑇

𝑇0
) 3-56 

For systems that invoke a phase change (∆𝑉, this can be found via a simple mass balance), 

such as the system being studied, it is important to treat the system with special care. The 

saturation properties at the phase change interval are required, and the enthalpy and 

entropy should be calculated in three distinct stages. 

First it is necessary to determine the properties of the vapour at the conditions for both 

temperatures, 𝑇 and 𝑇0. The required properties are listed in Table 3-5. 

Table 3-5: The required information, to be calculated for the phase change component of the system. 

Required Information 

𝛾𝑉1
 Mole fraction of vapour in the gas phase at point 1NOTE 3-2 

𝛾𝑉2
 Mole fraction of vapour in the gas phase point 2NOTE 3-2 

𝑃𝑉1
 Partial Pressure of vapour at point 1 

𝑃𝑉2
𝑆𝑎𝑡 Saturation pressure of vapour at point 2 

𝑇𝐷𝑃 Dew point temperature for partial pressure at point 1 

NOTE 3-2: It is important to note here that 𝜸𝑽 is Gas phase specific and 𝜸𝑳 is S&L phase specific 

 

The first part of the analysis is to determine the static properties, in other words, the 

properties that will not change with the composition of Point 2 (treating Point 1 as static) 

and are dependant only on temperature and pressure. These properties are calculated in 

Equations 3-59, 3-60 and 3-61. Equation 3-61 is also used as the initial guess for the sorption 

isotherm method. 

Without the isotherm, the calculation method is: 

1.  𝛾𝑉1
 using (eq. 3-57) 

2. 𝑃𝑉1
 using (eq. 3-58) 
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3. 𝑇𝐷𝑃 using (eq. 3-59) 

4. 𝑃𝑉2

𝑆𝑎𝑡 using (eq. 3-60) 

5. 𝛾𝑉2
 using (eq. 3-61) 

6. Convert back to total moles of each component (eq. 3-62) 

 𝛾𝑉 =
𝑛𝑉

(𝑛𝑉 + 𝑛𝐷𝐴)
=

𝑥𝑉

(𝑥𝑉 + 𝑥𝐷𝐴)
 3-57 

 𝑃𝑖 = 𝛾𝑖𝑃 3-58 

 
𝑇𝐷𝑃 =

3816.44

18.3036 − ln (
𝑃𝑉

133.3)
+ 44.12 3-59 

 
𝑃𝑉0

𝑆𝑎𝑡 = 133.3 × exp (18.3036 −
3816.44

𝑇0 − 44.12
) 3-60 

 
𝛾𝑉

𝑆𝑎𝑡 =
𝑃𝑉

𝑆𝑎𝑡

𝑃
 3-61 

 𝑛𝑉 =
𝛾𝑉𝑛𝐷𝐴

(1 − 𝛾𝑉)
 3-62 

The following equality represents a limit for TDP. If it is too high, then Y is too high (the 

humidity is too high), and there is too little mass-transfer driving force for drying. The other 

limiting condition (lower limit) is in place for calculation modelling consistency. With 

iterative calculations, overshoots occur, and this statement is intended to limit an 

overshoot. 

 𝑰𝑭 𝑇𝐷𝑃 ≥  𝑇, 𝑇𝐷𝑃 = 𝑇 

𝑰𝑭 𝑇𝐷𝑃 ≤  𝑇0, 𝑇𝐷𝑃 = 𝑇0 
3-63 

For this example, T0 is the dead state temperature, in this case 25OC (298.15 K), T is the gas 

temperature at the outlet of the dryer and 𝑇𝐷𝑃 is within the temperature range as outlined 

by Equation 3-63, and condensation will occur as the stream cools from 𝑇 → 𝑇0. 

This method using steps 1 to 6 above represents a simplification, that is, the liquid water 

and the vapour in the air are in equilibrium, meaning that it is assumed that the solid is 

assumed to be non-hygroscopic, and as such does not interact with the system. This 
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situation is not the case with skim milk powder [92]. As a result, the sorption isotherm 

should be included. 

During the sample calculation, both methods have been compared to determine if making 

the simplification is appropriate for an exergy analysis. The sorption isotherm has been used 

in the mass and energy balance calculation over the dryer. This isotherm was used to 

determine the outlet equilibrium solids moisture content. 

The sorption isotherm used here applies to skim milk powder and is shown in Equation 3-64 

[12, 14]. This equilibrium moisture content is expressed on a mass per mass basis, so it is 

necessary to convert it back to a molar basis for this analysis, shown as Equation 3-65. 

 𝛾𝐿

𝛾𝑆
= 0.1499 × exp [−2.306 × 10−3 × 𝑇0 × ln (

𝑃𝑉
𝑆𝑎𝑡

𝑃𝑉
)]

𝑘𝑔𝐿

𝑘𝑔𝑆

×
342.29

18.015

𝑘𝑔𝑆

𝑘𝑚𝑜𝑙𝑆

𝑘𝑔𝐿

𝑘𝑚𝑜𝑙𝐿

 

3-64 

 𝛾𝐿

𝛾𝑆
= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (

𝑃𝑉
𝑆𝑎𝑡

𝑃𝑉
)]

𝑘𝑚𝑜𝑙𝐿

𝑘𝑚𝑜𝑙𝑆
 3-65 

To continue, the phase compositions must be studied. Equation 3-57 has the required form. 

The solids and liquids combined (𝑆&𝐿) phase, needs to be accounted for, and this phase is 

represented by Equation 3-66. 

 𝛾𝐿 =
𝑛𝐿

(𝑛𝐿 + 𝑛𝑆)
=

𝑥𝐿

(𝑥𝐿 + 𝑥𝑆)
 3-66 

Combining Equations 3-65 and 3-66, and solving for 𝑛𝐿2
 gives Equation 3-67, which is what 

will be used to balance the component between the two phases, Gas and S&L. 

 𝑛𝐿 =
𝛾𝐿

𝛾𝑆
× 𝑛𝑆  3-67 

The water component balance formula is shown in Equation 3-68. 

 𝑛𝑉2
= 𝑛𝑉1

+ 𝑛𝐿1
− 𝑛𝐿2

 3-68 

Using algebra to solve for the mole fractions of each component, Equation 3-69 is used. 
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 𝑥𝑖 =
𝑛𝑖

𝑛
 3-69 

The solution procedure is not straightforward. There is now an iterative calculation that 

needs to take place, and the method is listed here: 

1. 𝛾𝑉1
 and 𝛾𝐷𝐴1

 using (eq. 3-57) 

2. 𝑃𝑉1
 using (eq. 3-58) 

3. 𝑇𝐷𝑃 using (eq. 3-59) 

4. 𝑃𝑉2

𝑆𝑎𝑡 using (eq. 3-60) 

5. 𝛾𝑉2
 initial guess using (eq. 3-61) 

Then iteration needs to be done on steps 6 to 10. 

6. 𝑃𝑉2
 using (eq. 3-58) 

7. 𝛾𝐿2
 using (eq. 3-65) 

8. 𝑛𝐿2
 using (eq. 3-67) 

9. 𝑛𝑉2
 using (eq. 3-68) 

10. 𝛾𝑉2
 new using (eq. 3-57) 

When a stable solution has been reached, it is necessary to determine if the system is within 

the limitations of both phases. For this, these limitations need to be known. Equation 3-70 

states that the vapour must not be supersaturated, in which case the system is gas-side 

limited, and the isotherm calculation becomes redundant at this point. 

 𝑛𝑉(𝐴𝑐𝑡𝑢𝑎𝑙) = min(𝑛𝑉(𝐼𝑠𝑜𝑡ℎ𝑒𝑟𝑚), 𝑛𝑉
𝑆𝑎𝑡) 3-70 

Once this number of moles has been determined, the final mole fractions can be calculated 

using Equations 3-68 and 3-69. 

Now that the compositions of points 1 (𝑇, 𝑃) and 2 (𝑇0, 𝑃) have been determined, the 

enthalpy and exergy changes associated with the difference can be derived. 

It is necessary to calculate ∆ℎ∆𝑉 to find the enthalpy change due to condensation and 

evaporation. For this calculation, data from the steam tables should be used. The ∆ℎ∆𝑉 can 

be found directly, or by using Equation 3-71. 
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 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡.𝑉(𝑇𝐷𝑃) − ℎ𝑆𝑎𝑡.𝐿(𝑇𝐷𝑃) 3-71 

The calculation of ∆𝑠∆𝑉 is required to find the entropy change due to condensation and 

evaporation: the steam tables are used to determine ∆𝑠∆𝑉. This step can be done directly, or 

by using Equation 3-72. 

 ∆𝑠∆𝑉 = 𝑠𝑆𝑎𝑡.𝑉(𝑇𝐷𝑃) − 𝑠𝑆𝑎𝑡.𝐿(𝑇𝐷𝑃) 3-72 

Now the sum of the parts of the phase change components is calculated. The various parts 

of the enthalpy calculation are: 

1. The enthalpy of the liquid up to the dew point temperature (𝑇𝐷𝑃 − 𝑇0) 

2. The enthalpy of the phase change (∆ℎ∆𝑉) 

3. The enthalpy of the gas phase up to the working temperature (𝑇 − 𝑇𝐷𝑃) 

This summation is shown as Equation 3-73. 

 ℎ∆𝑉 = 𝑥∆𝑉[𝐶𝑝𝑉
̅̅ ̅̅ ̅(𝑇 − 𝑇𝐷𝑃) + ∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ + 𝐶𝑝𝐿
̅̅ ̅̅ ̅(𝑇𝐷𝑃 − 𝑇0)] 3-73 

Now the sum of the parts of the phase change components is calculated, only for the 

entropy terms. This calculation is shown in Equation 3-74. After collecting like terms, this 

equation simplifies to give Equation 3-75.  

 
𝑇0𝑠∆𝑉 = 𝑇0𝑥∆𝑉 [𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇

𝑇0
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ + 𝐶𝑝𝐿
̅̅ ̅̅ ̅ ln (

𝑇𝐷𝑃

𝑇0
) − 𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇𝐷𝑃

𝑇0
)] 3-74 

 
𝑇0𝑠∆𝑉 = 𝑇0𝑥∆𝑉 [𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇

𝑇𝐷𝑃
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ + 𝐶𝑝𝐿
̅̅ ̅̅ ̅ ln (

𝑇𝐷𝑃

𝑇0
)] 3-75 

As a result, the exergy of the part of the system that undergoes phase change is shown in 

Equation 3-76. 

 
𝑒𝑥𝑇𝑀

𝑇 = 𝑥∆𝑉 [𝐶𝑝𝑉
̅̅ ̅̅ ̅ [𝑇 − 𝑇𝐷𝑃 − 𝑇0 ln (

𝑇

𝑇𝐷𝑃
)]

+ 𝐶𝑝𝐿
̅̅ ̅̅ ̅ [𝑇𝐷𝑃 − 𝑇0 − 𝑇0 ln (

𝑇𝐷𝑃

𝑇0
)] + ∆ℎ∆𝑉 − 𝑇0∆𝑠∆𝑉] 

3-76 

3.5.2Pressure based exergy 

This model is however far from complete, and there are other factors (pressure) involved in 

an exergy analysis beyond this point, if Equation 3-47 is recalled.  
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 𝑒𝑥 = [ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃0)] − 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃0)]

+ ∑(𝜇𝑖0
− 𝜇𝑖00

)
𝑇0,𝑃0

𝑥𝑖0

∞

𝑖=0

 
3-47 

To determine what is left in terms of the thermo-mechanical exergy, it is necessary to 

subtract what has been determined, or Equation 3-48, and the chemical exergy, from 

Equation 3-47. Therefore, the remaining parts of the exergy analysis are equal to the 

difference, as shown in Equation 3-77. 

 𝑒𝑥𝑇𝑀 − 𝑒𝑥𝑇𝑀
𝑇 = [ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃0)] − 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃0)]

− [ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃) − 𝑇0(𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃))] 

𝑒𝑥𝑇𝑀 − 𝑒𝑥𝑇𝑀
𝑇 = ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃0) − ℎ(𝑇, 𝑃) + ℎ(𝑇0, 𝑃)

− 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃0) − 𝑠(𝑇, 𝑃) + 𝑠(𝑇0, 𝑃)] 

 

 𝑒𝑥𝑇𝑀 − 𝑒𝑥𝑇𝑀
𝑇 = −ℎ(𝑇0, 𝑃0) + ℎ(𝑇0, 𝑃) − 𝑇0[−𝑠(𝑇0, 𝑃0) + 𝑠(𝑇0, 𝑃)] 3-77 

From this equation, it is clear that some thermo-mechanical exergy remains in terms of a 

change in pressure, at constant temperature, so that Equation 3-78 is then obtained. 

 𝑒𝑥𝑇𝑀
𝑃 = 𝑒𝑥𝑇𝑀 − 𝑒𝑥𝑇𝑀

𝑇 = ℎ(𝑇0, 𝑃) − ℎ(𝑇0, 𝑃0) − 𝑇0[𝑠(𝑇0, 𝑃) − 𝑠(𝑇0, 𝑃0)] 3-78 

Again, each enthalpy and entropy term are to be calculated, as done above for the 

temperature-based exergy. The important difference here is that, since this component of 

exergy is isothermal, another way needs to be found of describing enthalpy and exergy 

without using temperature as the change (driving force which has the potential to create 

work). The general definitions of enthalpy and entropy need to be revisited to assess what 

effect changing the pressure has on the system.  

Recall Equations 3-49 and 3-50. 

 
𝑑𝐻 = 𝑚𝐶𝑝𝑑𝑇 + [𝑉 − 𝑇 (

𝜕𝑉

𝜕𝑇
)

𝑃
] 𝑑𝑃 3-49 

 
𝑑𝑆 =

𝑚𝐶𝑝𝑑𝑇

𝑇
− (

𝜕𝑉

𝜕𝑇
)

𝑃
𝑑𝑃 3-50 
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It is clear that a way of describing (
𝜕𝑉

𝜕𝑇
)

𝑃
for each phase needs to be found. The ideal gas law 

has been assumed for the gas phase; therefore, the change in volume with the change in 

temperature at constant pressure is equal to (
𝑛𝑅̅

𝑃
)

𝑃
(Using 𝑃𝑉 = 𝑛𝑅̅𝑇).  

For the pressure-based exergy, the temperature is constant (Isothermal process). Since 

there is no temperature change, 𝑑𝑇 = 0 and 𝑇 = 𝑇0. With this information, Equation 3-49 

solves to give Equation 3-79 for gas systems and Equation 3-80 for solid and liquid systems. 

 𝑑𝐻𝐺
𝑃 = 𝐶𝑝𝑑𝑇 + [𝑉 − 𝑇 (

𝑛𝑅̅

𝑃
)

𝑃
] 𝑑𝑃 3-79 

 𝑑𝐻𝑆&𝐿
𝑃 = 𝐶𝑝𝑑𝑇 + [𝑉 − 𝑇 (

𝜕𝑉

𝜕𝑇
)

𝑃
] 𝑑𝑃 3-80 

For this part, 𝑇 is constant, so 𝑑𝑇 = 0 and 𝑇 = 𝑇0, so Equation 3-79 can be solved. 

 
𝑑𝐻𝐺

𝑃 = [𝑉 − 𝑇0 (
𝑛𝑅̅

𝑃
)

𝑃

] 𝑑𝑃 

𝐻𝐺
𝑃 = ∫ [

𝑛𝑅̅𝑇0

𝑃
− 𝑇0 (

𝑛𝑅̅

𝑃
)

𝑃

]
𝑃

𝑃0

𝑑𝑃 

𝐻𝐺
𝑃 = 𝑛𝑅̅𝑇0 ∫ [

1

𝑃
− (

1

𝑃
)

𝑃
]

𝑃

𝑃0

𝑑𝑃 

𝐻𝐺
𝑃 = 𝑛𝑅̅𝑇0 [ln (

𝑃

𝑃0
) − ln (

𝑃

𝑃0
)] 

3-81 

 𝐻𝐺
𝑃 = 0 3-82 

Now that the enthalpy is known for the gas system, a way of describing (
𝜕𝑉

𝜕𝑇
)

𝑃
 for the solids 

and liquid phase must be found. This partial derivative represents the thermal expansion of 

the material at a constant pressure. From the literature, this term may be represented as 

Equation 3-83. For most solids and liquids, this term is negligible under most circumstances, 

and is ignored. However, it can become significant (high pressure systems), so it will be 

investigated further. 

0 

0 
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(

𝜕𝑉

𝜕𝑇
)

𝑃
= 𝛽𝑉 

3-83 

[16] 

p246 

By substituting Equation 3-83 into Equation 3-84, there is: 

 
𝑑𝐻𝑆&𝐿

𝑃 = [𝑉 − 𝑇0 (
𝜕𝑉

𝜕𝑇
)

𝑃
] 𝑑𝑃 3-84 

 
𝐻𝑆&𝐿

𝑃 = ∫ (𝑉 − 𝑇0𝛽𝑉)𝑑𝑃
𝑃

𝑃0

 3-85 

By assuming that 𝛽 is constant within the working range. 

 
𝐻𝑆&𝐿

𝑃 = (1 − 𝑇0𝛽) ∫ 𝑉𝑑𝑃
𝑃

𝑃0

 3-86 

 𝐻𝑆&𝐿
𝑃 = 𝑉(1 − 𝑇0𝛽)(𝑃 − 𝑃0) 3-87 

Using the same method and assumptions that were applied to the enthalpy terms in 

Equation 3-50, now consider what the pressure-based entropy becomes. For the gas system, 

this becomes Equation 3-89, and for the solids and liquids, this becomes Equation 3-91. 

 
𝑑𝑆𝐺

𝑃 =
𝐶𝑝𝑑𝑇

𝑇
− (

𝑛𝑅̅

𝑃
)

𝑃

𝑑𝑃 

𝑑𝑆𝐺
𝑃 = ∫ − (

𝑛𝑅̅

𝑃
)

𝑃

𝑑𝑃
𝑃

𝑃0

 

𝑑𝑆𝐺
𝑃 = −𝑛𝑅̅ ∫ (

1

𝑃
)

𝑃
 𝑑𝑃

𝑃

𝑃0

 

3-88 

 
𝑆𝐺

𝑃 = −𝑛𝑅̅ ln (
𝑃

𝑃0
) 3-89 

Now that the gas phase has been solved, the solids and liquids phase can be obtained from 

Equation 3-54. 

 
𝑑𝑆𝐺

𝑃 =
𝐶𝑝𝑑𝑇

𝑇
− 𝛽𝑉𝑑𝑃 3-90 

0 

0 
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𝑑𝑆𝑆&𝐿
𝑃 = − ∫ 𝛽𝑉𝑑𝑃 

 𝑆𝑆&𝐿
𝑃 = −𝛽𝑉(𝑃 − 𝑃0) 3-91 

Recall Equation 3-77, where the pressure-based thermo-mechanical exergy was defined as. 

 𝑒𝑥𝑇𝑀 − 𝑒𝑥𝑇𝑀
𝑇 = −ℎ(𝑇0, 𝑃0) + ℎ(𝑇0, 𝑃) − 𝑇0[−𝑠(𝑇0, 𝑃0) + 𝑠(𝑇0, 𝑃)] 3-77 

Some of the common terms cancel each other out when combined, as shown by Equations 

3-92 and 3-93. 

 
𝐻𝐺

𝑃 − 𝑇0𝑆𝐺
𝑃 = 𝑛𝑅̅𝑇0[0]— 𝑇0 (−𝑛𝑅̅ ln (

𝑃

𝑃0
)) 

𝐻𝐺𝑎
𝑃 − 𝑇0𝑆𝐺

𝑃 = 𝑛𝑅̅𝑇0 ln (
𝑃

𝑃0
) 

3-92 

To then turn this equation into the form that is required, specific exergy for the gas phase 

components, divide by 𝑛 to get Equation 3-93. 

 
𝑒𝑥𝑇𝑀𝐺

𝑃 = 𝑅̅𝑇0 ln (
𝑃

𝑃0
) 3-93 

Similar manipulation for the solids and liquids gives Equation 3-95. 

 𝐻𝑆&𝐿 − 𝑇0𝑆𝑆&𝐿 = 𝑉(1 − 𝑇0𝛽)(𝑃 − 𝑃0)— 𝑇0(−𝛽𝑉[𝑃 − 𝑃0]) 

𝐻𝑆&𝐿 − 𝑇0𝑆𝑆&𝐿 = 𝑉(𝑃 − 𝑃0)[1 − 𝑇0𝛽 + 𝑇0𝛽] 
3-94 

 𝐻𝑆&𝐿 − 𝑇0𝑆𝑆&𝐿 = 𝑉(𝑃 − 𝑃0) 3-95 

Dividing by 𝑛 gives the specific exergy for the solids and liquids phase components, shown in 

Equation 3-96. 

 𝑒𝑥𝑇𝑀𝑆&𝐿

𝑃 = 𝑣𝑎𝑣𝑒̅̅ ̅̅ ̅̅ (𝑃 − 𝑃0) 3-96 

This manipulation simplifies the calculation in terms of exergy change. The thermal 

expansion coefficients are not required for the exergy calculations but may be required for 

enthalpy calculations.  

It is necessary to find 𝑣𝐴𝑣𝑒̅̅ ̅̅ ̅̅  to solve this in one step. This can be done using Equation 3-97. 
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 𝑣𝑎𝑣𝑒̅̅ ̅̅ ̅̅ = ∑ 𝛾𝑖𝑆&𝐿
𝑣𝑖̅

𝑖

 3-97 

Because the pressure-based exergy occurs in a closed system, it is important to find the 

phase change component, as was done with the temperature based thermo-mechanical 

exergy. The main point of difference is that the pressure system will be at a constant 

temperature, so the saturation pressure will not change. Following the same method as 

listed above will result in new compositions for point 0, or the reference state (𝑇0, 𝑃0). 

Equation 3-70 must be observed in this situation also, as the pressure change thermo-

mechanical exergy is calculated as if in a closed system.  

It is clear then that this new phase change component must be treated separately, as was 

done with the temperature-based change. 

Since the partial pressure changes, but the temperature does not, the dew-point 

temperature is not suitable to find the enthalpy and entropy of evaporation. In this case, the 

partial pressure of water vapour (𝑃𝑉2
) should be used, as in Equations 3-98 and 3-99. 

 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡.𝑉(𝑃𝑉) − ℎ𝑆𝑎𝑡.𝐿(𝑃𝑉) 3-98 

 ∆𝑠∆𝑉 = 𝑠𝑆𝑎𝑡.𝑉(𝑃𝑉) − 𝑠𝑆𝑎𝑡.𝐿(𝑃𝑉) 3-99 

Since there is no change of temperature and replacing the temperature basis with the 

pressure basis above, Equation 3-73 becomes Equation 3-100. 

 ℎ∆𝑉
𝑃 = 𝑥∆𝑉[∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ + 𝑣𝐿̅̅ ̅(1 − 𝑇0𝛽𝐿)(𝑃 − 𝑃0)] 3-100 

Similarly, for Equation 3-74, becomes Equation 3-101. 

 
𝑇0𝑠∆𝑉 = 𝑇0𝑥∆𝑉 [−𝑅̅ ln (

𝑃

𝑃0
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ − 𝑣𝐿̅̅ ̅𝛽𝐿(𝑃 − 𝑃0)] 3-101 

Combining Equations 3-99 and 3-100 to get the result for exergy, gives Equation 3-102. 

 
𝑒𝑥𝑇𝑀

𝑃 = 𝑥∆𝑉 [𝑇0𝑅̅ ln (
𝑃

𝑃0
) + ∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ − ∆𝑠∆𝑉
̅̅ ̅̅ ̅̅ + 𝑣𝐿̅̅ ̅(𝑃 − 𝑃0)] 3-102 

3.5.3Chemical exergy 

There is one more component to the exergy analysis, as suggested by Equation 3-47.  
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 𝑒𝑥 = [ℎ(𝑇, 𝑃) − ℎ(𝑇0, 𝑃0)] − 𝑇0[𝑠(𝑇, 𝑃) − 𝑠(𝑇0, 𝑃0)]

+ ∑(𝜇𝑖0
− 𝜇𝑖00

)
𝑇0,𝑃0

𝑥𝑖0

∞

𝑖=0

 
3-47 

 Where: 

𝜇𝑖 = ∆𝐺𝑖 = ∆ℎ𝑖(𝛾𝑖) − 𝑇0∆𝑠𝑖(𝛾𝑖) 

3-103 

[16] p 

323 

As a result, the chemical exergy component is simplified to Equation 3-104 once any phase 

changes have been taken into account, such as by using the sorption isotherm. 

 
𝑒𝑥𝐶𝐻 = ∑(𝜇𝑖0

− 𝜇𝑖00
)

𝑇0,𝑃0
𝑥𝑖00

∞

𝑖=0

 3-104 

Since there is no change in temperature or system pressure, the enthalpy term is equal to 

zero, by definition, so Equation 3-103 becomes Equation 3-105. This part of the analysis 

represents what happens in an open system with no composition change, but where there 

is a change in concentration.  

To elaborate, this determines the work potential that is lost in the form of the chemical 

composition of a system output changing to be in equilibrium with the environment. An 

example is the diffusion of water vapour from a liquid surface at its saturation pressure to 

the pressure of the water vapour in the environment.  

This calculation is simplified compared with reality by taking the temperature and pressure 

considerations separately. For most parts of a chemical plant, this calculation can be largely 

ignored but should be taken into consideration when calculating the feeds, products and 

waste products of the process. 

 𝜇𝑖 = −𝑇0∆𝑆𝑖(𝛾𝑖) 3-105 

[16] p 

318 

Since there is no chemical reaction in this system, only with the entropy associated with 

mixing with the environment remains to be determined. 
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For gas systems, the entropy of mixing is defined as the ratio of the pressure from the pure 

component to the partial pressure of the component; this entropy term is shown in 

Equation 3-106. 

 
∆𝑆𝑖𝑀𝑖𝑥

= 𝑅̅ ln (
𝑃

𝑃𝑖
) 3-106 

Equation 3-106 then represents the pressure-based entropy of relating the pure component 

to its partial pressure, which is represented by Equation 3-58. 

 𝑃𝑖 = 𝛾𝑖𝑃 3-58 

Substituting Equation 3-58 into Equation 3-106 may be simplified further to give Equation 

3-107, which is the equation for the entropy of mixing, as shown by Sussman [16]. 

 ∆𝑆𝑖𝑀𝑖𝑥
= −𝑅̅ ln(𝛾𝑖) 3-107 

[16] 

p 321 

Since there is a difference in composition compared with the environment, there is a 

difference in the free energy of mixing in the gas phase. This change represents the 

reversible work potential of taking the compositions to that of the dead state. There is then 

the potential to extract work from the system. Even if this work is not technologically 

feasible to extract, it must be taken into account for an exergy analysis of an open system 

and becomes what is known as lost work in a later part of an exergy analysis. 

Substituting Equation 3-107 into Equation 3-105 gives the chemical potentials of the system 

at the reference and dead states, Equations 3-108 and 3-109, respectively. 

 𝜇𝑖0
= ∆𝐺𝑖0

= 𝑇0𝑅̅ ln(𝛾𝑖0
) 3-108 

 𝜇𝑖00
= ∆𝐺𝑖00

= 𝑇0𝑅̅ ln(𝛾𝑖00
) 3-109 

From here, these terms can be directly substituted into Equation 3-104, and simplifying 

gives Equation 3-110. 

 
𝑒𝑥𝐶𝐻 = ∑[𝑇0𝑅̅ ln(𝛾𝑖0

) − 𝑇0𝑅̅ ln(𝛾𝑖00
)]

𝑇0,𝑃0
𝑥𝑖0

∞

𝑖=0

 
3-110 
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𝑒𝑥𝐶𝐻 = 𝑇0𝑅̅ ∑ 𝑥𝑖00
[ln (

𝛾𝑖0

𝛾𝑖00

)]
𝑇0,𝑃0

∞

𝑖=0

 

It is important to consider each phase independently here, because each phase acts 

differently when mixed.  

The gas phase chemical exergies can be calculated using Equation 3-29. 

 
𝑒𝑥𝑖𝐺

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖0𝑜
ln (

𝛾𝑖0

𝛾𝑖00

) 3-29 

Now the phase specific molar fractions need to be found, using Equation 3-57. 

 𝛾𝑖𝐺
=

𝑥𝑖

𝑥𝐺
 3-57 

The above formulation works well for ideal gas systems. However, for ideal liquid and ideal 

solids, this does not hold true.  

“The free energy of mixing of liquid or solid solutions is equal to the free energy of mixing of 

the vapour mixtures that are in equilibrium with these solutions. The reason for this is that 

there is no change in free energy when one moves matter from one equilibrium phase to 

another.” - [16] p319. 

This statement means that the exergy for mixing of ideal liquid and solid-phase components 

is equal to the change in the free energy of the component vapour. The mixing of this phase 

is then calculated by the change from each component’s saturation pressure, to the actual 

vapour pressure of the mixture. This result is then the pressure-based exergy calculated 

for 𝑃𝑖0

𝑆𝑎𝑡 to 𝑃𝑖00
 for each component in the solid and liquid phases. 

Since this is an open system, and the solids and liquid phases are in equilibrium with the gas 

phase, via the sorption isotherm, 𝑃𝐿00
= 𝑃𝑉00

 and since the solid has no significant vapour 

pressure, it is assumed that it is already in equilibrium, and the vapour pressure remains 

constant (𝑃0), or at the dead state condition for this part of the analysis. 
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A sorption isotherm is used to determine the equilibrium state with the environment. This 

equilibrium state is then used as the composition of the dead state. The sorption isotherm 

used for skim milk powder is shown in Equation 3-65. 

The solution procedure is the same as with the temperature-based exergy term. There is 

now an iterative calculation that needs to take place, and the method is listed again here: 

1.  𝛾𝑉0
 using (eq. 3-57) 

2. 𝑃𝑉0
 using (eq. 3-58) 

3. 𝑇𝐷𝑃 using (eq. 3-59) 

4. 𝑃𝑉00

𝑆𝑎𝑡 using (eq. 3-60) 

5. 𝛾𝑉00
 initial guess using (eq. 3-61) 

Then iteration needs to be done on steps 6 to 11. 

6. 𝑃𝑉00
 from (eq. 3-58) 

7. 𝑛𝐿0
, 𝑛𝑉0

 using (eq. 3-62) 

8. 𝛾𝐿00
 using (eq. 3-65) 

9. 𝑛𝐿00
 using (eq. 3-67) 

10. 𝑛𝑉00
 using (eq. 3-68) 

11. 𝛾𝑉00
 new using (eq. 3-57) 

Equation 3-70 should not be applied here, since the chemical exergy accounts for the 

transfer between closed and open systems. Assuming a rapid transfer of vapour away from 

the liquid surface, the vapour pressure will be taken as that of the dead state. From here, 

the solid and liquid phase mixing exergies can be found. Recall Equation 3-107, which is the 

general definition of mixing entropy.  

Now that the component fraction that changes phase has been obtained, it is necessary to 

take that into account. As with the pressure-based exergy, the enthalpy and entropy of 

evaporation should be determined at the vapour pressure of the solution, as shown in 

Equations 3-111 and 3-112.  

 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡.𝑉(𝑃𝑉) − ℎ𝑆𝑎𝑡.𝐿(𝑃𝑉) 3-111 

 ∆𝑠∆𝑉 = 𝑠𝑆𝑎𝑡.𝑉(𝑃𝑉) − 𝑠𝑆𝑎𝑡.𝐿(𝑃𝑉) 3-112 
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All of the resulting vapour is to be used in the gas phase equation (Equation 3-29), while the 

remaining liquid needs to be calculated using the solids and liquids phase exergy calculation, 

Equation 3-30. 

 
∆𝑆𝑖𝑀𝑖𝑥

= 𝑅̅ ln (
𝑃

𝑃𝑖
) 3-107 

Since the pressure of the ideal solution is the vapour pressure of the solution at the 

reference state, the pure component saturation pressure is the starting pressure i.e. 

𝑃 = 𝑃𝑖0

𝑆𝑎𝑡. As a result, Equation 3-107 becomes Equation 3-113 for point 0, and Equation 

3-114 for point 00. 

 
𝑒𝑥𝑖0

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖0

𝑆𝑎𝑡

𝑃𝑖0

) 3-113 

 
𝑒𝑥𝑖00

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖00

𝑆𝑎𝑡

𝑃𝑖00

) 3-114 

The change in chemical exergy is then the difference between 3-113 and 3-114, or Equation 

3-115. 

 
𝑒𝑥𝑖0

𝐶𝐻 − 𝑒𝑥𝑖00

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖0

𝑆𝑎𝑡

𝑃𝑖0

) − 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖00

𝑆𝑎𝑡

𝑃𝑖00

) 3-115 

Since 𝑇0 = 𝑇00 and 𝑃0 = 𝑃00, 𝑃𝑖0

𝑆𝑎𝑡 = 𝑃𝑖00

𝑆𝑎𝑡. Equation 3-115 then solves to give Equation 

3-116. 

 
𝑒𝑥𝑖

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖00
ln (

𝑃𝑖00

𝑃𝑖0

) 3-116 

NOTE 3-3: In this case, the terms Pi0 and Pi00 represent the vapour pressures of component i at the 

reference and dead state conditions, respectively. 

Equation 3-117 represents the summation of the chemical exergy components. 

 𝑒𝑥𝐶𝐻 = 𝑒𝑥𝐷𝐴
𝐶𝐻 + 𝑒𝑥𝑉

𝐶𝐻 + 𝑒𝑥𝐿
𝐶𝐻 + 𝑒𝑥𝑆

𝐶𝐻 + 𝑒𝑥∆𝑉
𝐶𝐻 3-117 
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Chapter 4 Inversion Temperature and Pinch Analysis 

This chapter has been published in the journal “Drying Technology” [1] and shows the ability 

of pinch analysis and the inversion temperature to assist in process selection and 

optimisation techniques for drying systems. 

This analysis is suitable for all dryer applications, as long as the inlet conditions to the dryer 

are sufficient to dry the product sufficiently. The effects of humidity and flowrate on the 

inversion temperature have also been studied in this work. 

This inversion temperature is an example of a simple rule of thumb for drying agent 

selection and should only be used as a starting point in initial design considerations. More 

rigorous macro-scale energy analyses should then be used to confirm the results. This more 

rigorous analysis should include both thermal and mechanical work as sources of energy, as 

well as the cost potential of these energy sources.  

4.1Constraints/Assumptions 

• The dryer is a well-insulated adiabatic continuous co-current short-form spray dryer. 

• The dryer is well mixed and equilibrium limited [13, 14].  

• The flow rate of gas entering the dryer is 21 kg.s-1, and the liquid solution flow rate is 

2.5 kg.s-1 of 50 wt% milk solids.  

o This assumption was used to be representative of what is found industrially after 

milk has been evaporated in a pre-process and is still sufficiently free flowing to 

pass through the nozzle in the spray dryer [14, 118, 119]. 

• An approach temperature of 20OC will be used for the pinch analysis and dryer outlet 

temperature [13]. 

o This is a well known to industrial operators in the Australian and New Zealand 

dairy industry. 

o Another reason for this offset was to use a simplistic method to estimate internal 

losses, as the dryer would not come to equilibrium. It does not come exactly to 

equilibrium – see my main point above. 
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o A short form dryer may not have enough contact time to get a closer exit 

temperature (this could essentially estimate a dryer that is too small for the 

flow).  

• The drying rate will not be studied, instead the results of the mass and energy balance 

will be utilised to represent the dryer. 

• Utilities analysis will not be undertaken here, and neither will the heat exchanger 

network diagrams, as the system is too simple for these pinch processes to be utilised 

effectively. 

• The system boundaries are where each inlet and outlet stream are found to be at 

ambient conditions. 

4.2Inversion Temperature 

The inversion temperature for the system, which will be studied throughout this chapter, 

can be found using the methodology as set out by Costa and Neto da Silva [63]. This 

comparison between air and steam systems applies for very specific conditions, namely the 

unhindered drying period. This procedure then determines at what temperature the drying 

rate is the same for both the convective air and superheated steam dryers, meaning that 

the size of the dryer is then the same.  

Since an adiabatic dryer is mainly being discussed, it is worth noting that a simplified 

Adiabatic Saturation Inversion Temperature (ASIT) was used to determine the result. 

Because of the nature of the information required for the inversion temperature calculation, 

there is no need for an initial mass and energy balance (MEB) over the system. This situation 

means that, from this inversion temperature analysis, it is possible to find a suitable starting 

temperature to use for the MEB in the next stage. 

The dryer will be assumed to approach equilibrium between the gas and solids at the outlet. 

A justification for this assumption is the works of Ozmen and Langrish [14], and Bahu [13] , 

who found that this assumption was a reasonable first estimate for the conditions of the gas 

and the solids at the end of many co-current spray dryers. For the analysis, the dryer will be 

coupled with the separation device into one unit, for the purposes of simplifying the 

analysis. This procedure gives two streams in and two streams out. 



100 

 

4.2.1Required Data 

• Inlet Flows 

• Condition of inlet flows (humidity, temperature, flow rate) 

• Latent heat of vaporisation of the evaporating fluid (water): 

o At 100OC , and  

o At the inlet dew point temperature 

• Dew point temperature at the inlet; and 

• Specific heat capacities of the system (Cp’s). 

4.2.2Discussion 

The resulting inversion temperature is 182OC for a humidity of 6 gW.kgDA
-1. This temperature 

is within the specified range for inversion temperatures as shown in Figure 5 from Costa and 

Neto da Silva [63]. It must also be noted that this result is independent of the dryer system. 

The mass and energy balance requirements for the dryer are not taken into consideration as 

the ASIT is a kinetic-based parameter. 

The sensitivity of this analysis is important in that the inlet humidity of the air changes 

constantly, along with the flowrates of both the solids mixture and the drying gas. This 

change will inevitably alter the results based on the factors shown within the β parameter in 

Equation 2-1. The effect of humidity on the ASIT is shown in Figure 4-1. 
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Figure 4-1: The effect of inlet air humidity on the ASIT. The steam to air flowrate ratio is constant (1 on a 

mass basis). 

 

Figure 4-1 shows that the inlet humidity does not have a large effect on the inversion 

temperature until the inlet humidity becomes very small (below 2 gW.kgDA
-1). The inversion 

temperatures range between 170-200OC for the studied conditions. 
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Figure 4-2: Effect of flow ratio on the ASIT, humidity fixed at 6 g
W

.kg
DA

-1. 

 

Figure 4-2 shows the effect of using a different mass flow rate of air and steam on the 

inversion temperature. This effect does have a limit, due to the term β/(1-β) in Equation 2-1, 

where β is a function of the mass flow ratio of humid air and steam being used, which 

means β must be less than unity. The relationship between the flow ratio and ASIT is clear 

from Figure 4-2. If it is assumed that the flow variations are similar in both the air and steam 

systems, then there is no need to go into further detail regarding the effect of this 

parameter. 

4.3Mass and Energy Balances for the Dryers 

For any detailed thermodynamic analysis of processes, the MEB’s need to be completed 

first. A brief explanation of the assumptions and methods will be discussed before 

comparing the results of using the ASIT with a PA. 

A case study of the temperature effects on the dryness of the solids at the outlet was 

completed to ensure that the dryer had sufficient energy to dry the solids. The results are 
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shown in Figure 4-3. The shaded region shows a region where there is insufficient energy to 

dry the solids. This occurs at an inlet gas temperature below 184OC.  

It is clear that the inversion temperature of 182OC is below the lower limit of an effective 

dryer, i.e. 184OC, for the steam dryer. The air dryer has a much lower outlet temperature 

limitation, and as a result it can operate at much lower inlet temperatures. The required 

energy for the steam system is considerably lower for all temperatures above this 

restriction. As seen in Figure 4-3, the steam system achieves lower solids moisture contents 

than the air system above an inlet gas temperature of 184OC. 

 

Figure 4-3: The effect of temperature on effectiveness of the dryer. Flowrates constant at 21 kg.s-1. 

4.3.1Convective Air Dryer 

A simple system will be studied in this chapter, consisting of an air pre-heater, solution pre-

heater, spray dryer, solids separator, and some coolers, as shown in Figure 4-4. The mass 

and energy balance over the studied dryer system is based on the work of Reay [120]. The 

following assumptions have been used to assess the mass balance and to ensure that the 

inversion temperature can be compared fairly with the PA.  
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The solids temperature was not allowed to drop below the dew-point temperature of the 

outlet conditions, and the gas outlet temperature from the dryer system is offset by 20OC, 

i.e. the outlet stream of gas is 20OC hotter than the solids outlet. This offset has been 

assumed primarily to represent some driving force remaining at the outlet of the dryer, and 

to represent the pseudo temperatures to be applied to the dryer streams for the PA. This 

offset is reasonable according to the literature [61]. 

The process given in Figure 4-4 shows humid air (S-01 to S-03) entering the pre-heating 

sequence of exchangers (E-1 and E-2) before entering the dryer (D-1) at 190OC. The wet 

solids stream (S-08 to S-09) is pre-heated (E-4) to 60OC before entering the dryer. S-04 is an 

intermediate stream between the dryer and solids-separation device (C-1). This is a mixed 

phase stream of very humid gas and dried solids. The solid phase (S-10) and gas phase (S-05) 

are separated here and both are cooled back to ambient conditions, the gas via a 2-stage 

process including the pre-heater (E-1) and E-3, while the solids are cooled using E-5. 
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Figure 4-4: A PFD of the tested system with a convective air dryer. The region in the dashed box refers to 

Figure 4-8 and Figure 4-9. Refer to Table 4-1 for stream descriptions and mass and energy balance. 
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Figure 4-5: The effect of dryer outlet ∆T on energy recovery and outlet solids moisture content (Air). 

 

Figure 4-5 shows the effect of changing the temperature offset for the dryer outlet on the 

air dryer. As the temperature offset increases, the recovered energy (from the PA) 

decreases, while the outlet solids moisture content increases. The Sticky Point Temperature 

(TSP) has been plotted here to show that its calculated value is equally affected by the offset 

since it is closely linked to the solids moisture content at the outlet of the dryer. While the 

outlet temperature cannot be controlled in any sensible manner, this shows how important 

the design of the dryer is, the closer to equilibrium (left side) of the plot you can achieve, 

the more efficient the system becomes. 
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Figure 4-6: The effect of dryer outlet ∆T on energy recovery and outlet solids moisture content (SS). 

 

Figure 4-6 shows the effect of changing the temperature offset for the dryer outlet, with the 

superheated steam dryer. As the temperature offset increases, the solids temperature is 

affected more, until the solids temperature reaches 100OC. The solids moisture content is 

not affected by this temperature offset below an offset of 25OC. Due to the conservative 

approach taken in the PA, an offset of 20OC was chosen to allow a simple integration of the 

dryer with the analysis. 

In order to prepare for the PA, it is essential to specify the system inlet and outlet conditions 

at ambient conditions (25OC, 1 atm), or the lowest temperature present in the system. This 

assumption gives the maximum energy recoverable from these streams while also 

maximising the cooling utility requirements for this minimum heating. If cooling these 

streams is found to be wasteful, or not required, then these coolers may be simply removed 

to create a more realistic energy solution. 

If it is found that the given conditions are not sufficient to achieve good overall drying, the 

dryer inlet temperature should be manipulated to the point where it is sufficient. In this 
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instance 190OC is used as it is above the minimum inlet temperature of 184OC. The results of 

the MEB for the system are shown in Table 4-1. 

Table 4-1: The mass and energy balance (MEB) results for the air system in Figure 4-4. 

Stream Properties 

Stream Description Temp. Cp Enthalpy Flowrate Humidity 

 Name   OC kJ.kg-1.K-1 kW kg.s-1 gW.kgDA
-1 

S-01 Fresh air inlet 25 1.01 811 21 6.0 

S-02 Pre-heated air 58 1.01 1,508 21 6.0 

S-03 Air feed to dryer 190 1.01 4,296 21 6.0 

S-04 Dryer outlet 77 1.10 4,722 23.5 59.1 

S-05 Humid air out 78 1.05 4,604 22.11 59.1 

S-06 Exchanged gas out 48 1.05 3,905 22.11 59.1 

S-07 Ambient flue gas 25 1.13 1,686 22.11 22.5 

S-08 Ambient solution feed 25 2.84 178 2.5   

S-09 Solution feed 60 2.84 426 2.5   

S-10 Solids removal 59 1.77 146 1.39   

S-11 Ambient solids 25 1.77 62 1.39   

 

The evaporation of liquid into gas occurs gradually through the dryer and not stepwise, 

meaning there is no particular point or preferred region in the dryer where the evaporation 

change occurs. This energy system cannot be easily represented as a function of 

temperature, as pinch plots. In order to do a MEB over the dryer, a linear approximation, or 

in-to-out calculation, of the profile of energy as a function of temperature in the dryer has 

been used. This procedure is a suitable estimate, particularly for this early stage of the 

analysis, as it may be used to find better operating conditions in terms of overall energy 

solutions. Taking all of these considerations and limitations into account, Table 4-2 was 

constructed. The results for S-04 (Outlet 4g and Outlet 4s in Table 4-2), when combined, 

represent the section between the dryer and the separator. The results of these 

intermediate streams were found by treating the dryer as two systems, one as a heat 

exchanger and one other as a mass transfer unit. These ‘internal’ results have been used for 

the Conservative Region Estimate (CRE) used in the PA.  
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Table 4-2: Results of the MEB for the convective air dryer. 

Convective Air Dryer Mass Balance 

Stream Flow Temp Humidity WaterLiq Solids Wet Gas Ave Cp 

Symbol Q T Y Lw S Gw Cp 

Units kg.s-1 OC gw.kgDA
-1 kg.s-1 kg.s-1 kg.s-1 kJ.kg-1K-1 

Gas In (3) 21 190 0.006 - - 21 1.01 

Soln In (9) 2.5 60 - 1.25 1.25 - 2.84 

Outlet (4g) 21 75.69 0.006 - - 21 1.01 

Outlet (4s) 2.5 55.69 - 0.1 1.25 1.15 1.83 

Outlet (5) 22.15 73.57 0.061 - - 22.15 1.06 

Outlet (10) 1.35 57.59 - 0.1 1.25 - 1.71 

 

However, an overall MEB approach, by definition, cannot find internal operational savings. 

Determining the inlet and outlet conditions is critical for managing the energy potential of 

the system and is a simple starting point before the design of the actual drying unit is 

needed or the dryer is modelled. 

4.3.2Superheated Steam 

Using similar conditions to the example for hot air, it is possible to compare superheated 

steam as a water-stripping agent in a spray-drying system. The first point that should be 

considered in this new system is to keep the steam as close to atmospheric pressure as 

possible throughout the process to reduce the amount of electrical energy to be used for 

fans, blowers or compressors, and to minimise the operating costs associated with pressure 

vessels.  

Because steam is being used in this process, it has the potential to reduce the energy 

requirements of the pre-heaters, since the steam may be recirculated readily. For 

superheated steam to be effective, the outlet temperature for the dryer must be above the 

dew-point, or condensation temperature (100OC at 1 atm). The condensation temperature 

is traditionally manipulated using pressure changes in the system, e.g. a low condensation 

temperature may be achieved in a partial vacuum. The system that is to be represented 

here is shown in Figure 4-7. 

For this system to be compared with the previously studied air system, the basis for 

comparison that was chosen was the inlet conditions for the dryer, or the 190OC gas inlet 

temperature. This basis then allowed for a comparison of the overall mass and energy 

transfer and the evaporation efficiencies for both systems. 
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The model that was used is a slight variation on the MEB described for the air system, based 

on the works of Reay and Langrish [12]. The biggest difference is that the humidity (Y) in the 

air system was replaced by the superheat number (Ψ) for the steam system. The definition 

of this parameter is shown in Equation 4-1. This number is the ratio of the actual steam 

vapour pressure to the steam saturation pressure. 

 Ψ =
𝑝𝑉

𝑝𝑉𝑆𝑎𝑡.𝑇

 4-1 

A mass and energy balance over the dryer was completed and the results are shown in 

Tables 4-3 and 4-4. The process depicted in Figure 4-7 shows the steam system being 

studied. The process starts with the wet solids stream (S-08 to S-09) being heated to 60OC 

before entering the dryer (D-1). The steam returning side of the loop (S-01) this stream is re-

heated to the gas inlet temperature via a heat exchanger (E-2) before being entering the 

dryer. The dryer outlet (S-04) represents the mixed phase exiting the dryer and entering the 

solids recovery stage where the solids are removed (S-10) from the steam recycle system (S-

05) and cooled (E-5). From this point, the evaporated moisture (S-05) is purged (S-06) 

through a control valve or automatic relief system and then condensed and cooled (E-3).  
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Figure 4-7: A PFD of the superheated steam system. Refer to Table 4-3 for stream descriptions and mass 

and energy balance. 

 

Table 4-3: The MEB results for the steam system shown in Figure 4-7. 

Stream Properties 

Steam Description Temp. Cp Enthalpy Flowrate Superheat 

 Name   OC kJ.kg-1.K-1 kW kg.s-1 Number 

S-01 High quality steam recycle 124.9 2.0 52,568 21.0 0.438 

S-03 Steam feed to dryer 190.0 2.0 55,270 21.0 0.081 

S-04 Dryer outlet 123.7 2.0 55,696 23.5 0.454 

S-05 Steam out 124.9 2.0 55,467 22.2 0.438 

S-06 Steam purge 124.9 2.0 2,899 1.2 0.438 

S-07 Purge to ambient 25.0 4.2 121 1.2   

S-08 Ambient solution feed 25.0 2.8 178 2.5   

S-09 Solution feed to spray dryer 60.0 2.8 426 2.5   

S-10 Solids removal 101.6 1.7 229 1.3   

S-11 Solids to ambient 25.0 1.7 56 1.3   
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Table 4-4: Results of the MEB for the superheated steam dryer. 

Superheated Steam Dryer Mass Balance 

Stream Flow Temp Superheat Number WaterLiq Solids Steam Ave Cp 

Symbol Q T Ψ Lw S Gw Cp 

Units kg.s-1 OC atm.atm-1 kg.s-1 kg.s-1 kg.s-1 kJ.kg-1.K-1 

Gas In (3) 21 190 0.081 - - 21 1.98 

Soln In (9) 2.5 60 - 1.25 1.25 - 2.84 

Outlet (4g) 21 125.7 0.427 - - 21 1.98 

Outlet (4s) 2.5 105.7 0.818 0.09 1.25 1.16 1.82 

Outlet (5) 22.16 124.9 0.438 - - 22.16 1.98 

Outlet (10) 1.34 101.6 - 0.50 1.25 - 2.27 

 

4.4Pinch Analysis 

In order to apply PA to drying, it is important to determine a method of addressing 

composition changes over units, such as the evaporation of water and direct contact heat 

and mass transfer within the dryer. This consideration will help with the visualisation 

aspects of PA, especially when considering options to integrate the dryer into larger 

systems. 

For a general starting method, based on the works of Kemp [61, 74], it is recommended to 

ignore any internal processes, such as the inner workings of the dryer and focus on the 

energy flows on either side of the drying system. 

Once the MEB’s have been completed on the peripheral systems (Tables 4-1 and 4-3), it is 

possible to combine each of the potential heating (hot side) and cooling (cold side) streams 

for the system to give a simple view of the energy flows over each temperature range. Some 

pinch texts [23-25, 61, 69] recommend using a pseudo-temperature for each of the streams 

i.e. a temperature offset between interacting streams.  

This approach is required to get a reasonable offset. For this work 20OC was assumed, and 

this was based on the typical starting assumptions presented by Kemp [61]. The purpose of 

this energy offset is to ensure that the representation of the system is feasible and does not 

violate any kinetic or thermodynamic laws e.g. Heat is not transferred against a temperature 

gradient. 

The large temperature offset is also used for the dryer (even though it is specific to heat 

exchange systems) for a few reasons. The first being for consistency within the PA, in order 

to allow for the visual representation of the dryer to be consistent with the system, having a 
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different pseudo temperature difference may offset the dryer’s position on the plot, even to 

the point of causing an edge case inconsistency in the PA where the dryer incorrectly resides 

entirely above the pinch point. The second is to allow for a simple estimate for thermal 

efficiency losses of drying (a deviation from an outlet equilibrium), which may be a result of 

the drying resonance time being shorter than required. 

4.4.1Adding the Dryer to Pinch 

In this work, the addition of the energy changes within the dryer to the PA was used to 

demonstrate how the energy within the dryer may be used or augmented to save the 

external energy inputs. 

In order to show a representation of what may be happening within the dryer, a linear 

approach at two extremes was used, these two extremes can be defined as the sensible 

heat load, and the evaporative heat loads in isolation as shown in the two-step method 

outlined in Chapter 2, the resulting triangle being the possible area of the dryer curve. This 

approach then provides generalised regions for where the dryer system curves would most 

likely to be located, which will be further referred to as a Conservative Region Estimate 

(CRE). Similar approaches have been used to estimate energy profiles in other mass and 

energy transfer systems with some success [19]. 

The three lines of the CRE boundary are: 

• The thermal only energy change, i.e. if each side of the dryer remains a separated 

stream throughout the dryer, as shown in Figure 4-8, at the same overall 

composition throughout the dryer, reaching an equilibrium temperature. The overall 

outlet solids moisture content is unchanged, i.e. if the dryer is a heat exchanger only. 

• The in-out line, representing the results from the MEB. This line is the overall result 

of the other two lines, the thermal change, and the non-thermal change. 

• The remaining difference that is required from the thermal line and the MEB line 

represents the non-temperature related energy changes within the dryer and 

separator. This line is close to horizontal on the plot.  
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It is important to note that the exit stream of a co-current dryer is typically well mixed and 

not two separated streams. For the overall system of drying to be considered, the system 

shown in Figure 4-9 is combined and used as the dryer component of the analysis.  

These three lines give the two regions as shown in Figure 4-10, which are to be 

accompanied by the hot and cold composite curves for the pre- and post-treatment flows 

before and after the dryer. This approach is based purely on a MEB, not a dryer kinetics 

model, and because of this point, it should only be used as a guide.  

 

Figure 4-8: The representation of the MEB simplification for the dryer and solids removal system. 
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Figure 4-9: The system boundaries for the dryer system curves used in PA. 
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Figure 4-10: The flowchart for calculating the estimates for the different regions. 
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Required Data 

This method requires: 

• Temperature changes in all streams 

• Flow rates 

• Heats of reaction (if any) 

• Heat capacities of each stream 

• Phase change information 

Methodology 

Firstly, the temperature-energy profiles for all of the streams need to be recorded in a table 

as it is necessary to determine if the streams need cooling (hot side) or heating (cold side). 

A temperature offset is applied to each side: (+) for cold and (-) for hot side. These offsets 

are needed to create more realistic temperature profiles and to allow for the stream 

temperatures to never meet exactly (a finite temperature approach) at the ends of the heat 

exchangers. In this example 20OC was used (+10OC to the cold side, -10OC to the hot side). 

This offset was selected based on the texts of Kemp [61], where 20OC was used as a 

reasonable starting point. This offset can be changed at a later stage of the design process 

to optimise each heat unit further. 

The streams are named as follows: 

• H1: the solids cooling to ambient conditions 

• H2: the flue cooling to saturation 

• H3: the flue to ambient cooling (mixed simple and phase change) 

• C1:  the solids feed pre-heater 

• C2:  the air feed pre-heater (heat exchanger) 

• C3:  the air feed heater 
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The intermediate steps for the phase change have been omitted here since there is no clear 

temperature or curve for the air/water system within the dryer, so a linear end point 

analysis was chosen. This estimation method results in a more detailed energy profile 

needing to be analysed when designing the heat exchanger, or a conservative view on the 

sizing will need to be utilised in any design stage of the analysis. 

Temperature ranges need to be determined based on the streams. Each starting and ending 

point for a stream should have a temperature associated with it. For example, stream H2 

goes from 63.6OC down to 23.7OC , while H1 goes from 47.6OC down to 15OC (from the MEB 

in Table 4-1). In this case, it would represent three temperature regions: one where only H1 

needs cooling, one where both H1 and H2 need cooling, and one where only H2 needs 

cooling. This analysis is repeated until all stream temperature ranges are met, as shown in 

Table 4-5. 

Table 4-5: The stream profile table used for pinch analysis (Air). 

Temp. <-- <-- <-- <-- <-- <-- <-- <-- <-- Total m.Cp 

(OC) 15 23.7 35 47.6 63.6 67.6 70 180 200 (kW) (kW.K-1) 

H1 
20.1  26.2  29.1   -   -   -   -   -    75.3  2.3  

(10-11) 

H2 
- 264.7  294.3  373.7   -   -   -   -    932.8  23.4  

(5-6) 

H3 
1,966.5   -   -   -   -   -   -   -    1,966.5  226.6  

(6-7) 

                        

C1 
-  -  89.4  113.5    28.6     17.1   -   -    248.6  7.1  

(8-9) 

C2 
-  -  265.8  337.6    84.9  51.0  2,323.4  422.4    3,485.2  21.1  

(1-3) 

                        

Dh 
-  -   -   -    10.1  6.1  277.0   -    293.2  2.5  

(3-5) 

Dc 
-  -   -   -   -  293.2   -   -    293.2  121.5  

(9-10) 

 

Further clarification on Table 4-5 is that the each cell within the table is the energy load for 

that stream between the temperature in the column, and the temperature in the column to 

the right – for example the cell (row H2, column <--35) refers to the energy required in that 

interval, as shown here. 
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 ∆𝐻 = 𝑚𝐶𝑝∆𝑇 

= 23.4 × (47.6 − 35) 

= 294.3 𝑘𝑊 

 

 Where: 

𝑚𝐶𝑝 = 23.4 𝑘𝑊. 𝐾−1 

∆𝑇 = (47.6 − 35) 𝐾 

 

 

This table (Table 4-5) is a useful intermediate step for pinch analysis as it then allows for the 

addition of energy loads within each temperature interval, so batch processing can be 

achieved in a straightforward manner. From here, the summation of the total heating and 

cooling requirements within each temperature region are accumulated and tabulated in the 

first three columns of Table 4-6.  

The temperature change in the region (column 4) and average heat flux is found (column 5) 

in Table 4-6, and then the total required energy per region is calculated (column 6). 

Alternatively, the energy per region may be found directly from columns 2 and 3 using 

Equation 4-2. These interval energy requirements are then summed cumulatively, or 

cascade from hot to cold representing a system where the excess heat from one interval is 

fed into the next. 

 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = ∑(|𝑄𝐻𝑜𝑡| − |𝑄𝐶𝑜𝑙𝑑|) 4-2 

-[61] 

In order to find the required utilities, the cascaded energy profile should be used. The 

minimum heat required for the system is the most negative number, highlighted for ease of 

viewing in Table 4-6. This minimum heat is then used to start the new summation from hot 

to cold, giving the minimum heating utility requirement and the required cooling utility. 

Table 4-6: The overall profile and cascade pinch profiles (Air).  
Hot 

(kW) 
Cold 
(kW) 

∆T 
(K) 

CpH-CpC 
(kW.K-1) 

Interval 
(kW) 

Cascade 
(kW) 

New 
(kW) 

Heat Utility  0.0 3,036.6 

200-180 0.0 422.4 20.0 -21.1 -422.4 -422.4 2,614.2 

180-70 0.0 2,323.4 110.0 -21.1 -2,323.4 -2,745.9 290.7 

70-67.59 0.0 68.1 2.4 -28.2 -68.1 -2,814.0 222.6 
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67.59-65.69 0.0 53.5 1.9 -28.2 -53.5 -2,867.5 169.1 

65.69-63.57 0.0 59.9 2.1 -28.2 -59.9 -2,927.5 109.2 

63.57-47.59 373.7 451.1 16.0 -4.8 -77.3 -3,004.8 31.8 

47.59-35 323.4 355.3 12.6 -2.5 -31.8 -3,036.6 0.0 

35-23.68 290.9 0.0 11.3 25.7 290.9 -2,745.7 290.9 

23.68-15 1,986.5 0.0 8.7 228.9 1986.5 -759.2 2,277.4 

Cold Utility             2,277.4 

 

From Tables 4-5 and 4-6, it is clear that the pinch temperature is 35OC where the cascaded 

energy flow is at its minimum. 

The composite curve(s) can be constructed from the last column of Table 4-6. Taking the 

hottest temperature as the utility point, i.e. for the hot curve, the lowest point is at 15OC, 

while the lowest temperature for the cold curve is 35OC. The overall or Grand Composite 

Curve (GCC) is the plot of the right-most column as a function of temperature; the GCC is 

the cascade energy plot and is very useful for system integrations. 

4.4.2Pinch Analysis: Convective Air Dryer  

The hot and cold side composite curves for this system are shown in Figure 4-11. Using the 

cooling utility calculated in Table 4-6 as the offset for the hot process curve prevents any 

negative net energy flows, and ensure that no part of the cold side curve is above the hot 

side curve. The additions of the dryer curves to these plots, Figures 4-11, 4-13, and 4-14 

(which were calculated based on the procedure described in the section 4.4.1), can be 

important in energy utilisation and auditing, so several different ways of doing this step 

have been investigated. 

Figure 4-11 shows the potential regions where the dryer is most likely to operate. This is an 

important visualisation as it shows both the thermal changes and the overall dryer curves, 

with the resulting line representing the mass transfer component of the drying system as 

described in section 4.4.1. 
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Figure 4-11: Pinch plot for the convective air dryer system with the dryer triangles (Figure 4-10) as 

described on page 113 (Conservative Regions Estimate). 

NOTE 4-1: HC refers to enthalpy of cold, HH refers to enthalpy of hot, HD refers to enthalpy of each 

dryer section. 

 

The above representation of a pinch plot involving a dryer (Figure 4-11) is simple in nature 

and has the core components of the external systems. It is clear that the system pinch 

temperature is different to the outlet temperature of the dryer, which is the internal pinch 

for the dryer. Given this and observing that there is very little energy recovered from 

condensation in the flue gas, it appears that the system is not operating at its full potential. 

This situation can also be seen in Figure 4-11.  

The effectiveness of heat recovery using PA may be increased by reheating the flue gas and 

recirculating the humid air to another drying stage. This process would then increase the 

moisture content of the flue gas to the point where condensation can occur at a high 

enough temperature to recover even more energy. This hypothesis will not be tested here 

as only a single-stage dryer has been studied for this chapter. 

Removing the extra cooling equipment (solids cooler and secondary flue cooler) provides a 

very similar result, since the flue-feed exchanger is represented by the grey region on Figure 

0

50

100

150

200

250

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Te
m

p
e

ra
tu

re
 (o

C
)

Energy Flow (kW)

HC HH HDc HDh DRYER RANGE

Pinch Pseudo Temperature = 35 oC

Dryer 
Region 



122 

 

4-11, of which the lower end is the pinch temperature. This heat exchanger is useful in 

reducing the total energy requirements of the plant by as much as 25-30% at higher inlet 

temperatures (220OC or more). A saving of 18% occurs from pre-heating the feed gas and 

solids feed with the outlet gas, compared with a non-recovery system for an inlet gas 

temperature of 190OC. 

This exchanger becomes more important as the inlet gas temperature rises. This result 

occurs because both the outlet temperature and the outlet humidity (not to be mistaken 

with relative humidity) also rise, allowing more condensation to occur in the heat 

exchanger. As the feed temperature increases, the total energy requirement also needs to 

increase, giving an increased effectiveness, allowing the energy recovery percentage to 

increase only slightly, meaning the total energy wasted increases significantly. The total 

energy saving found within the air system at 190OC is estimated to be 670 kW, with a 

further 3.0 MW required for the system, giving an outlet moisture content of 113 gW.kgS
-1. 

Increasing the inlet temperature to 220OC yields figures of 24% recovery with 1.08 MW 

saved and 3.1 MW still required for an outlet solids moisture content of 62 gW.kgS
-1. The 

results of this sensitivity analysis can be seen in Figure 4-12. 
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Figure 4-12: The effect of inlet air temperature on the PA of the convective air system. 

 

Figure 4-13 shows only the in-out curves for the dryer. Figure 4-13 is a simplified version of 

Figure 4-11 and is an overall representation of the final dryer system. Note also that these 

curves have not been added to the pinch plot, as no integration is available at this stage. If 

there was a heat source that needed to be cooled before being discharged, it could be used 

as a temperature booster within the dryer, or be integrated into the pre-heating system. 
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Figure 4-13: The in-out pinch analysis of the convective air dryer (using end points only). 

NOTE 4-2: The Dryer Region shown in this image differs from that in Figure 4-11 due to only showing 

the endpoint (overall) lines, this was used to highlight the difference between internal and external effects 

more clearly. 

 

These curves show that there is no unique way to represent the system for all conditions 

and dryer arrangements, or for an overall analysis of the system, to identify energy saving 

areas. Ideally if the actual dryer profiles are determined, they should be put in place of the 

dryer region or in-out representations shown here. 

Figure 4-14 shows the Grand Composite Curve (GCC), discussed after Table 4-6, for the air 

dryer system and is very useful for utility analysis and process options. The GCC is 

constructed by calculating the net surplus energy per interval available in the system and is 

a useful way to see the pinch point(s). The GCC is the representation of the final column of 

Table 4-6 and is the easiest graphical approach to determine the optimum utility qualities 

and quantities required. For this work and this simple two-stream system, this analysis is 

adequate. For more complex systems, a full PA is required to make an informed choice 

regarding the heat exchanger network required. 
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Figure 4-14: The GCC for the air system, which is the graphical representation of the last column in 

Table 4-6. 
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• C1  :  the solids pre-heater 

• C2 :  the steam re-heater 

The hot and cold curves for the purge valve example are shown in Figures 4-15, and 4-16. 

Tables 4-7 and 4-8 are the pinch tables for the steam system utilising a partial condenser as 

the steam purge device. 

 

Figure 4-15: The hot and cold curves for the superheated steam dryer. 
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Table 4-7: The stream profile table used for PA (SS). 

Temp. <-- <-- <-- <-- <-- <-- <-- <-- <-- <-- <-- <-- Total Cp 

(OC) 15 35 70 90 91.6 95.7 111.6 114.9 115.7 134.9 180 200 (kW) (kW.K-1) 

H1 
45.2 79.1 45.2 3.6 - - - - - - -  173.0 2.3 

(10-11) 

H2a 
- - - 3.6 9.5 36.3 7.6 - - - -  56.9 2.3 

(6-7DP) 

H2b 
- - - 2,358 - - - - - - -  2,357.9 -- 

(6-7c) 

H2c 
96.9 169.6 96.8 - - - - - - - -  363.2 4.8 

(6-7a)                
C1 

- - - - - - - - - 1,873 829.8  2,702.4 41.5 
(2-3) 

C2 
- 248.6 - - - - - - - - -  248.6 7.1 

(8-9)                
Dh 

- - - - - - - 2.5 57.9 136.4 -  196.8 3.0 
(3-5) 

Dc 
- - 4.6 7.5 19.6 75.1 - - - - -  196.8 4.7 

(9-10) 

 

Table 4-8: The overall profile and cascade pinch profiles (SS). 

RANGE Hot 
(kW) 

Cold 
(kW) 

∆T 
(K) 

CpH-CpC 
(kW.K-1) 

Interval 
(kW) 

Cascade 
(kW) 

NEW 
(kW) 

Heat Utility  0.0 2,702.4 

200-180 - 829.8 20.0 -41.5 -829.8 -829.8 1,872.6 

180-134.9 - 1,872.6 45.1 -41.5 -1,872.6 -2,702.4 - 

134.9-114.9 - - 20.0 - - -2,702.4 - 

114.9-111.56 7.6 - 3.3 2.3 7.6 -2,694.8 7.6 

111.6-95.7 36.3 - 15.9 2.3 36.3 -2,658.5 43.9 

95.7-91.6 9.5 - 4.1 2.3 9.5 -2,649.0 53.3 

91.6-90 2,365.1 - 1.6 1,478.2 2,365.12 -283.9 2,418.4 

90-70 142.0 - 20.0 7.1 142.0 -142.1 2,560.3 

70-35 248.6 248.6 35.0 - - -142.1 2,560.3 

35-15 142.1 - 20.0 7.1 142.1 - 2,702.4 

Cold Utility             2,702.4 

 

Comparing this example with that of the air system above, the energy savings are 250 kW of 

the 2,950 kW total heating requirement. This amount is a saving of 8.4%, but this is not 

where the greatest saving can come from the steam system. Taking into account the lower 

region of condensation below the system pinch, and the dryer outlet temperature, there is 

still another 2,450 kW of energy available in the form of condensing steam, producing a 

total energy recovery potential of 91%.  

This amount is sizable and can be integrated readily with other systems. Hence, for this 

example, the air system has a better internal energy saving potential of 18% compared with 
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the 8.4% for the steam system, while the steam system has far better overall energy saving 

potential when integrated with other unit operations. This result occurs because the steam 

system has the ability to recover all of the latent heat of evaporation from the steam by 

condensing the outlet vent stream. 

 The result of changing the inlet temperature on the energy saving potential of the steam 

system is shown in Figure 4-16. It is clear that, when compared with Figure 4-12, the steam 

system is far less sensitive to changes in the inlet temperature than the air system. The GCC 

for the steam system is shown in Figure 4-17. 

 

Figure 4-16: The effect of temperature on the steam system (sensitivity). 
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Figure 4-17: The GCC for the superheated steam system, which is the graphical representation of the last 

column in Table 4-8. 

 

4.4.3Pinch Discussion 

Within the steam system, the pinch temperature is the same temperature as the outlet to 

the dryer. This result is a good indication that the dryer is the pinch limiting unit for the 

system, and the pinch analysis will be highly reliant on the conditions leaving the dryer. As a 

result of this, the most important changes to the system are to the dryer, and not to the 

peripheral system. This situation is not the same for the air system, with a pinch 

temperature that is close to ambient conditions. This result indicates that the energy 

recovery system is the most important component of that thermal system. 

From the GCC’s for the air and superheated steam systems (shown in Figure 4-18), it is clear 

that the energy profiles within the dryers are not too dissimilar (based on the input-output 
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Figure 4-18: A direct comparison between the air and superheated steam dryer GCC curves. 
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that there is not enough energy to dry the solids sufficiently below the calculated limit of 

184OC. 

In this section, only a MEB over the dryer has been utilised, and as such a drying-rate model 

has not been used to confirm the findings of the inversion temperature. Instead a PA has 

been used to confirm if the dryer system is related to the energy utilisation within the dryer 

itself. The results of the PA confirm that the steam system is indeed less energy intensive, 

which results in a better energy recycle potential, as shown in Figure 4-18. This has 

implications for the difference in total energy savings and for energy utilisation. Energy 

savings will ultimately occur on the heat recovery and recycle sides of this analysis, while 

the rate at which the dryer operates is more linked to the size and effectiveness of the dryer 

(which are not studied in detail here). 

A sensitivity analysis was carried out for the MEB model and PA results, and Figures 4-19, 4-

20 and 4-21 show the results of this analysis. 

 

Figure 4-19: The temperature profiles of the dryers as a function of inlet gas temperature (21 kg.s-1 air 

flow rate). 
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Figure 4-20: The energy profiles of the dryers as a function of the inlet gas temperature (21 kg.s-1 air flow 

rate). Lines are on the left axis unless marked. 
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Figure 4-21: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the 

inlet gas temperature (21 kg.s-1 air flow rate). 
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It must also be noted that, since the steam system is primarily a recycle system, the start-up 

energy requirements have not been considered, and would become less significant the 

longer the system is in continuous operation. Figure 4-20 also has the plot of the moisture 

content of the solids at the outlet, which shows a diminishing effect of temperature on the 

evaporation of moisture above 184OC. This effect relates to outlet solids moisture 

specifications. For example, for a moisture content of 0.05 kg of water per kg of solids, the 

steam inlet temperature required is 205OC, while the air system requires 232OC.  

Figure 4-21 shows the energy required per unit of evaporated water. It is clear that air 

requires more energy in relation to steam as the specified moisture content decreases and 

the inlet gas temperature increases. From these plots it appears that the steam system is 

less reliant on the inlet temperature being above 184OC than the air system; the air system 

wastes more energy for every kg of evaporated water above this temperature. The steam 

system also has the same trend, but it is far less severe.  

Figure 4-21 also shows that the energy lost for the steam system stays low at higher 

temperatures, while the air system loses more energy as the temperature increases. This 

effect is also seen in Figures 4-12 and 4-16. Since the steam system includes a recycle where 

the excess steam is purged continuously, the pinch energy profile is almost identical to the 

heating requirement for the system. Another side effect is that, since all of the feed is 

purged at ambient conditions and fed at ambient conditions (in this analysis), all the 

evaporated liquid is condensed, and thus the cooling requirements will match the heating 

requirements for the superheated-steam system.  

This result suggests the inversion temperature is useful for dryer sizing because it is a 

kinetics-based estimate of drying. This feature is not sufficient to understand the energy 

utilisation within or around the dryers, so it is important that the inversion temperature is 

integrated with a MEB to determine any system limitations, which the IT does not take into 

consideration. From there a simple PA can be used to further optimise the system in terms 

of heat recovery, or the thermodynamic performance of the system. In effect, the combined 

approach of the drying kinetic parametric analysis and a system-wide thermodynamic 

analysis can give a more balanced assessment of the system than either on its own. The 

inversion temperature gives an indication of dryer size by using a kinetics-based evaluation, 
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similar to a capital cost (CAPEX) comparison, while the pinch temperature, which 

determines recoverable energy by using a thermodynamic method, produces an operational 

cost comparison (OPEX), even if other factors are not taken into account, such as capital 

costs for other equipment, labour costs, maintenance, and other running costs. 

It must also be noted that the air system is more sensitive to inlet gas temperature changes 

than the steam system, as shown in Figure 4-20, where the required energy input for the air 

system Q in Total (Air) increases significantly with temperature, while the steam system 

does not. This result means the steam system is less sensitive to temperature changes for 

energy utilisation within the dryer than the air system, yet both are equally sensitive in 

terms of the outlet solids moisture content as a function of inlet gas temperature 

fluctuations.  

Also, for the calculated IT, the flow rates of the humid air and superheated steam systems 

were the same. This situation means the comparison would not be complete without 

comparing the effect of gas flow on the system. This comparison has been done for the 

same values as for the temperature profiles (Figure 4-22, 4-23, and 4-24). The mass flow 

rate of air is assumed to be equal to the mass flow rate of steam. 
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Figure 4-22: The energy profiles of the dryers as a function of inlet gas flowrate, at an inlet gas 

temperature of 182OC. Lines are on the left axis unless marked. 
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Figure 4-23: The temperature profiles of the dryers as a function of inlet gas flowrate, at an inlet gas 

temperature of 182OC. 
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Figure 4-24: The energy use and loss per moisture evaporation profiles for the dryer, as a function of the 

inlet gas flowrate, at an inlet gas temperature of 182OC. 
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system increases above this flow rate and the energy recovery per unit of moisture 

evaporated increases.  

Figure 4-24 shows that the flow rates of the two systems have very little impact on their 

energy recovery profiles. The gradient of all the curves (e.g. energy used per unit of water 

evaporated) is steeper for the effect of the inlet air temperature than for the effect of the 

gas flow rate. This result means that changing the flow rate of gas (within the plant limits) 

may be a better option for saving energy while ensuring that the material is adequately 

dried than to consider changing the system temperature. The disadvantage of this, 

however, is that for a higher gas flow rate, a larger blower or fan is required, taking more 

non-thermal energy to circulate the drying gas within the drying system. 

Since the analysis has not studied the rate at which the drying occurs, only the mass and 

energy balance around the dryer, no conclusions can be reached from this analysis about 

the dryer size, or capital cost, except the indication from the ASIT that the drying rate is 

faster for superheated steam than air above 182OC. It must be noted that the ASIT is based 

on the drying kinetics within the unhindered period of drying and is not a complete drying 

kinetics model, and this point should be considered when using it as a basis for comparing 

air and steam drying without other justifications. As with the temperature-based 

comparison of steam and air energy usage, it is clear that the air system is more energy 

sensitive to changes in inlet gas flowrate than the steam system, as shown by the slopes of 

the total energy requirement lines in Figure 4-24. 

From the above analysis, steam drying outperforms air drying in many aspects, yet it is still 

not widely used in industrial drying processes. This outcome may be due to other factors 

involved in the differences between the systems, such as the larger compressor or blower 

used for steam recirculation than for the air system, and the potential for solids to be 

entrained into the recycle stream, which can damage such devices (blowers, compressors, 

injectors, etc.) and higher fouling rates on both the heat-transfer surfaces and within the 

dryer for steam drying [59]. 

4.6Conclusions 

The inversion temperature for this system was estimated at 182OC. Since this temperature is 

just below the temperature (184OC) where the steam dryer reaches a feasible outlet 
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condition (outlet solids temperature above the dew point), superheated steam dryers are 

likely to be smaller than air dryers for all feasible drying conditions, while the air system 

allows for lower inlet temperatures to be used.  

The recoverable (saved) energy from both the air and steam systems is high using PA at the 

studied conditions. Pre-heating the feed gas and solids with the dryer outlet gases yields 

energy savings of 18% for the air system and 8.4% for the steam systems. The steam system 

has an extra 86.6% of recoverable energy from the condensing of excess steam (a total of 

91%), which can be integrated throughout the plant. This result shows that this rapid 

analysis can identify a sizable energy saving using the two techniques, IT and PA.  

Other key results from this analysis are that the steam dryer sets the pinch temperature, 

while the air dryer does not set the pinch temperature, but rather the fresh inlet gas 

temperature does. This result means that steam drying, when run at 1 atm, works across the 

pinch, while the air dryer works above the pinch on its own i.e. the steam dryer is easier to 

integrate into other systems. The steam system also has less sensitivity to temperature and 

flow changes in terms of energy requirements than the air system. This outcome is due to 

the steam circuit being a recycle stream rather than a once-through system which is 

commonly used for air drying. 

From the above discussions it appears that, as a rapid analysis, IT and PA are 

complementary. They provide an engineer with quick assessment tools that compares the 

potential fixed and variable costs associated with different drying gases. This method 

indicates that the superheated steam dryer has both a faster drying rate (in the unhindered 

drying period) and a higher energy recovery potential than the air system.  
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Chapter 5 Exergy Analysis of the Dryer 

The following chapter is work on the exergy analysis of a dryer with a focus on the factors 

with potential use for the specific unit operation, using the same case as Chapter 4, and the 

same input and outlet conditions. 

5.1Results and Discussion 

5.1.1Basic Results from the Dryer 

Table 5-1: The raw exergy and enthalpy results, from the two-step calculation assumption. 

 T(OC) MC (g.g-1) ExTM ExCH Exdiff Ex HTM H 

Dryer 
GIN,TIN 

190 Y=0.006 720 - 31.6 751 3,830 3,830 

*Dryer 
GIN,TOUT 

68.8 Y=0.006 62.6 - 31.6 94.2 1,200 1,200 

Dryer 
GOUT,TOUT 

68.8 Y=0.059 69.0 - 390 459 4,020 4,020 

         

Dryer 
SIN,TIN 

60 X=1 13.6 25,200 594 25,800 249 23,500 

*Dryer 
SIN,TOUT 

48.8 X=0.121 6.39 25,200 594 25,800 169 23,500 

Dryer 
SOUT,TOUT 

48.8 X=0.121 2.26 25,200 71.8 25,200 59.6 23,400 

*NOTE 1: An intermediate step for both phases within the dryer has been used to determine the 

difference between the evaporation/mass transfer and temperature effects within the dryer. 

 

Table 5-3 shows that the magnitude of the chemical exergy associated with the solids is 

higher than the other exergies. The change of diffusion exergy associated with the 

condensed phases is significant and should not be ignored in this case, as it contributes to 

the losses of exergy (in the material flows) to the environment from the process. The 

separation of mass transfer and heat transfer has been demonstrated previously in Chapter 

3 and further discussion about this situation is given later. Now the factors that give further 

insights into the system are presented. 

5.1.2Factors 

It is important to start with the assumptions (Table 5-2) and the base factors for the 

following calculations. For example, Table 5-3 shows the basic factors that may be extracted 

from a simple analysis of energy and exergy. 
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Table 5-2: Assumptions and simple factors used for the ideal dryer calculation. 

Assumption/Factor Value Unit 

𝑇𝑆𝐼𝑁
 60 (333.15) C (K) 

𝑇𝐺𝐼𝑁.𝑚𝑎𝑥 = 𝑇𝐺𝐼𝑁
 190 (463.15) C (K) 

Dryer evaporation 
(𝑚𝛥𝑉̇ ) 

1.099 kgW.s-1 

𝑇∆𝑉.𝐼𝐷 68.8 (342) C (K) 

𝑚𝛥𝑉𝐼𝐷.𝑄 1.15 kgΔV.s-1 

𝛥𝑄𝛥𝑉@𝑇𝑆

𝑇𝑀  2,385 kJ.kgΔV
-1@TS 

𝛥𝐸𝑥𝛥𝑉@𝑇𝑆

𝑇𝑀  176 kJ.kg-1@TS 

 

 𝑚𝛥𝑉̇ = 𝑚𝑉.𝐼𝐷
𝑂𝑈𝑇̇ − 𝑚𝛥𝑉

𝐼𝑁̇  

= 1.28 − 0.13 

= 1.15 𝑘𝑔. 𝑠−1 

Where: ideal conditions refer to the dryer reaching equilibrium at the 

outlet, this gives a suitable maximum evaporation rate for the dryer inlet 

conditions. 

 

The remaining properties in Table 5-2 are from the mass and energy balance for an ideal 

system, with 𝛥𝑄𝛥𝑉@𝑇𝑆

𝑇𝑀  and 𝛥𝐸𝑥𝛥𝑉@𝑇𝑆

𝑇𝑀  representing the latent heat and exergy of 

vaporisation of water at the outlet temperature, the exergy of evaporation is calculated by 

subtracting Equation 3-72 from 3-71 to give Equation 5-1. 

 𝛥𝐸𝑥𝛥𝑉@𝑇𝑆

𝑇𝑀 = ∆ℎ𝛥𝑉 − 𝑇0∆𝑠𝛥𝑉 = 𝛥𝑄𝛥𝑉@𝑇𝑆

𝑇𝑀 − T0𝛥𝑆𝛥𝑉@𝑇𝑆

𝑇𝑀  

= ℎ𝑆𝑎𝑡.𝑉(𝑇𝑆) − ℎ𝑆𝑎𝑡.𝐿(𝑇𝑆) − 𝑇0(𝑠𝑆𝑎𝑡.𝑉(𝑇𝑆) − 𝑠𝑆𝑎𝑡.𝐿(𝑇𝑆))  
5-1 

 

5.1.3Factor Types 

There are several layers of factors that need to be considered, especially since some factors 

follow from other ones. An example of this development is the improvement potential (IP), 

which uses a previous efficiency factor to determine the ideality of a system. The usefulness 

of a factor is related to the level of information used for the calculation of the factor. 

The simplest factors are based on ideal systems, mass-transfer estimates or mass and 

energy balances (Levels 0 and 1). The next level (Level 2) includes the second law 

efficiencies, such as the exergy efficiency factors discussed in the above section (Section 
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5.1.2). These factors on their own can be misleading and hard to interpret, especially for 

larger and more complex systems. The distinction between the levels can be seen in Table 

5-3. This point will now be discussed in more detail. 

Table 5-3: Resulting factors for the dryer-solids separator system using the levels described in Table 3-3. 

Factor #  Parametric Q Based Ex based Compound 
Exergy 

Scale (IP) 

  Level 0 Level 1 Level 2 Level 3 Level 4 

1 𝒎𝚫𝑽̇

𝒎𝑮𝑰𝑵
̇

 
0.05   

2  𝜼𝚫𝑽𝑰𝑫.𝑸
 93%  

3 
𝟏 −

𝑰𝑵𝑬𝑮

𝑸𝑮𝑰𝑵

𝑻𝑴  
75.4% 

4 
𝟏 −

𝑰𝑵𝑬𝑻𝑴

𝑸𝑰𝑵𝑻𝑴
  

84% 

5 𝚫𝑸𝚫𝑽

𝑸𝑮𝑰𝑵

 
68% 

6  𝚫𝑬𝒙𝚫𝑽

𝑬𝒙𝑮𝑰𝑵

 
38%  

7 𝑬𝒙𝑶𝑼𝑻

𝑬𝒙𝑰𝑵

 
97% 

8 
𝟏 −

𝑰𝑵𝑬𝑻𝑴

𝑬𝒙𝑰𝑵
𝑻𝑴  

10% 

9 
𝟏 −

𝑰𝑵𝑬

𝑬𝒙𝑰𝑵
−𝑪𝑯

 
31% 

10 
𝟏 −

𝑰𝑵𝑬𝑮

𝑬𝒙𝑮𝑰𝑵

 
-26% 

11 
𝟏 −

𝑰𝑵𝑬

𝑬𝒙𝑰𝑵
𝑻𝒓𝒂𝒏𝒔 

34% 

12 
𝜴𝑻𝑴 =

𝜟𝑬𝒙𝑻𝑴

𝑸𝑰𝑵
𝑻𝑴  

20% 

13 𝑬𝒙𝑶𝑼𝑻
𝑻𝑴

𝑬𝒙𝑰𝑵
𝑻𝑴  

9.7% 

14 
𝟏 −

𝑬𝒙𝑳𝒐𝒔𝒔

𝑬𝒙𝑰𝑵
−𝐂𝐇

 
39% 

15 
𝟏 −

𝑰𝑵𝑬∆𝑽.𝑮
∆𝑻

𝑬𝒙𝑮.𝑰𝑵

 
15% 

16  𝜼𝑻𝒓𝒂𝒏𝒔 70%  

17 𝜼𝑻𝒂𝒔𝒌 ∗ 38% 

18  𝑰𝑷𝑻𝒓𝒂𝒏𝒔 250 

19 𝑰𝑷𝑻𝒂𝒔𝒌 722 

20 𝑰𝑷𝑶𝑼𝑻
𝑰𝑵

 26 

*NOTE 2: Can be selected from other factors, in this case, Factor 6 is appropriate due to evaporation 

being the task. 

 

The more complex that an efficiency factor is, the greater is the importance of defining the 

basis. The task efficiency (Level 3) is a way of basing the factor on what is important. An 
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example of a suitable task efficiency for the dryer is the evaporation of water, and this basis 

has been used as the basis for the task efficiency of the dryer. This factor should be modified 

on a thermal basis (per J) rather than a mass-transfer basis (per kg) (for simplicity). This 

procedure creates a more compatible and meaningful set of factors, rather than the basic 

set of factors, which are the input and output calculations. 

The results for the ranges of factors are shown here in Table 5-3. It appears that the 

parametric factor (Level 0) is useful only to size the flow system. The energy-based factors 

(Level 1) can be more meaningful, mainly in terms of assessing where the energy is being 

transferred inside the system. 

For example, Factor 5 (ΔQΔV/QG.IN) describes how much of the input energy from the gas 

stream is utilised through evaporation within the system, which partly explains the potential 

technological or task energy efficiency. Another aspect is the effect of the gas-side only 

calculations, or ignoring the condensed phase (shown by the difference between Factors 3 

and 4). This difference is expanded further when the chemical potential energy is included 

on the solids-side (the factor becomes very close to unity). 

Simple Factors 

Simple factors include all of the Levels 0, 1 and some of the Level 2 factors. Simple factors 

that are used to describe a unit operation or system are shown in Table 5-3. Flow ratios 

(Level 0) can be useful for design metrics, while energy use ratios and first law energy 

efficiency methods (Level 1) are useful to determine energy losses to the environment and 

process energy inefficiencies. In order to determine the exergy efficiency, which is a 

measure of process irreversibility, the process objective and ideal process become more 

important. 

The most commonly used exergy efficiency factor is Factor 7, which is known as the basic or 

simple exergy efficiency. Factor 7 is the general efficiency factor used to explain losses at a 

fundamental level. Ideally, this parameter should be split into factors to explain the loss to 

the environment and for internal use, as part of a systems approach. This point has partly 

been addressed in the work of Gungor [41] regarding endogenous / exogenous exergy 

losses. The advanced method is more about unit operation interactions than a simplified 

used/vented approach.  
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Due to the over-arching nature of this factor (Factor 7), the chemical potential term tends to 

dominate the exergy analysis in systems where the chemical potential term is applicable. 

For this unit operation (drying), it is important to note that this factor is close to unity. This 

situation means that the majority of exergy fed to the dryer goes to the environment. Since 

this factor only assesses the inputs and outputs of the unit operations in the system, it gives 

very little information about the system itself. The effects of assuming that this part of the 

chemical exergy is insignificant in the process are discussed below. 

Factor 13 assesses only the thermo-mechanical (ΔT, ΔP) exergy use, which ignores the 

chemical potential and environmental chemical equilibrium (diffusion) components of the 

exergy calculation. These thermo-mechanical (only) factors can be useful for units that only 

undergo temperature and pressure changes (that do not cause phase change or chemical 

change), such as heat exchangers without phase change. However, for a dryer, these are 

inappropriate due to the way in which the dryer behaves (mass transfer creates a change of 

diffusion potential, through phase change). 

Another consideration is the importance of carefully selecting a factor set that describes the 

system in a descriptive manner. For this consideration, factors that are more complex can 

be used to help with the interpretation of the results. The task and transiting efficiencies 

have been used here, and these efficiencies are discussed next. 

Task and Transiting Efficiencies 

Defining the objective, or task, for a unit operation in a system can help to simplify the 

interpretation of the results from an exergy analysis. In this case, the task for the dryer is to 

evaporate water from the solids, so for the dryer the task efficiency is defined by Factor 6. 

The evaporation efficiency of the dryer (Factor 17) is 38%, which is low compared with the 

overall efficiency (93%). This case is an example of how some of the simpler factors can be 

misleading if used without prior understanding of the task. Factor 6 can be used to improve 

the efficiency of the dryer in doing its task, but not necessarily the overall exergy use. 

Improving the exergy use for evaporation may make the dryer less efficient overall, or 

reduce the effectiveness of the system surrounding the dryer. The task efficiency does not 

take these factors into account. This situation means that, in order to improve the dryer, 
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improving the task efficiency should not be done on its own, but by determining its effect on 

the other units (including utility usage). 

The large change in efficiency by just removing the chemical energy of the SMP from the 

equation is significant (97% Factor 7 vs. 70% Factor 17). This large change is due to the scale 

of the chemical exergy, and that it is entering and leaving the system unchanged. This 

situation means that keeping this component of exergy actively in the calculations can be 

misleading. 

Considering the transiting exergy is more complex than assuming that the chemical exergy is 

insignificant, which has been done for the majority of factors. For example, for the solids 

feed stream (S-9), the total exergy is 25,800 kW, with 25,200 kW of that being chemical 

exergy, leaving 607 kW of non-chemical exergy in the thermo-mechanical exergy and the 

diffusion potential. Using the transiting method described above, the exergy value for this 

stream becomes 533 kW, because part of the thermal exergy, and part of the diffusion 

exergy, is removed from the calculation as well. 

The total feed exergy to the dryer changes from 26,500 kW to 1,360 kW by removing the 

chemical exergy, then to 1,180 kW of affected exergy (exergy which takes part in the 

process, using the true definition of transiting exergy), while the outlet exergy from the 

dryer changes from 25,700 kW to 533 kW to 250 kW across the three methods. 

What becomes important is that the change does not vary between the three methods (825 

kW for all three methods). Any factor that includes the gas feed exergy, feed exergy or 

outlet exergy varies significantly with the different methods. One important result is that it 

is possible to establish the exergy losses due to the dryer, and the losses due to the product 

and by-products leaving the dryer. 

Effect of the Evaporator Assumption 

The value of INEG (Factor 3) uses the assumption that the dryer can be split into two unit 

operations, one being a purely heat-transfer device, and the other being a pure mass-

transfer device, taking only the heat-transfer part (ΔT) into the calculation. This difference in 

the definition leads to a much larger transfer of energy for the gas value (2,600 kW vs. 

190 kW). By the definition given for INE in the literature (for an evaporator), it is important 
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to use the gas transfer value, not the overall transfer value [98]. The definition is based on 

the Carnot efficiency, which takes into account the temperature-based energy-transfer 

potential only. For non-thermal-based systems, the definition reverts to its simpler form, in 

that the INE value is the entropy generated in the ideal system (based on the desired task). 

For evaporation as an example, this INE value becomes T0ΔSgen.ID, which may also be 

calculated by ΔHID-ΔExID [98].  

Assuming that the dryer acts as an evaporator alone ignores the exergy changes associated 

with the mixing and separation of the streams (mass transfer), leading to only part of the 

process being analysed. The assumption implies that the water vapour is generated by 

indirect heating, while spray dryers often use direct heating. This assumption is not suitable 

for spray dryers in exergy terms, as it assumes that a part of the process includes isothermal 

mixing.  

Instead of simplifying the dryer, it is important to determine a suitable INE formula for what 

the task involves. The definition of the task efficiency is important here. For example, since 

the task of the dryer is to evaporate water (the evaporator assumption), it is also changing 

the humidity and the solids moisture content. The effect of changing the diffusion potential 

in the condensed phase is significant. Given this information, it is possible to define more 

than one INE calculation to describe the system [42]. 

This concept has also been discussed for drying units (Equations 21 and 22 of Liu et al [121]) 

with the focus on the approach temperature of the unit operation being the main inevitable 

loss of exergy (in this case 20OC is used). The main issue with the simplification given by Liu 

et al [121] is that the paper assessed a scenario whereby it is possible to pair similar heat 

profiles, meaning it creates evaporation by using condensation with an indirect heat 

exchanger internal to a fluidised bed dryer. The form of drying used by Liu et al is not 

suitable to be used for the application of spray drying as the potential to pair these two 

process streams internal to a dryer is less likely in practice. The comparison of the method 

including the method used by Liu et al is shown below. 

 
𝐼𝑁𝐸∆𝑉.𝐺

∆𝑇 = (𝐻𝐺.𝑂𝑈𝑇
𝑌𝐼𝑁 − 𝐻𝐺.𝐼𝑁

𝑌𝐼𝑁 )𝑇00 (
1

𝑇𝑂𝑈𝑇.𝐼𝐷
−

1

𝑇𝐺.𝐼𝑁
)  

= 592 𝑘𝑊 

2-27 
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𝐼𝑁𝐸𝑀𝐼𝑋.𝐺

∆𝑉 = (𝐻𝐺.𝑂𝑈𝑇
𝑌𝐼𝑁 − 𝐻𝐺.𝑂𝑈𝑇

𝑌𝑂𝑈𝑇 )𝑇00 (
1

𝑇𝑃𝑠𝑎𝑡.𝑂𝑈𝑇

−
1

𝑇𝑂𝑈𝑇.𝐼𝐷
)  

= 197 𝑘𝑊 

5-2 

 
𝐼𝑁𝐸∆𝑉

∆𝑇 = (𝐻𝑂𝑈𝑇
𝑌𝐼𝑁 − 𝐻𝐼𝑁

𝑌𝐼𝑁)𝑇00 (
1

𝑇𝑂𝑈𝑇.𝐼𝐷
−

1

𝑇𝐺.𝐼𝑁
)  

= 594 𝑘𝑊 

5-3 

 
𝐼𝑁𝐸𝑀𝐼𝑋

∆𝑉 = (𝐻𝑂𝑈𝑇
𝑌𝐼𝑁.𝑋𝐼𝑁 − 𝐻𝑂𝑈𝑇

𝑌𝑂𝑈𝑇𝑋𝑂𝑈𝑇)𝑇00 (
1

𝑇𝑃𝑠𝑎𝑡

−
1

𝑇𝑂𝑈𝑇.𝐼𝐷
)  

= 195 𝑘𝑊 

5-4 

 𝐼𝑁𝐸𝐷𝑟𝑦𝑒𝑟 = 𝐼𝑁𝐸∆𝑉
∆𝑇 + 𝐼𝑁𝐸𝑀𝐼𝑋

∆𝑉  

= 788 𝑘𝑊𝐺 ∶ 789 𝑘𝑊𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ∶ 818 𝑘𝑊𝐼𝐷.𝑜𝑣𝑒𝑟𝑎𝑙𝑙 

5-5 

 𝐼𝑁𝐸𝐷𝑟𝑦𝑒𝑟.𝐼𝐷 = −𝑇0∆𝑆𝐷𝑟𝑦𝑒𝑟.𝐼𝐷

= ∆𝐸𝑥𝐺.𝐼𝐷 − ∆𝐻𝐺.𝐼𝐷 + ∆𝐸𝑥𝑆&𝐿.𝐼𝐷 − ∆𝐻𝑆&𝐿.𝐼𝐷 

= 845 𝑘𝑊 = 𝐸𝑥𝐿𝑜𝑠𝑠.𝐼𝐷 
∗∗  

= 825 𝑘𝑊 (𝑎𝑐𝑡𝑢𝑎𝑙) 

5-6 

Liu: 𝐼𝑁𝐸∆𝑇.𝐼𝐷 = (𝑚𝑆∆𝑆𝑆 + 𝑚𝐿𝑊∆𝑆𝐿𝑊)∆𝑇𝑚𝑖𝑛 

= −235 𝑘𝑊 ∗ 

5-7 

[121] 

Liu: 
𝐼𝑁𝐸∆𝑉.𝐼𝐷 = 𝑚𝐿𝑊

∆𝐻∆𝑉

𝑇∆𝑉
∆𝑇𝑚𝑖𝑛 

= 178 𝑘𝑊 

5-8 

[121] 

Liu: 𝐼𝑁𝐸∆𝑇.𝑚𝑖𝑛 =  𝐼𝑁𝐸∆𝑇.𝐼𝐷 + 𝐼𝑁𝐸∆𝑉.𝐼𝐷 

= 56 𝑘𝑊 

5-9 

NOTE 3: This negative value is due to the overall outlet temperature being below the solids feed 

temperature.  

*NOTE 4: Exergy loss and INE are always positive (negative exergy loss is not possible for real systems). 

 

It is important at this point to discuss the various equations presented above. Equation 2-27 

represents the gas phase thermal loss due to non-mixing evaporation (or indirect 

evaporation). Equation 5-2 is the paired term for Equation 2-27 in that it is the gas phase 

exergy loss associated with the mixing and change of gas humidity in the process.  
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Equations 5-3 and 5-4 are the same as Equations 2-27 and 5-2, except they take into 

account the overall system, not just the gas phase. An important point here is that the 

change associated with each aspect of the system (-2,600 kW for evaporation and 2,600 kW 

for temperature change) is non-zero, while the overall change will be. Equation 5-6 shows 

the calculation of INE using the base definition for the ideal case (while showing the result 

of the studied system). 

Equation 5-5 is the summation and comparison of the two pathways, including the case 

where the dryer reaches equilibrium at the outlet (considered to be the ideal system). 

Equations 5-7, 5-8 and the result 5-9, represent the method shown in Liu et al , and these 

results are different due to the assumptions regarding only the use of indirect heating (ideal 

case), which is not always used for a spray dryer (direct heating). 

The assumption that the dryer acts in a similar way to an evaporator (Equation 2-27) only 

accounts for part of the inevitable loss, or part of the task. What this situation implies is 

that, based on evaporation alone, a dryer is an efficient method of only doing evaporation. 

Considering the mass-transfer component changes this situation significantly (15% Factor 15 

to 39% Factor 14 inevitable loss), which means that the dryer is more efficient for one part 

of the task it is undertaking (solids drying), but less efficient for evaporating water. These 

two tasks may seem similar, and for many indirect dryer operations, they would be the 

same. Due to the nature of spray drying, however, the loss associated with mixing the 

evaporated moisture and the hot gas generates significant losses; these mixing-based losses 

demonstrate the importance of efficiency factor selection. The evaporation potential 

decreases significantly along the length of the dryer as the moisture content in the solids 

increases and the humidity increases, which also reduces the evaporation driving force 

within the system. The longer the dryer the lower the evaporation efficiency becomes, even 

while the evaporation total increases, this is what is the main implication of saying the dryer 

is good at drying the solids (total evaporation), and not as efficient at evaporating water 

(evaporation energy). 

The difference between the results of the gas side assumption (equilibrium between final 

solids and the outlet gas), and the overall calculations (Equations 2-27 and 5-2 vs. Equations 

5-3 and 5-4), is less than 5%. This small difference shows that the gas-side assumption is a 
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reasonable method to simplify the calculations in this case. This situation may not be the 

case for other [non-drying] systems, particularly those that have high chemical exergy that is 

used within the system. 

The hybrid methods that use the INE factor in an efficiency calculation (Factors 9 to 11) can 

lead to some informative results since the INE factor describes the minimum or ideal loss for 

a unit operation. This situation allows a maximum efficiency factor (based on the current 

conditions) to be determined, and to use this factor to explore optimisation pathways for 

this unit operation. For example, the optimal point may change due to the way that INE is 

calculated (gas in and out condition assumptions) for the dryer. 

Another point to note is the check calculation of INE (Equation 5-6) that resulted in a similar 

number to the ExLoss.ID. This similarity is an important confirmation of the INE calculation, 

where the actual loss of exergy is lower (the ideal dryer assumption is that it reaches 

equilibrium). In this case the dryer that reaches equilibrium is less energy efficient than the 

tested dryer (ΔTOUT=20OC ) (20 kW INELoss better off). This situation arises because for the 

ideal system more energy is used to evaporate more of the water at a lower efficiency. This 

situation also increases the amount of water vapour being discharged thus increasing the 

outlet diffusion potential exergy. This result may lead to considering multi-stage drying 

options where practical. 

Detailed Factor Methods 

Since it is possible to determine the inevitable exergy loss (INE), it is also possible to 

estimate the maximum possible efficiency. In this case 1-INELoss/ExIN is used (Factor 14), 

providing a value of 39%. Comparing this value with the task efficiency (Factor 17: 38%) 

leads to a similar result. 

Improvement potential is another useful method, because the improvement potential gives 

a scale for the inefficiency, not just the percentage value. The IP value uses the task 

efficiency to back-calculate the lost exergy due to the inefficiency (Equation 2-6). Having a 

scale is important when targeting where the largest losses are, or where the easiest changes 

can be made. For this comparison the task efficiency, or the INE efficiency, is useful to target 

the largest exergy inefficiencies. 
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Sample Calculations for Table 5-3  

These factors, and data used to calculate them is shown below in Appendix B. 

Factor 1 
Evaporation per gas feed flow 

𝑚Δ𝑉̇

𝑚𝐺𝐼𝑁
̇

=
𝑚𝑉𝑂𝑈𝑇

− 𝑚𝑉𝐼𝑁

𝑚𝐺𝐼𝑁

=
1.224 − 0.125

21
=

1.099

21
= 0.053  

Factor 2 

Ideal evaporation rate 

𝜂Δ𝑉𝐼𝐷.𝑄
=

𝑚Δ𝑉̇

𝑚Δ𝑉𝐼𝐷.𝑄
̇

=
𝑚Δ𝑉̇

𝑄Δ𝑇.𝐺

Δ𝑄Δ𝑉

=
𝑚Δ𝑉̇

𝑄𝐺𝐼𝑁
− 𝑄𝐺@𝑇𝑆𝐼𝑁

∆𝐻∆𝑉@𝑇𝑆𝐼𝑁

 

=
1.099

(3831.0 − 1053.4)
2357.7

=
1.099

2777.4
2357.7

=
1.099

1.178
= 93% 

 

Factor 3 

Avoidable Exergy Loss Quotient using a modified Carnot equation for the 

gas side only 

1 −
𝐼𝑁𝐸𝐺

𝑄𝐺𝐼𝑁

𝑇𝑀 = 1 −

𝑄𝐺𝐼𝑁

𝑇𝑀 × 𝑇00 × (
1

𝑇𝑂𝑈𝑇𝐼𝐷

−
1

𝑇𝐺𝐼𝑁

)

𝑄𝐺𝐼𝑁

𝑇𝑀  

= 1 − 298.15 × (
1

341.26
−

1

488.15
) 

= 1 − 0.246 = 75.4% 

 

Factor 4 

Avoidable exergy Loss Quotient on a Thermal basis only 

1 −
𝐼𝑁𝐸𝑇𝑀

𝑄𝐼𝑁𝑇𝑀
= 1 −

2669.9 × 0.246

4079.5
= 1 −

658

4079.5
 

= 1 − 0.161 = 83.9% 

 

Factor 5 

Evaporation to gas energy in ratio (Evaporation Energy Efficiency) 

Δ𝑄Δ𝑉

𝑄𝐺𝐼𝑁

=
𝑚∆𝑉 × ∆ℎ∆𝑉@𝑇𝑂𝑈𝑇

𝑄𝐺𝐼𝑁

=
1.099 × 2353.2

3831
 

=
2585.7

3831
= 67.5% 
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Factor 6 

Evaporation to gas energy in ratio (Evaporation Exergy Efficiency) 

Δ𝐸𝑥Δ𝑉

𝐸𝑥𝐺𝐼𝑁

=
𝑚∆𝑉 × (∆ℎ∆𝑉@𝑇𝑂𝑈𝑇

− 𝑇∆𝑠∆𝑉@𝑇𝑂𝑈𝑇
)

𝐸𝑥𝐺𝐼𝑁

 

=
1.099 × (2353.2 − 2094.41)

751
 

=
284.4

751
= 37.9% 

 

Factor 7 

Simple Exergy Efficiency 

𝐸𝑥𝑂𝑈𝑇

𝐸𝑥𝐼𝑁
=

25,691

26,516
= 97%  

Factor 8 
Thermal based avoidable loss ratio 

1 −
𝐼𝑁𝐸𝑇𝑀

𝐸𝑥𝐼𝑁
𝑇𝑀 = 1 −

658

733.1
= 10.3% 

 

Factor 9 

Avoidable loss ratio excluding chemical based exergy 

1 −
𝐼𝑁𝐸

𝐸𝑥𝐼𝑁
−𝐶𝐻 = 1 −

𝐼𝑁𝐸∆𝑉
∆𝑇 + 𝐼𝑁𝐸𝑀𝐼𝑋

∆𝑉

𝐸𝑥𝐼𝑁
−𝐶𝐻  

= 1 −
774 + 147

1358.3
= 1 −

921

1358.3
= 32.2% 

 

Factor 10 

Gas side based avoidable loss ratio 

1 −
𝐼𝑁𝐸𝐺

𝐸𝑥𝐺𝐼𝑁

 

= 1 −

𝑄𝐺𝐼𝑁

𝑇𝑀 × 𝑇00 × (
1

𝑇𝑂𝑈𝑇𝐼𝐷

−
1

𝑇𝐺𝐼𝑁

)

𝐸𝑥𝐺𝐼𝑁

 

= 1 −
𝑄𝐺𝐼𝑁

𝑇𝑀 × 298.15 × (
1

341.26 −
1

488.15
)

𝐸𝑥𝐺𝐼𝑁

 

= 1 −
3,831 × 0.246

751
 

= 1 −
943

751
= −26% 

NOTE 5-1: The value is negative since the INE term is based purely on 

temperature change, and this does not take the evaporation into account 

correctly. As a result, the INE value is larger than the exergy input 

value. This value was taken as positive in the table. 
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Factor 11 

Transiting based inevitable loss ratio 

1 −
𝐼𝑁𝐸

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 

= 1 −
784

650.5 + 533.1
= 1 −

784

1,183.7
 

= 1 − 0.662 = 33.7% 

 

Factor 12 

Omega Value based on the exergy change of the gas side relative to 
energy feed 

𝛺𝑇𝑀 =
𝛥𝐸𝑥𝑇𝑀

𝑄𝐼𝑁
𝑇𝑀  

=
825

4,080
= 20% 

 

Factor 13 

Simple exergy ratio 

𝐸𝑥𝑂𝑈𝑇
𝑇𝑀

𝐸𝑥𝐼𝑁
𝑇𝑀  

=
71.3

733.1
= 9.7% 

 

Factor 14 

Non-chemical potential loss factor 

1 −
𝐸𝑥𝐿𝑜𝑠𝑠

𝐸𝑥𝐼𝑁
−CH

 

= 1 −
∆𝐸𝑥𝐺 + ∆𝐸𝑥𝑆&𝐿

𝐸𝑥𝐼𝑁
−𝐶𝐻  

= 1 −
291.8 + 533.1

1,358
 

= 1 −
825

1,358
= 39% 

 

Factor 15 

The two-step assumption efficiency ratio 

1 −
𝐼𝑁𝐸∆𝑉.𝐺

∆𝑇

𝐸𝑥𝐺𝐼𝑁

 

= 1 −
638

751
= 15% 
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Factor 16 

The transiting exergy efficiency 

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 − 𝐸𝑥𝑂𝑈𝑇

𝑇𝑟𝑎𝑛𝑠

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠  

= 1 −
𝐸𝑥𝑂𝑈𝑇

𝑇𝑟𝑎𝑛𝑠

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 

= 1 −
358.8

1,184
= 70% 

 

Factor 17 

The task-based exergy efficiency 
The task is determined by the unit operation, in this case evaporation 

𝜼𝑻𝒂𝒔𝒌 = 𝐅𝐚𝐜𝐭𝐨𝐫 𝟔 =
Δ𝐸𝑥Δ𝑉

𝐸𝑥𝐺𝐼𝑁

 

= 𝟑𝟖% 

 

Factor 18 

Improvement Potential on a Transiting basis 

(1 − 𝜂𝑒𝑥
𝑇𝑟𝑎𝑛𝑠)(𝐸𝑥𝐼𝑁

𝑇𝑟𝑎𝑛𝑠 − 𝐸𝑥𝑂𝑈𝑇
𝑇𝑟𝑎𝑛𝑠) 

= (1 − 70%)(1,184 − 359) = 250 𝑘𝑊 

 

Factor 19 

Improvement Potential on a Transiting basis 

(1 − 𝜂𝑒𝑥
𝑇𝑎𝑠𝑘)(𝐸𝑥𝐼𝑁 − 𝐸𝑥𝑂𝑈𝑇) 

= (1 − 38%)(26,516 − 25,691) = 722 𝑘𝑊 

 

Factor 20 

Improvement Potential (simple) 

(1 − 𝜂𝑒𝑥)(𝐸𝑥𝐼𝑁 − 𝐸𝑥𝑂𝑈𝑇) 

= (1 −
𝐸𝑥𝑂𝑈𝑇

𝐸𝑥𝐼𝑁
) (𝐸𝑥𝐼𝑁 − 𝐸𝑥𝑂𝑈𝑇) 

= (1 −
25,691

26,516
) (26,516 − 25,691) = 26 𝑘𝑊 

 

Factor 20a 

Improvement Potential (TM) 

(1 − 𝜂𝑒𝑥
𝑇𝑀)(𝐸𝑥𝐼𝑁

𝑇𝑀 − 𝐸𝑥𝑂𝑈𝑇
𝑇𝑀 ) 

= (
𝐸𝑥𝑂𝑈𝑇

𝑇𝑀

𝐸𝑥𝐼𝑁
𝑇𝑀 ) (𝐸𝑥𝐼𝑁

𝑇𝑀 − 𝐸𝑥𝑂𝑈𝑇
𝑇𝑀 ) 

= (
71.3

733.1
) (733.1 − 71.3) = 64 𝑘𝑊 
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5.1.4The Effect of Inlet Gas Temperature on Efficiency 

 

Figure 5-1: The effect of the inlet gas temperature (TG.IN) on selected efficiency factors and outlet 

parameters. 

 

Figure 5-1 shows the effect of the inlet gas temperature on several efficiency factors and 

outlet parameters. The first one to note is the outlet moisture content, which decreases 

with increasing temperature. The two temperatures shown are the outlet solids 

temperature (20OC less than the outlet gas temperature) and the sticky-point temperature 

(a physical property). The result shows that, at higher temperatures, any benefit to energy 

would be negated by the solids fouling the walls of the dryer and downstream equipment 

including the separator (this occurs at a gas feed temperature of around 280OC). 

A point of interest is just after 185OC, when the solids outlet temperature is 60OC. This point 

is important because the dryer acts isothermally (on an external view, not internally), as the 

solids appears to not change temperature within the dryer, and this point is the basis of the 

two-step calculation method discussed earlier. 

The three other factors shown here are important since they have maxima (while all the 

other studied factors have a monotonic relationship with the inlet temperature). These 

0

20

40

60

80

100

120

140

40%

45%

50%

55%

60%

65%

180 200 220 240 260 280 300

Te
m

p
e

ra
tu

re
 (o

C
),

X
 (g

W
.k

g S
-1

)

Fa
ct

o
rs

Inlet Gas Temperature (oC)

INE_Boil/Ex_IN^Trans IP_Trans/Ex_IN IP_task/Ex_IN
T_out_S X_out T_Sticky



156 

 

three are the ratio or inevitable energy loss (INE) to exergy feed (INE/ExIN), the ratio of 

transiting improvement potential to exergy feed (IPTrans/ExIN) and the task improvement 

potential to exergy feed ratio (IPTask/ExIN). 

The INE/ExIN factor shows that a gas feed temperature between 220OC - 250OC leads to the 

highest proportion of inevitable loss to the feed exergy input (there are two losses here: one 

to the environment and the other associated with the process). The effect of temperature 

changes the INE/ExIN factor within a range of 60% - 63% over the range of temperatures 

considered here, with the maximum ratio occurring on the high end of typical operational 

conditions for this type of dryer (190-230OC inlet gas temperature).  

The maximum is preferred in this case as it is suggesting that the loss is significantly related 

to the task of the dryer, and this occurs around 220OC. The reason for this is likely connected 

with the solids moisture content and outlet solids temperature trade-off. As the outlet 

solids temperature increases, energy is wasted heating it, while evaporation decreases as 

the inlet temperature increases. 

Another factor shown is the ratio of IP (on a transiting basis) to the exergy feed. This factor 

indicates that the process has the highest improvement potential at a higher temperature 

range (250OC - 280OC) than the INE ratio. The range of the IPTrans/ExIN ratio within the 

potential operating range is from 41% to 46%, which is quite a small range, indicating that 

drying in general is inefficient in terms of exergy. While the ratio of INE to exergy feed ratio 

gives an indication of how much exergy from the feed is being wasted, the IP to exergy feed 

ratio gives an indication of how optimised the process is. The higher the IP, the further from 

ideal is the system. 

There is a slight difference between the transiting IP and the task IP ratio, with the TaskIP 

ratio showing a similar shape to the INE/ExIN curve. This (TaskIP) factor shows a maximum 

point even earlier than the other discussed factors. The worst performing temperature 

range based on evaporation, which is the task of the dryer, is close to the practical low limit 

of operations (185OC - 215OC ) with a steady improvement as the outlet moisture ratio 

decreases. This maximum is due to the factor being based on the evaporation potential. At 

low temperatures, more of the energy will be used in heating the droplets to the 

evaporation equilibrium point rather than evaporating the water, meaning the energy is not 
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being used for the task. At higher feed temperatures, this becomes a smaller loss 

proportionately; the evidence was presented in Chapter 2. 

A trade-off on energy/evaporation and energy lost in the solids is evident in these three 

factors being discussed. In this case, the aim is for a maximum INE to ExIN ratio, and a 

minimum IP to ExIN ratio. This situation leads to a trade-off between the evaporation task 

and the other two factors, leading to an optimal operating point somewhere between 

200OC and 220OC (which is typical in industry).  

5.1.5Factors Overall Discussion  

The exergy-based factors (Level 2) are more numerous than those used for exergy (Level 1). 

This situation arises because of the potential to explain more deeply what the exergy is 

doing, not just where it is going. Factor 6 is related to Factor 5, comparing the evaporation 

with the energy supplied in the gas phase. Factor 6 is used for the task efficiency here 

because it explains the system (not just the dryer) in a meaningful manner. 

Using a variety of factors to describe a system is important, since there is not really a ‘one-

size-fits-all’ factor that is simple to use. Following the task efficiency path requires critical 

thought about what each unit (or the system as a whole) is trying to accomplish, while other 

factors determine the closeness to an ideal system. The large range of factor types means 

that breaking the factors into these ‘complexity levels’ helps to assess what each factor aims 

to achieve and why some factors should be used relative to others. 

In summary, the basic procedure to use these factors in a meaningful manner is as follows: 

• Consider what each operation is trying to achieve. 

• Determine what task is being performed. 

• Simplify the exergy calculation to compare with the task only, ignoring what is inert in 

the system. 

• Determine the meaningful efficiency (task, transiting, TM, evaporation) for each unit 

operation (or system/sub-system). 

• Target the lowest efficiency areas and determine the scale of the IP. 
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• Study ways of improving the targeted area (change of temperature, pressure, utilities). 

This process is a simple heuristic approach to using exergy factors to target process 

improvements. Other methods (such as graphical ones) exist, such as the Ω-H plot [114], 

which may make complex process optimisation easier. However, this procedure requires 

breaking each type of unit into groups; expanders, for example, require a factor 

manipulation to bring the omega value inside the 0-1 range. Another visualisation method 

(Grassman diagrams) has been explored in this chapter. 

5.2Visualisation Methods 

There are several methods to visualise the results of an exergy analysis, the most common 

of which is a Grassman diagram. For this unit operation pairing, the diagram is shown in 

Figure 5-2. This diagram represents the exergy flows into and out of the dryer (D-1) and 

separator (C-1). 

From this diagram, the main exergy destruction pathways may be determined for the dryer. 

 

Figure 5-2: Grassman Diagram for Dryer (D-1) and Separator (C-1). 

NOTE 5-2: For the solids side (S-09, S-04, S-10) there are two number layers: the top one is the total 

exergy, inclusive of the chemical exergy, and the smaller number (bottom) indicating only the thermo-

mechanical exergy. This shows the importance of using a transiting exergy approach. 

 

For more complex systems, the Grassman diagram becomes more useful in helping to 

interpret the exergy analysis [37]. In Figure 5-2, there are two numbers associated with each 

of the streams that highlight the difference between thermo-mechanical and total exergy. 

The significance of the chemical exergy can be seen in the condensed phase streams, 

containing the solids. The diagram is drawn with the thermo-mechanical exergy values due 

to the scale (when showing 25,900 vs 751, the diagram is meaningless). 
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The Grassman diagram shows the potential to separate the efficiency factor clearly, with the 

‘waste’ flows showing exergy use and loss for each unit, while the flows into and out of the 

system show cost and environmental losses. There is the potential to segregate the 

efficiencies in this manner. For example, the waste values are 825 kW, while the loss to the 

environment is associated with the gas flue stream (459 kW). This situation means there are 

two sources of exergy losses from the system, but the losses from the units (internal) can be 

split further into the inevitable loss (INE) and the avoidable loss (AVO), which is a way of 

describing ideal process losses. The ideal system loss (ideal or INE) within the dryer chamber 

is 662 kW (based on an evaporator assumption presented in Chapter 2 (Two-step calculation 

for drying)), which means the avoidable loss is actually only 591 kW (based on evaporation 

alone). 

Another method of visualising a system in exergy terms is to utilise the omega factor 

(mentioned earlier) as a function of enthalpy [39, 98]. Combining this with INE can be 

beneficial to illustrate the practical exergy and energy efficiencies. For a single unit 

operation, this method is less suitable, but is shown as an illustrative example (Figure 5-3). 

 

Figure 5-3: The Omega-Enthalpy diagram of the dryer (as a two-step heater, and a mass transfer system). 
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For Figure 5-3, the area between the curves represents the loss associated with the driving 

force of the system , but does not constitute all of the inevitable losses. The area below 

each curve represents the change in exergy. The total change within the system is 825 kWex, 

while the shaded area in Figure 5-3 represents 112 kW. This shaded area in Figure 5-3 is an 

approximate measure of loss associated with the driving force of the system [39, 98]. The 

dark grey curve (offset to the black one) shows only the thermo-mechanical effects for the 

system, which shows that the diffusion potential changes are significant for the gas side of 

the system, and almost exclusively represent the total exergy changes associated with the 

condensed phase. It is possible to split the exergy use value into the avoidable and 

inevitable losses to further find an optimum, but that method works better for process 

optimisation [39, 98].  

5.3Implications and Conclusions 

The dryer is inherently inefficient in exergy terms at evaporating the water from the solids. 

The losses associated with the task are 38%, while the losses associated with the mass 

transfer and heat transfer are 94% (thermo-mechanical IN/OUT) and 30% (transiting) 

respectively. This exergy efficiency range is significant considering the overall exergy 

efficiency is nearly 100% over the entire exergy spectrum. The IP of 575 kW for the feed of 

722 kW shows that the dryer does not appear to be an exergy efficient way of performing 

this task, but does not offer an alternative method. The effect of feed temperature for 

several key variables shows that, depending on the basis of efficiency, various factors give 

significantly different optimal operating points. For this system, the optimum operating 

range in terms of the inevitable exergy loss method is between 215OC and 250OC, which is 

typical of the conditions currently used in industry [122]. There appears to be no suitable 

‘one-size-fits-all’ efficiency factor for an exergy analysis. A variety of factors, which may be 

defined as a group, can be used such as the task efficiency (on the task for the unit 

operation) and the practical efficiency (based on the task). The INE method is a potential 

shortcut technique based on the Carnot efficiency and a first law analysis, but there are 

some limitations for processes that are not exclusively thermal, where an entropy balance is 

more correct. The INE method still shows potential as a starting basis of comparison 

because it shows the scale and the efficiency together, which are both important for 

targeting areas of the process to improve, without doing a full exergy analysis. 
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Chapter 6 Exergy Analysis of Spray Dryer Systems 

This Chapter follows a similar treatment as that presented in the previous chapter, but 

applies to larger systems associated with the dryer. This chapter tests a traditional boiler 

based system against a Vapour Recompression (VRC) system. This demonstrates the 

flexibility of exergy analysis for dealing with non-thermal (VRC) systems. 

This is followed by a methods comparison, where a boiler-driven system (Case 1) is 

compared with an electrically-driven vapour recompression (VRC) case (Case 2) over a 

variety of common factors. 

6.1Assumptions 

The assumptions for this work are the same as in Section 4.1 and Chapter 5, with the 

following additional assumptions covering the other parts of the systems. The minimum 

temperature approach for heat exchange has been taken as 20OC for this system, since most 

heat is exchanged between two gases. This assumption is reasonable, according to the 

literature [61, 69]. 

• The compressor used in the Case 2 has been assumed to have an adiabatic efficiency of 

75%, which is within the typical range for rotary type compressors [123]. 

• Natural gas fuel has been assumed to be pure methane (CH4) for calculation purposes. 

• The fuel-to-air ratio used in the boiler system has been assumed to be 1:18 on a mass basis. 

This ratio was calculated on the basis of a 7.5% (by mass) excess air requirement – typical of 

natural gas systems [124]. 

• The burner used in the boiler system is assumed to have a combustion-to-energy 

conversion efficiency of 80% (meaning an extra 20% in fuel requirements has been 

calculated for the feed) [124, 125]. 

• The combined dryer and gas solids separator have been assumed to be the base unit around 

which the optimisation occurs. These units have been assumed to be fixed and they have 

been kept the same between the different case studies. 
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• The pressure of the outlet of the compressor was determined based on the temperature 

requirements of the gas pre-heater. 

6.2Determining a suitable calculation basis 

The main factors used to describe the system may be defined on two bases, a total in basis, 

or gas side in basis. The difference in the basis may seem significant, but it has been 

demonstrated to be insignificant for most calculations [16]. For a full list of methods, refer 

to Chapters 3 and 5. There are several efficiency factors used to determine the system (or 

unit) efficiency with respect to exergy. 

Simple efficiency is defined as the ratio of the outlet exergy to that at the inlet, as shown in 

Equation 6-1. This factor may be contrasted with the dryer’s (and thus the system’s) task 

efficiency factor given in Equation 6-2. 

 𝜂𝑄 =
𝐻𝑂𝑈𝑇

𝐻𝐼𝑁
and 𝜂𝑒𝑥 =

𝐸𝑥𝑂𝑈𝑇

𝐸𝑥𝐼𝑁
 6-1 

 𝜂𝑄 =
𝐻∆𝑉

𝐻𝐺𝐼𝑁

 and 𝜂𝑒𝑥 =
𝐸𝑥∆𝑉

𝐸𝑥𝐺𝐼𝑁

 6-2 

The evaporation values refer to the energy and exergy used (under ideal conditions) to 

evaporate the water used within the system (as opposed to the potential to evaporate). 

The values associated with the inlet (𝐻𝐺𝐼𝑁
and 𝐸𝑥𝐺𝐼𝑁

) refer to the potential energy and 

exergy in the gas entering the dryer. These values may be replaced with fuel use when 

referring to the system calculations, where fuel refers to the energy added to the system 

from external sources (i.e. electricity or the chemical energy from natural gas). 

In contrast, the parameters used for Equation 6-1 are associated with the feeds (IN) and 

products (OUT) of the system in simple terms. Each of these factors can be further 

manipulated to refer to just the thermo-mechanical (TM) flows, transiting factors, or other 

factors. These factors were discussed in the previous Chapter (Chapter 5). 

The key compound factors refer to the Improvement Potential (IP), the Inevitable loss (INE), 

and task efficiency and recoverable energy/exergy factors. The list of useful factors in exergy 



163 

 

analysis is significant and can be confusing. The previous chapter discussed several of these 

factors in relation to the dryer unit operation. The IP can be defined by Equation 2-6. 

Where: 

𝜂𝑒𝑥 = Exergy efficiency, defined by one of Equations 2-7 to 2-10. 

The above efficiency factor takes the entire exergy calculation into account for each unit. 

However, this factor may not be useful in determining the true effect of system factors on a 

unit. To determine a more appropriate efficiency for these cases, a transiting exergy factor 

may be used. The simple transiting calculation is shown in Equations 6-3 and 6-4.  

 𝐸𝑥𝑇𝑟𝑎𝑛𝑠 = 𝐸𝑥 − 𝐸𝑥𝑖𝑛𝑒𝑟𝑡  
6-3  

 𝜂𝐸𝑥
𝑇𝑟𝑎𝑛𝑠 =

𝐸𝑥𝑇𝑟𝑎𝑛𝑠.𝑂𝑈𝑇

𝐸𝑥𝑇𝑟𝑎𝑛𝑠.𝐼𝑁
  

6-4  

It is important to recognise that part of this calculation is defined by the definition of exergy 

(the dead state). If the dead state is not the same as the standard state (typically used in 

thermodynamics), the change associated with this unobtainable state is therefore already 

removed. Transiting exergy refers to a component that has an insignificant contribution to, 

or interaction with the unit operation.  

In this work, the INE method is mentioned as a comparison with other factors. This method 

has been explored in the previous chapter and is not explored here due to its limited 

potential in a system. The INE method uses the Carnot efficiency method to short cut an 

exergy analysis for a single unit operation (or system in a limited manner), and gives a 

potential exergy loss target. The calculation of an inevitable loss is based on the unit task 

and varies with different units. For example, calculating the INE for a compressor is 

significantly different to a dryer, and a heat exchanger is different again. Another issue with 

the INE method is that it generally excludes non-temperature-based energies using the basic 

methodology, and becomes difficult to interpret for more complex systems where a full 

exergy analysis is preferred.  

 
𝐼𝑃 = (1 − 𝜂𝑒𝑥)(𝐸𝑥𝐼𝑁 − 𝐸𝑥𝑂𝑈𝑇) 

 
2-6  
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In terms of the INE, the overarching definition is the minimum entropy generation required 

to perform the task. 

 𝐼𝑁𝐸 = −𝑇0Δ𝑆𝐼𝐷.𝑚𝑖𝑛   
6-5  

6.3Case Studies 

6.3.1Case 0: No heat recovery option 

The base case (Case 0) scenario is identical to Case 1, with the difference being the omission 

of the economiser (E-1) and boiler system (R-B1, E-B1, E-B2) attached to the dryer system. 

This dryer system is used as a common part of the two cases, and allows the definition of a 

target. This situation means that this case is an open-cycle system. Since no heat recovery 

system is installed in Case 0 it can be used as a basis upon which to justify improvements (in 

industry, the current system is typically used). 

6.3.2Case 1: Boiler Case 

The process shown in Figure 6-1 features humid air (S-01 to S-03) passing through a pre-

heating sequence of exchangers (E-1 and E-2) before entering the dryer (D-1) at 190OC. The 

wet solids stream (S-08 to S-09) is pre-heated (E-3) to 60OC before entering the dryer. S-04 is 

an intermediate stream between the dryer and solids separation device (C-1), which is a 

mixed phase stream of very humid gas and dried solids. In C-1 the solids phase (S-10) and 

gas phase (S-05) are separated and the gas is used to partially preheat the feed gas (E-1).  

The boiler plant must run at temperatures over 210OC to preheat the feed gas; this process 

requires pressures in excess of 16 Bar. In terms of the utilities streams shown in Figure 6-1 

(also shown below), the steam system is linked, in that Uh-3 is the combined flow of Uh-1 

and Uh-2, and similarly UD-3 is the combined flow of UD-1 and UD-2. 
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Figure 6-1: The steam heated convective air dryer developed in the Pinch Analysis (Case 1). 
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6.3.3Case 2: Vapour Recompression Case 

The process shown in Figure 6-2 features humid air (S-01 and S-03) entering the pre-heating 

heat exchanger (E-1) before entering the dryer (D-1) at 190OC. The wet solids stream (S-08 

to S-09) is pre-heated (E-3) to 60OC before entering the dryer. S-04 is an intermediate 

stream between the dryer and the solids separation device (C-1), which is a mixed phase 

stream of very humid air and dried solids. In C-1, the solid phase (S-10) and gas phase (S-05) 

are separated. The gas is fed into a compressor (C-2) to heat the gas to 210OC (S-06) to fully 

preheat the feed gas (E-1) and then has its pressure reduced using a valve (C-1) before being 

discharged (S-12).  

 

Figure 6-2: The system in Figure 6-1 with a VRC system installed to replace the boiler system (Case 2). 
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6.4Results and Discussion 

6.4.1Energy flows 

Case 0 

𝐻𝐺𝐼𝑁
= 3,525 𝑘𝑊  𝐸𝑥𝐺𝐼𝑁

 = 720 𝑘𝑊 

𝐻, 𝐸𝑥𝐺𝐼𝑁
 =  energy or exergy given to the gas side of the system in total = S-01to S-03 

Note: in the case of the TM basis, this is identical given the feed is at 25℃ 

These Case 0 values provide a basis for comparison with Cases 1 and 2. 

Case 1 

𝐻𝐼𝑁
𝑇𝑀  = 362 𝑘𝑊  

𝐻𝐼𝑁𝑇𝑜𝑡
= 27,547 𝑘𝑊  

𝐻𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 = 3,941 𝑘𝑊  

𝐸𝑥𝐼𝑁
𝑇𝑀 = 0 𝑘𝑊  

𝐸𝑥𝐼𝑁𝑇𝑜𝑡
= 29,745 𝑘𝑊  

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 = 4,484 𝑘𝑊 

Note that these numbers do not balance the energy from the feed. The following outlet 

energy numbers refer to losses to the environment in the products and flue streams. The 

main difference in the TM result is due to the conversion of fuel (chemical energy) to 

thermal energy within the system. 

𝐻𝑂𝑈𝑇
𝑇𝑀  = 4,070 𝑘𝑊  

𝐻𝑂𝑈𝑇.𝑇𝑜𝑡 = 27,370 𝑘𝑊  

𝐻𝑂𝑈𝑇
𝑇𝑟𝑎𝑛𝑠 = 3,774 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇
𝑇𝑀 = 26 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇.𝑇𝑜𝑡 = 25,763 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇
𝑇𝑟𝑎𝑛𝑠 = 503 𝑘𝑊 

These results may be compared with the inlet values to illustrate the change within the 

system: 

∆𝐻𝑇𝑀 = −3,709 𝑘𝑊 

∆𝐻 = ∆𝐻𝑇𝑟𝑎𝑛𝑠 = 177 𝑘𝑊  

∆𝐸𝑥𝑇𝑀 = −26 𝑘𝑊  

∆𝐸𝑥 = ∆𝐸𝑥𝑇𝑟𝑎𝑛𝑠 = 3,982 𝑘𝑊 

While the raw numbers (IN and OUT) for transiting values are significantly different to the 

total, and the TM values, the overall change within the system is the same as the overall 

change. This allows for a better picture of what the system is doing. The change is generally 
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used in many efficiency factors, and the context given with the transiting values are 

important to analyse improvement opportunities. 

If the calculation were repeated only on the gas side of the system, it would be possible to 

determine which phase is the most limiting in the system, and which part of the system 

requires a greater focus. 

Δ𝐻𝐺
𝑇𝑀  = −3,649 𝑘𝑊  

Δ𝐻𝐺.𝑇𝑜𝑡 = Δ𝐻𝐺
𝑇𝑟𝑎𝑛𝑠 = 236 𝑘𝑊 

Δ𝐸𝑥𝐺
𝑇𝑀 = −23.7 𝑘𝑊  

Δ𝐸𝑥𝑇𝑜𝑡 = Δ𝐸𝑥𝐺
𝑇𝑟𝑎𝑛𝑠 = 3,462 𝑘𝑊 

The reason for checking whether the gas side calculation is close to the actual change (an 

important step towards simplification) is that it can lead to less complex calculations and 

still provide meaningful results in terms of the optimisation potential for the dryer. In this 

instance, the gas side accounts for 98% of the change on an energy basis and 90% on an 

exergy basis. 

Case 2 

𝐻𝐼𝑁
𝑇𝑀  = 4,714 𝑘𝑊  

𝐻𝐼𝑁.𝑇𝑜𝑡 = 28,014 𝑘𝑊  

𝐻𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 = 4,408 𝑘𝑊 

𝐸𝑥𝐼𝑁
𝑇𝑀 = 4,455 𝑘𝑊  

𝐸𝑥𝐼𝑁.𝑇𝑜𝑡 = 30,238 𝑘𝑊  

𝐸𝑥𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 = 4,977 𝑘𝑊 

Note: These numbers do not ‘balance’, and the following outlets refer to losses in the 

products and other outlets (i.e. the outlet is not at the same temperature and pressure as 

the inlet due to unit inefficiencies on energy losses). 

𝐻𝑂𝑈𝑇
𝑇𝑀  = 1,873𝑘𝑊  

𝐻𝑂𝑈𝑇.𝑇𝑜𝑡 = 25,173 𝑘𝑊  

𝐻𝑂𝑈𝑇
𝑇𝑟𝑎𝑛𝑠 = 1,567 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇
𝑇𝑀 = 12.3 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇.𝑇𝑜𝑡 = 25,474 𝑘𝑊  

𝐸𝑥𝑂𝑈𝑇
𝑇𝑟𝑎𝑛𝑠 = 213 𝑘𝑊  

These results may be compared to give the change within the system: 

∆𝐻𝑇𝑀 = 2,842 𝑘𝑊 

∆𝐻 = ∆𝐻𝑇𝑟𝑎𝑛𝑠 = 2,842 𝑘𝑊  

∆𝐸𝑥𝑇𝑀 = 4,443 𝑘𝑊 ∗  

∆𝐸𝑥 = ∆𝐸𝑥𝑇𝑟𝑎𝑛𝑠 = 4,763 𝑘𝑊 

NOTE 6-1:* The exergy is high since the electrical energy was added to the TM calculation for simplicity. 

If the calculation were repeated on just the gas side of the system, it would be possible to 

determine which phase is the limiting one in the system: 
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Δ𝐻𝐺
𝑇𝑀  = Δ𝐻𝐺.𝑇𝑜𝑡 = Δ𝐻𝐺

𝑇𝑟𝑎𝑛𝑠 = 2,653 𝑘𝑊  Δ𝐸𝑥𝐺
𝑇𝑀 = 4,196𝑘𝑊  

Δ𝐸𝑥𝐺.𝑇𝑜𝑡 = Δ𝐸𝑥𝐺
𝑇𝑟𝑎𝑛𝑠 = 3,995 𝑘𝑊  

Summary 

It is important to note that Case 2 has a higher energy (4,408 kW versus 3,941 kW) and 

exergy feed (4,977 kW versus 4,484 kW) load than Case 1, meaning that for the same task, 

Case 1 has a lower energy and exergy cost. Another important aspect of these results is that 

the outlet thermal energy being sent to the environment is significant in both systems and is 

higher in Case 1 than Case 2 (3,774 kW versus 1,873 kW energy) and (26 kW versus 12.3 kW 

exergy). The overall loss is higher due to the change in composition from the feed 

(environmental) air. The difference in the thermal and total loss to the environment is 

important and leads to the recovery potential metric discussed below. 

6.4.2Evaporation Potential 

A metric that can be used to define efficiency is the task efficiency. To determine this 

metric, the evaporation potential must be established first. This assessment can be done by 

assuming that all the energy spent within a process is used to evaporate water under ideal 

conditions. 

Comparing the evaporation potential with the actual evaporation from Case 0 can lead to 

some meaningful results. 

Case 0 

Actual (calculated) evaporation values: 

𝑚̇ =  1.18 𝑘𝑔. 𝑠−1  𝑛̇ =  0.065 𝑘𝑚𝑜𝑙. 𝑠−1 

𝐻∆𝑉 = 2,591 𝑘𝑊  𝐸𝑥∆𝑉 = 272 𝑘𝑊 

The evaporation potential is a useful calculation for a dryer (and can be translated to the 

system), as it relates to the task of the dryer and the linked systems. Using the values for the 

evaporation energy and the exergy of water at the constant temperature of the preheated 

wet solids stream (S-09) (60OC), it is possible to determine the evaporation potential of 

water using the two-step method outlined in the two-step calculation. The values of ∆H∆v 

and ∆Ex∆v at 60OC (2,360 kJ/kg and 144 kJ/kg, respectively) can be used to determine the 

potential to generate evaporate water using the two-step calculation of the dryer outlined 
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in [2]. The evaporation potential can then be compared with the actual evaporation 

produced by the dryer to obtain the evaporation efficiency.  

The evaporation potential efficiency determines the task efficiency of the dryer on both an 

energy and exergy basis; these efficiency factors determine one of the optimisation targets 

for the system. 

Case 1 

It is also important to consider the fuel energy (energy added to the system that is not part 

of the processing streams, e.g. natural gas and electricity) fed into a system. This is the 

energy value of the natural gas or electricity added to run a system, which is generally 

higher than what is used to preheat air for a dryer. The results of lost efficiencies within a 

system, be it fuel burning or shaft losses, means the total energy and exergy required to 

drive a system will naturally be higher than the ideal requirement for just a dryer.  

The main losses associated with losses from the fuel to the product are conversion losses. 

These losses are associated with an 80% burning loss along with heat transfer effectiveness, 

heat loss to the environment and performing other tasks. Heat recovery and pressure-work 

recovery are ways of minimising these losses, but can only partially minimise the increase in 

fuel use. These increased numbers for Case 1 are: 

𝐻𝑓𝑢𝑒𝑙  = 3,885 𝑘𝑊 𝐸𝑥𝑓𝑢𝑒𝑙  = 3,959 𝑘𝑊 

The evaporation potential associated with these fuel values, given the same conditions for 

the dryer stated above, provide the following values: 

 𝜂∆𝑉.𝐻𝐺.𝐼𝑁
=

𝑛∆𝑉.𝑎𝑐𝑡

𝑛∆𝑉.𝑝𝑜𝑡𝑄
̇

̇
= 𝟕𝟗% 6-6  

 𝜂∆𝑉.𝐸𝑥𝐺.𝐼𝑁
𝑇𝑀 =

𝑛∆𝑉.𝑎𝑐𝑡

𝑛∆𝑉.𝑝𝑜𝑡𝐸𝑥
̇

̇
= 𝟒𝟏% 6-7  

Where 𝑛∆𝑉.𝑝𝑜𝑡𝑄
̇ =

𝑛𝐺𝐼𝑁
̇ 𝐶𝑝𝐺

̅̅ ̅̅ ̅(𝑇𝐺
𝐼𝑁 − 𝑇𝑆

𝐼𝑁)

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁

 6-8 

And  
𝑚∆𝑉.𝑝𝑜𝑡𝐸𝑥

̇ =

𝑚𝐺𝐼𝑁
̇ 𝐶𝑝𝐺

̅̅ ̅̅ ̅ (𝑇𝐺
𝐼𝑁 − 𝑇𝑆

𝐼𝑁 − 𝑇0 ln (
𝑇𝐺

𝐼𝑁

𝑇𝑆
𝐼𝑁))

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁 − 𝑇0∆𝑆∆𝑉@𝑇𝑆

𝐼𝑁
 6-9 
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 𝑛∆𝑉.𝑓𝑢𝑒𝑙.𝑄̇ =  0.0928 𝑘𝑚𝑜𝑙. 𝑠−1  𝑛∆𝑉.𝑓𝑢𝑒𝑙.𝐸𝑥̇ =  0.8882 𝑘𝑚𝑜𝑙. 𝑠−1 

It should be noted that the calculated values above, of evaporation potentials, are 

determined by the energy available within the fuel-source dedicated to the task of 

evaporating water at the solids inlet temperature. These values lead to system-wide 

evaporation efficiencies of: 

𝜂∆𝑉.𝐻𝑓𝑢𝑒𝑙
= 71% 𝜂∆𝑉.𝐸𝑥𝑓𝑢𝑒𝑙

𝑇𝑟𝑎𝑛𝑠 = 7.4% 

Both efficiencies drop significantly when compared with Case 0 (79% to 71% and 41% to 

5%). This result is expected since more energy is needed (in the form of fuel) than the 

recovery using the economiser. 

The maximum heat recovery potential is around 84% of what is needed to pre-heat the feed 

(at the current conditions), considering that the burner in the boiler system is assumed to 

be 80% efficient, and that the heat recovery in the system is quite low (20% of maximum 

potential), the extra heat losses associated with the system are significant.  

Another reason why the fuel-based factors are lower is that the boiler section of the case is 

not 100% efficient. Given this information, the resulting amount of fuel energy is higher 

than ideally required. 

Case 2 

It is also important to consider the ‘fuel’ energy fed into the system. This is the energy value 

of the natural gas or electricity added to run the system, and is generally higher than what is 

used to preheat the drying gas for the dryer. The result of lost efficiencies within a system 

means that the total energy and exergy required to drive the system will naturally be higher 

than the ideal requirement for just the dryer. These increased numbers for Case 2 are: 

The evaporation potential associated with these fuel values, given the same conditions for 

the dryer stated above, gives the following figures. 

 𝑛∆𝑉.𝑓𝑢𝑒𝑙.𝑄̇ =  0.104 𝑘𝑚𝑜𝑙. 𝑠−1   𝑛∆𝑉.𝑓𝑢𝑒𝑙.𝐸𝑥̇ =  0.999 𝑘𝑚𝑜𝑙. 𝑠−1 

𝐻𝑓𝑢𝑒𝑙 = 4,408 𝑘𝑊  𝐸𝑥𝑓𝑢𝑒𝑙 = 4,455 𝑘𝑊 
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It should be noted here that the above calculated values of evaporation potentials apply if 

all the energy available within the fuel source were dedicated to the task of evaporating 

water at the solids inlet temperature. These evaporation potentials lead to system-wide 

evaporation efficiencies of: 

𝜂∆𝑉.𝐻𝑓𝑢𝑒𝑙
= 63% 𝜂∆𝑉.𝐸𝑥𝑓𝑢𝑒𝑙

𝑇𝑟𝑎𝑛𝑠 = 6.5% 

Summary 

As the required heating in Case 0 is added using utilities (i.e. with no attempt to use heat 

recovery), the energy and exergy costs are quite high, and the exergy lost to the 

environment is high (due to the extra fuel required for the utilities and warm dryer flue gas). 

This situation is useful as a base case for comparison with proposed improvements. 

Based on the overall factors, the energy utilisation may be defined as the ratio of the energy 

input to the energy added to perform the task. On an item-by-item basis, this definition is 

refined to be closer to the task efficiency. On an energy basis, it is appropriate to define this 

value as the energy added to the system per kilogram of evaporated water. 

Table 6-1: Summary of Energy flows for the base comparison. 

Case 0 Case 1 Case 2 

𝐻𝐼𝑁
𝑇𝑀 = 3,773 𝑘𝑊 

𝐻𝐼𝑁 = 27,379 𝑘𝑊 

𝐻𝐼𝑁
𝑇𝑟𝑎𝑛𝑠 = 3,774 𝑘𝑊 

𝐻𝐺.𝐼𝑁 = 3,525 𝑘𝑊 

𝐻𝐼𝑁
𝑇𝑀 = 362 𝑘𝑊 

𝐻𝐼𝑁 = 27,547 𝑘𝑊 

𝐻𝑓𝑢𝑒𝑙 = 3,885 𝑘𝑊 

𝐻𝐼𝑁
𝑇𝑀 = 4,714 𝑘𝑊 

𝐻𝐼𝑁 = 28,014 𝑘𝑊 

𝐻𝑓𝑢𝑒𝑙 = 4,408 𝑘𝑊 

NOTE 6-2: The HG.IN term is a close representation of the HIN
TM term. The 248 kW difference is 

associated with the solid stream (S-09) being above ambient temperature (60OC). 

Each of the three cases perform the same amount of evaporation. The 𝐻𝐼𝑁
𝑇𝑀 term used for 

the three cases is difficult to use due to the difference in the nature of the energy sources. 

In Case 1, the fuel used in the boiler is counted in the fuel and the total value, but is 

chemical in nature and is not counted in the TM energy. In Case 2, electricity is the fuel and 

is included in the TM energy. Given this difference, it is important to use a comparable 

information set. The 𝐻𝑓𝑢𝑒𝑙 values for Cases 1 and 2 are equivalent, and this parameter 

shows a much higher energy requirement for Case 2 than for Case 1 (13%). 
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Comparing these values with the energy required for the dryer, there is an energy 

requirement improvement in Case 2. The higher fuel energy requirement for Case 1 also 

indicates a higher rate of energy loss per task.  

 

6.4.3Flue Gas Recovery Potential 

The flue gas recovery potential is calculated by: 

Case 0 

The energy (and exergy) recovery potential is important in defining the system. Based on 

the gas side of the dryer, the excess energy is associated with the heat in the increased 

temperature of the outlet (compared with the raw air feed temperature of 25OC). In the 

case of the dryer: 

∆𝐻𝑅𝑒𝑐 = 2,992 𝑘𝑊 ∆𝐸𝑥𝑅𝑒𝑐 = 274 𝑘𝑊 

∆𝐸𝑥𝑅𝑒𝑐
𝑇𝑀 = 69 𝑘𝑊 

It is important to note that the exergy-based recovery potentials are different. This 

difference is due to the composition change. A significant amount of exergy is lost to the 

environment in the form of diffusion losses. What is more important is that a large amount 

of the energy potential is associated with the condensation of the water at the reference 

temperature (25OC). Since the gas outlet has a dew point of 43.1OC, potential condensation 

energy (to a dew point of 25OC) is included.  

While the exergy factor considers the composition (and the TM value does not), a driving 

force exists with the environment in terms of the water content being close to (or at) 

saturation conditions, rather than at dead state conditions. This driving force is considered 

to be an unrecoverable loss. 

 ∆𝐻𝑅𝑒𝑐 = 𝐻𝐺.𝑂𝑈𝑇 − 𝐻𝐺.𝑂𝑈𝑇@𝑇0
 

6-10  

 ∆𝐸𝑥𝑅𝑒𝑐 = 𝐸𝑥𝐺.𝑂𝑈𝑇 − 𝐸𝑥𝐺.𝑂𝑈𝑇@𝑇0
 

6-11  
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From this potentially recoverable exergy, only 25% (69 kW of 274 kW) is recoverable as 

heat. While using this energy is not practical (reusing heat close to the dead state 

temperature is difficult), it provides a target to aim for when applying the same method to 

the systems in the other two cases. 

Case 1 

Other areas of interest are environmental and system losses. For Case 1, the lost energy to 

the environment is in the form of flue gas from both the dryer air and boiler system flue gas. 

These losses are significant, with the heat loss from the cooled air being used to preheat the 

feed gas. 

∆𝐻𝑅𝑒𝑐 = 2,485 𝑘𝑊 ∆𝐸𝑥𝑅𝑒𝑐 = 223 𝑘𝑊 

∆𝐸𝑥𝑅𝑒𝑐
𝑇𝑀 = 18.6 𝑘𝑊 

A significant proportion of the lost energy is not associated with thermally-based energies 

(only 18.6 kW of the 223 kW). This result means that the majority of the lost energy is 

unrecoverable (92%) using simple heat exchange, and is due to the change in the air 

composition within the system. Also, if we compare this 18.6 kW to the potential 69 kW 

from just the dryer, 27% of the potential energy is not recovered. This result is due to the 

limitations given by the approach temperature (∆T=20OC) and its effect on heat exchangers 

within the system. 

Case 2 

Other areas of interest are the environmental and system losses. For Case 2, the lost energy 

to the environment is in the form of flue gas from dryer air. This loss is significant and more 

complex than that of Case 1 due to the use of the valve V-1. Prior to V-1, the gas 

temperature is 62OC and contains significant amounts of water vapour, and the pressure is 

also significant being at 3.56 Bar. After V-1 the conditions change to ambient pressure and 

22.5OC, which is significant in that the outlet temperature is below ambient (25OC). 

∆𝐻𝑅𝑒𝑐 = 2,883 𝑘𝑊 ∆𝐸𝑥𝑅𝑒𝑐 = 56.9 𝑘𝑊; 2,721 𝑘𝑊(𝑝𝑟𝑒 𝑣𝑎𝑙𝑣𝑒) 

∆𝐸𝑥𝑅𝑒𝑐
𝑇𝑀 = 10 𝑘𝑊; 2,516𝑘𝑊(𝑝𝑟𝑒 𝑣𝑎𝑙𝑣𝑒) 
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A significant proportion of the lost energy is not associated with thermally-based energies 

(only 10 kW of the 56.9 kW). This result means that the majority of the remaining energy is 

unrecoverable (82%) using simple heat exchange. Also, comparing the 10 kW to the 

potential 69 kW from Case 0, 85% of the potential energy is not recovered. The main loss for 

this system is associated with pressure since an adiabatic valve has been assumed at the 

outlet of the system. A pressure recovery expander (turbine) may be installed in a real 

system to minimise this loss further at an increased cost. The loss associated with this valve 

on exergy terms is 2,664 kW. This valve also has the potential to condense the excess water 

vapour, leading to this large energy loss. 

6.4.4Solids Heat Recovery Potential 

It is important to discuss the loss of energy associated with the product stream (dried solids) 

as it is difficult to recover the heat from this part of the system. The solids stream leaves 

Case 0 (and subsequently Cases 1 and 2) at 48.8OC which is significantly higher than the 

ambient temperature (25OC ). This leads to an extra 88 kW of enthalpy which is wasted from 

the feed heaters, equating to 7 kW of TM exergy being wasted. The solids may still attempt 

to absorb moisture from the environment unless further cooling takes place, and this has 

the potential to waste up to 72 kW of diffusion energy (if the solids behave in a 

thermodynamically ideal manner). This result is not significant when compared with the 

recovery potential of the gas and will not be considered further. 

6.4.5Improvement Potential 

Case 0 

The factors discussed above are simple in interpretation and calculations, with many of 

them not requiring exergy to be calculated at all. However, many factors based on exergy in 

literature are not as straightforward to interpret. One such method, IP, is another way of 

interpreting losses within a system. IP does not provide a target, but it does have the 

potential to be used for optimisation through case studies. 

𝐼𝑃𝑇𝑎𝑠𝑘  = 490 𝑘𝑊  

𝐼𝑃 = 598 𝑘𝑊 

𝐼𝑃𝑇𝑟𝑎𝑛𝑠  = 542 𝑘𝑊  
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The IP shifts the efficiency factor back into the scalar domain by utilising the lost exergy (or 

entropy generation) value. This approach is similar to the INE method. However, since this is 

determined in the exergy domain, it has the potential to be more informative (since INE is 

more of a ‘short-cut’ method). The other benefit of IP over the INE method for systems is 

that the definition is applicable on the simple efficiency basis, or task, depending on the 

level of information required. The INE factor is only suitable for use on an item-by-item 

basis, because the calculation of the inevitable loss is based on the unit task and varies with 

different unit operations. For example, calculating the INE for a compressor is significantly 

different to the dryer, and a heat exchanger is different again. These differences mean it is 

actually more meaningful to assess the system as a whole. INEs for individual unit 

operations will be discussed later. 

It is important to note that the INE value for the dryer is 669 kW [2], which is the theoretical 

minimum exergy loss associated with the ideal process of drying.  

Case 1 

The evaporation and recovery potentials are useful in explaining how the expanded system 

reduces the overall efficiency of the dryer when changing the basis from the dryer-based 

factors to fuel-based factors. The effects of including the system (as opposed to on an item 

by item basis) on the other factors such as the IP, INE, and other efficiency factors are 

significant. These are explored here. 

The INE of the system is challenging to define. For example, it may be defined relative to the 

sole task of drying (in which case it is the same as that of Case 0), or it may be defined per 

plant zone (the boxed areas of the plant diagrams), or defined as a combination of individual 

unit operations. The INE method is best defined as the third option (each unit separately 

defined) and this is explored in the work of Feng [39, 98].The IP is a useful factor for a 

system. 

𝐼𝑃𝑇𝑎𝑠𝑘  = 3,668 𝑘𝑊  

𝐼𝑃 = 3,711 𝑘𝑊 

𝐼𝑃𝑇𝑟𝑎𝑛𝑠  = 3,708 𝑘𝑊  

These results are significantly larger value than that of Case 0, which is due to the increased 

complexity of the system, with extra losses associated with the conversion of fuel in the 

process (similar to the change in evaporation potential). 
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Case 2 

For consistency between the cases, the evaporation and recovery potentials that are useful 

in explaining how the expanded system reduces the overall efficiency of the dryer are 

explored here. The following results for IP were obtained. 

𝐼𝑃𝑇𝑎𝑠𝑘  = 4,146 𝑘𝑊  

𝐼𝑃 = 4,457 𝑘𝑊 

𝐼𝑃𝑇𝑟𝑎𝑛𝑠  = 4,559 𝑘𝑊  

Each of the IP values are significantly larger than that of Case 0, and this is due to the 

increased complexity of the system, with extra losses associated with the conversion of fuel 

in the process (similar to the change in evaporation potential). 

The improvement potential is 20% higher than Case 1 (3,711 kW vs 4,457 kW). This result 

means that Case 2 is less effective at the task overall, but at this level it is hard to pinpoint 

why (although the valve is the major concern), or what part of Case 1 is the main 

contributor. An item-by-item analysis is required for a better understanding, and this is 

explored later. 

6.4.6Efficiency Factors 

Base factors 

Many efficiency factors that can be used to describe a system are simple, while others 

require interpretation, each giving insight to the process; the simple efficiency factor (for 

example) provides an indication of exergy use within a system compared with what is 

entering a system. The following factors (with differing calculation bases) are calculated 

using Equation 12. 

 𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒 =
𝐸𝑥𝐼𝑁 − 𝐸𝑥𝑂𝑈𝑇

𝐸𝑥𝐼𝑁
  

12  

Table 6-2: Summary of simple efficiency factors. 

Case 0 Case 1 Case 2 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑀 = 90.3% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑟𝑎𝑛𝑠 = 65.7% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒 = 3.1% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑀 = 99.5% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑟𝑎𝑛𝑠 = 88.8% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒 = 23.5% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑀 = 99.9% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒
𝑇𝑟𝑎𝑛𝑠 = 95.7% 

𝜂𝐸𝑥.𝑠𝑖𝑚𝑝𝑙𝑒 = 15.8% 
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The energy recovery within each system results in an improvement in efficiency. While the 

efficiency values are lower overall for Case 2 than for Case 1, the remaining losses occur to 

the environment. These results provide a starting point for sensitivity analyses. Case 1 has a 

higher overall simple efficiency – implying that it involves a higher exergy use within the 

system (i.e. less wasted exergy), but a lower transiting efficiency (i.e. it has a greater loss to 

the environment than Case 2). 

Task Factors 

The previous factors assessed the overall energy and exergy loss within and around a 

system. However, systems are designed to perform a task ― in this instance, evaporating 

water to dry a solid sufficiently. For the task of evaporation, the dryer performs quite poorly 

on an exergy basis (and as a result, typically occurs in a relatively compact unit). 

Table 6-3: Summary of task factors. 

Case 0 Case 1 Case 2 

𝜂∆𝑉.𝐻𝐺.𝐼𝑁
= 79% 

𝜂∆𝑉.𝐸𝑥𝐺.𝐼𝑁
𝑇𝑀 = 40.5% 

𝜂∆𝑉.𝐻𝑓𝑢𝑒𝑙
= 71% 

𝜂∆𝑉.𝐸𝑥𝑓𝑢𝑒𝑙
𝑇𝑟𝑎𝑛𝑠 = 7.4% 

𝜂∆𝑉.𝐻𝑓𝑢𝑒𝑙
= 63% 

𝜂∆𝑉.𝐸𝑥𝑓𝑢𝑒𝑙
𝑇𝑟𝑎𝑛𝑠 = 6.5% 

 

Both systems have reduced task efficiencies, particularly on an exergy basis. The lost 

effectiveness is lower in Case 2 ― i.e. less exergy loss is associated with the task, so more of 

the loss is associated with the rest of the system. However, the target is to meet (or exceed) 

the results of Case 0. As such, Case 2 is a better option due to its higher task efficiency. 
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6.5Item-by-Item results 

6.5.1Case 1 

Table 6-4: An item-by-item analysis of Case 1. 

 HIN Task HTask 
Task 
(%) 

IP 
AVO/IN 

(%) 
ExIN ExOUT Task 

Task 
(%) 

IP 
IP/IN 
(%) 

E-1 3,714 Heat 507.7 13.7 3,206 0.00 428 397 19.2 4.5 408.5 95.5 

E-2 4,580 Heat 3,018 65.9 1,563 41 1,439 1,599 700.3 48.7 738.6 51.3 

D-1+C-1 3,774 Evap 2,777 73.6 996 6.6 1,255 430 783.6 62.4 471.4 37.6 

E-3 249 Heat 248.5 99.9 0.3 8.9 566 535 13.5 2.4 552.8 97.6 

E-B2 866 Heat 315 36.4 551 0.4 215 196 69.9 32.6 144.6 67.4 

R-B1 4,256 Rxn 3,547 83.3 709 34.3 4,032 2,648 3,360 83.3 672.1 16.7 

E-B1 5,239 Heat 3,270 62.4 1,970 15.3 3,606 1,754 585 16.4 3,022 83.8 

 

The key results from Table 6-4 indicate that the dryer economiser (E-1), the dryer (D-1+C-1) 

and the boiler heat recovery exchanger (E-B2) have the lowest task efficiencies on an energy 

basis. The solids preheater (E-3), the economiser (E-1), and the boiler steam heater (E-B1) 

are the worst task performers on an exergy basis. However, looking at the IP for these units, 

the large-scale losses are associated with the steam exchanger (E-B1), the dryer gas 

preheater (E-2), and the boiler reactor (R-B1). From these results, the focus on improving 

the system lies in the boiler package part of the system. 

AVO/IN has been calculated based on the energy transfer per unit as defined in the work of 

Feng [39, 98] for the AVO (1-INE) value and the value of the transiting exergy feed per unit. 

The higher this number, the worse the performance – which means similar results to that of 

the IP. The INE/AVO method may present a reasonable short-cut estimate on a unit-by-unit 

analysis, but is challenging to define for entire systems. 

6.5.2Case 2 

Table 6-5: An item-by-item analysis of Case 2. 

 
HIN Task HTask 

Task 
(%) 

IP 
AVO/IN 

(%) 
ExIN ExOUT Task 

Task 
(%) 

IP 
IP/IN 
(%) 

E-1 7,042 Heat 3,525 50.1 3,517 0.2 3,793 3,595 719.5 19.0 3,073 81.0 

C-2 7,042 Comp 3,328 80.0 1,575 24.6 4,634 3,793 3,365 80.0 927 20.0 

D-1+C-1 3,774 Evap 2,777 73.6 996.3 6.6 1,255 430 783.6 62.4 471 37.6 

E-3 249 Heat 248.5 100.0 0.0 9.6 770 535 13.5 1.8 757 98.2 

V-1 3,551 Expand 2,048 57.6 1,507 71.2 2,875 211 2,664 92.7 211 7.3 
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The key results from Table 6-5 indicate that the valve (V-1), the economiser (E-1), and the 

dryer (D-1+C-1) are the worst performers on an energy task basis. The solids pre-heater (E-

3), the economiser (E-1), and the dryer (D-1+C-1) are the worst performers on an exergy 

task basis. However, looking at the IP for these units, the large-scale losses are associated 

with the economiser (E-1), the dryer (D-1+C-1), and the valve (V-1). From this, the focus on 

improving the system lies in improving these three units.  

Comparing these results with those of Case 1 indicates a significant improvement on an 

item-by-item basis, while the IP for the economiser is significantly higher (3,073 kW) than 

the pre-heating train in Case 1 (409 kW). This result has occurred since the outlet of the 

economiser on the discharge side has a significantly higher amount of energy that is not 

recovered. 

The importance of the results associated with the valve (V-1) in Case 2 shows the 

importance of pressure based energy recovery, the exergy being lost to the environment 

within this unit (or if it is not even installed) is significant, even if the pressure is not as high 

as that of the boiler in Case 1. 

6.6Overall Discussion 

It is important to compare these results to provide a context for potential system 

improvements that an exergy analysis may yield for a system that includes a dryer. 

It is important to note that while the discussion below is focussed on the inlet gas 

temperature, the results are very similar with respect to changing the gas flow rate. Adding 

the case study for those does not differ substantially from that of Chapter 4. In saying that, 

since the variables being studied are energy-based variables, temperature and flow are 

heavily involved in that base definition, which does suggest that changing temperature and 

flow in an inverse manner (to keep feed energy constant) will yield similar results. 

6.6.1Comparison of case studies 

The base case outlines the potential recoverable energy for the system to benchmark the 

two cases; its task is focused on evaporating water. When assessing the system as a whole, 

this (water evaporation) becomes the task for the entire system, thereby allowing different 

cases to be analysed and compared. 
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An exergy analysis of the system focuses on other factors outside the heat flow and an 

energy balance. For example, on an energy basis, a dryer is a reasonable unit of operation 

for the task of evaporating water. However, the amount of lost exergy indicates that the 

unit uses significant amounts of high quality energy to perform the task. 

• On the energy per evaporation basis, Case 1 is superior. While more of the fed energy in 

Case 2 is converted directly into the potential to evaporate water in the dryer (on a fuel 

basis), much of it is wasted directly to the environment. In comparison, Case 1 has fuel 

losses associated with the conversion of fuel to heat. 

• On the energy recovery basis, Case 1 is preferred. While the recoverable energy is 

higher in Case 2, sizeable amounts of this energy are due to pressure. Both systems 

have low outlet temperatures and identical recovery losses associated with the product 

being warm. 

• If only base factors are considered, then Case 1 is superior due to its total exergy use 

and loss to environment being lower than Case 2. If the pressure-based exergy is 

recovered in Case 2, this result is reversed. 

• For task factors, Case 1 is preferred, as the task is based on evaporation. 

6.7Implications for the system 

Two key variables that may potentially be manipulated are the dryer gas inlet temperature 

and the dryer gas feed flowrate. The effects of these changes on several efficiency factors 

and quality metrics are shown and discussed here.  

To have a basis of comparison with the dryer only, the dryer factors are shown in Figure 6-3. 

It must be noted that a dryer gas inlet temperature below 170OC results in the dryer not 

reaching the isotherm at equilibrium, and the outlet equilibrium temperature is below the 

outlet dew point temperature. This result means that there is not enough energy in the feed 

gas to fully dry the solids. 
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Figure 6-3: Dryer maximum efficiency, outlet moisture content for the dryer against gas feed 

temperature. 

 

Figure 6-3 shows the relationship between the effect of changing the inlet gas temperature 

on the maximum efficiency of the dryer, the outlet dryer temperature, and the outlet 

moisture content. This relationship is important because it gives two system limitations and 

a target for efficiency when dealing with the system. 

The maximum efficiency is determined by the boiler assumption used for the calculation of 

the INE factor, and this calculation may be found in Chapter 4.The outlet gas temperature is 

the outlet gas temperature given the offset of 20OC of the outlet gas temperature above the 

outlet solids temperature. 

The limits given in Figure 6-3 are inlet gas temperatures of 180OC and 250OC. Below 180OC 

there is not enough energy in the gas to effectively dry the solids. The upper limit given 

(250OC) arises because, at this temperature the outlet gas temperature reaches 100OC 

which increases the risk of over drying or oxidation of the powder. A more reasonable limit 

would be when the solids reaches 100OC (so given the offset, 265OC is used as the inlet 

temperature). Due to these limits, any optima outside of the range (180OC -265OC) should be 

considered impractical. 

Based on this information, the maximum efficiency (Figure 6-3) is at its lowest at the lowest 

point in the range, and steadily increases to the upper limit of the range. 

0

30

60

90

120

150

180

160 180 200 220 240 260 280 300

0%

10%

20%

30%

40%

50%

60%

D
ry

e
r 

O
u

tl
e

t 
Te

m
p

e
ra

tu
re

 (O
C

)

Dryer Gas Feed Temperature (OC)

η
m

a
x

&
 X

O
u

t
(g

W
.k

g S
-1

)

X_Out (g/kg) η_max T_Dryer_Out

Grey Lines (Left axis)
Black Lines (Right axis)



183 

 

 

Figure 6-4: Inlet and Outlet Energy and Exergy flows for Case 1 (Black) and Case 2 (Grey) against feed 

gas temperature. 

 

Figure 6-4 shows the energy and exergy profiles of both cases over a range of inlet gas 

temperatures. These are generally following the same shape (Carnot curve) with little 

difference apart from system 2 being higher in all cases. Figure 6-4 is important as it is the 

basis for several factors such as recovery potential and several efficiency factors. 
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Figure 6-5: The recovery potentials of the dryer and Case 1 and 2. 

 

The recovery potential is one of the factors described above that has a significant meaning 

in that the recovery is the main way to reduce energy and exergy loss. The results of the raw 

recovery potential compared with the inlet gas temperature are shown in Figure 6-5. The 

recovery potentials of the dryer are the maximum recovery, while those of the two systems 

are similar to each other with Case 2 being slightly higher. It is important to note that both 

potential recovery curves move away from that of the dryer as the temperature increases. 

Above 270OC the boiler system has issues with generating enough energy at a sufficient 

temperature to supply the dryer, and the outlet temperature of the dryer is beyond 100OC 

(Figure 6-3) meaning this region is not feasible for drying heat sensitive materials such as 

skim milk powder. 

 

Figure 6-6: Recovery potential as an efficiency. 

 

Figure 6-6 shows the results of comparing Figure 6-5 with Figure 6-4. The recovery potential 

within the grey area (practical region in the grey box) is an ineffective way of improving 

recovery for either case. Due to the nature of Case 2, the cost of a compressor will increase 

significantly as the temperature requirements increase, while on the other side, the 
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potential to be able to use a turbine to replace the valve increases. Increasing the feed 

temperature for Case 1 is undesirable with the alternate side effect of the steam pressure 

requirements becoming increasingly higher to achieve the desired temperature. 

The exergy recovery percentage is quite low (compared with the energy recovery) but is an 

important result, even if it follows the same trend as energy. This result arises because the 

majority of the energy within the system is thermal in nature, and the comparison is based 

on overall temperature change. 

 

Figure 6-7: The Improvement Potential as a function of the dryer gas feed temperature. 

 

The high value of IP shown in Figure 6-7 for Case 2 is due to the ‘inefficient’ valve used to 

return the flow from the compressor to atmospheric pressure, while the value for Case 1 is 

associated primarily with the utility boiler and its discharge temperature increasing (as the 

steam temperature increases). 
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Figure 6-8: The pressure requirements of both systems as a function of dryer gas feed temperature. 

 

Figure 6-8 shows the pressure requirements of both systems, the minimum pressure in the 

accompanying boiler for case 1 that is required to achieve saturated steam to pre-heat the 

feed gas, and the outlet pressure for the compressor/blower in case 2. The high pressure in 

case 1 is significant due to the increased cost of generating the steam, and increased 

material thickness of the heat exchangers and piping, while the small change in the pressure 

required for case 2 indicates system flexibility. On the point of the required pressure for 

Case 2, the pressure has a maximum around 240OC as expected. Above this temperature the 

outlet pressure appears to decrease, and this decrease is due to the dryer outlet 

temperature increasing.  
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Figure 6-9: The IP and INE/IN as against dryer gas feed temperature. 

 

The Inevitable loss and IP are important results (Figure 6-9) as they both indicate the 

utilisation of energy and exergy within the system. It is natural that these factors are 

inverted in their results (shape) since IP determines how much energy or exergy is wasted, 

while INE looks at the minimum loss associated with the process. The importance is the 

direction of the slope for each of these factors (again only looking at the practical range), 

and the optimum point based on these factors gives the minimum point. It is worth noting 

that while the INE/IN exergy ratio increases for both systems as the dryer gas temperature 

increases, the IP/IN Case 1 has only a small change (0.26% gas basis and 0.29% on a fuel 

basis). This result indicates that changing the temperature has a negligible effect on the 

change in exergy utilisation within the system. 
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Figure 6-10: Task efficiency of case 1 and case 2 compared with the dryer. 

 

Figure 6-10 shows that while the task efficiency of the dryer increases (on an energy basis) 

the system inverts it so that the task efficiency decreases significantly as the feed 

temperature increases. This makes sense when looking at the moisture content curve in 

Figure 6-3, in that more energy is used to evaporate less moisture at higher temperatures, 

and this decreases efficiency. 

On an exergy basis all three cases are consistent in the way that the task efficiency 

decreases as the feed gas temperature increases. The best point for the task efficiency is at 

the lowest practical temperature, and this result may lead to multi-step drying systems 

being preferred. 

With these case studies the results agree that the lowest practical gas feed temperature is 

the most efficient operating point. On the other hand, other operational factors may be 

more important, such as a desired solids moisture content or dryer size. 

The overall task efficiency is linked with the solids moisture content; only the shape of the 

relationship between the overall task efficiency and solids outlet moisture content should 

be considered here - not the scale (as that would be dependent on the system). 
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The temperature-based profiles indicate that a system-wide optimisation is challenging due 

to the slightly interactive nature of the system (heat recovery loops). However, most of the 

results indicate that an increase in temperature (and gas flow) are undesired on both the 

task and recovery potential basis. 

The dryer and parts of the supplementary sections of both cases studied here are limiting. 

For Case 1, the pre-heating heat exchanger using steam, and the dryer are the worst 

performers on an exergy basis, while for Case 2, the dryer and the exhaust valve are the 

worst performers.  

Optimisation can be targeted to these areas, in terms of the dryer, the minimum inlet gas 

temperature to reach the desired output is preferred. This consideration has several effects 

on the system supporting the dryer, pushing the boiler and compressor to require less 

energy and less wasted energy within the system as a result. 

The energy-based task efficiencies are similar for both systems. The similarity also 

demonstrates how linked the systems are and that the dryer is the main item in the system. 

For larger systems, targeting the key units is important for optimisation. Further, the 

enthalpy-based optimisation is strongly linked to the outlet moisture content as can be seen 

in Figure 6-10, in contrast to exergy factors, which are linked to system temperatures and 

flow. 

These results demonstrate the usefulness of several factors: 

• Simple efficiency is more suited for an overall analysis when comparing different systems or 

to locate potential areas for further optimisation. 

• Task efficiencies are useful for itemised parts of a system and determining if the loss is 

desired, or wasteful. 

• Many of the advanced factors become irrelevant in small systems such as those studied 

here. 

6.8Conclusions 

The evaporation potential for Case 1 is 13% better than Case 2 on a fuel and overall basis. 

However, the recovery potential is higher in Case 2 if the valve is replaced by an improved 

recovery unit, mainly pressure recovery. The importance of a unit-based approach along 
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with an overall systems approach is evident in the results. For example, the valve is by far 

the worst performing unit in Case 2 (more than 50% of total system loss), with the 

compressor and dryer the next worst performers. The boiler unit(s) are among the worst 

exergy performers in Case 1, along with the dryer. The valve in Case 2 can be replace by a 

turbine, that change would involve a higher capital cost than a valve but reduce operating 

costs. 

The solids pre-heater is inefficient in both systems but has a low overall loss and while its 

efficiency improvement may be high, the gains are an order of magnitude lower than the 

potential improvement of other units. 

Basic factors are useful to simplify larger systems and focus attention to a general area, or 

to help select process changes. However, in this study using these factors suggest that Case 

2 is superior to Case 1, while both cases are improvements on the base case (dryer on its 

own). More detailed factors such as task, transiting, and recovery all suggest that Case 1 is 

the preferred system. 

From the results, it is clear that Case 1 is a better system than Case 2 while there is potential 

to improve both systems. 

The effect of changing the dryer feed gas temperature are interesting as they suggest that 

an increased temperature would be inefficient for either system, and the same can be said 

for flow. 

In general, Case 1 is superior in most ways to Case 2, unless the higher energy exhaust from 

Case 2 can be recovered. As part of a larger system, Case 2 may integrate better than Case 

1, and this has not been studied. 

These results show the confusing nature of several factors used within the exergy analysis 

literature, while helping with the interpretation of results in several ways. 



191 

 

Chapter 7 A Comparison of Assessment Methods 

The following is an extension of the analyses presented in Chapters 5 and 6. The 

visualisation of exergy analysis (ExA) is an important requirement to make the analysis more 

readable, and presentable in reports. This outcome has been one of the major benefits of a 

Pinch Analysis (PA) in the past. This situation leads into a comparison between PA and ExA, 

mainly focussing on difficulty level, interpretation and flexibility of each analysis. 

Both PA and ExA have limitations and assumptions (outlined in Chapter 2), so these allow 

some generalisations and simplifications to be made. These simplifications are not suitable 

for all situations to use in an ExA, so some basic understanding of them is important for 

them to be used, unlike in PA, which has a set of simple to follow rules. 

The following section (7.1) refers to Case 1 in Chapter 6. 

7.1Comparing Pinch Analysis and Exergy analysis 

To start with, a quick summary of the set-up for Chapter 6 will help set up the rest of this 

discussion. Performing a PA on the open system (Case 0) results in Case 1 (Figure 7-1). The 

change is the addition of two heat exchangers, one on the dryer air (E-1), and the other on 

the boiler air side (E-B2); both are considered economisers, taking flue gas to preheat the 

feed gas. Since these exchangers are gas-gas heat exchangers, they have a large surface area 

per unit temperature difference; as such the pseudo temperature difference used in the PA 

is 20OC, not the typically assumed 10OC [61].  

The effect of this change is to reduce the size of the exchanger since it is not necessary to 

achieve such a small temperature difference (or efficient; both in costs and materials and 

operating costs) [61] section 3.7. The side-effect is the reduction in recovered energy, a 

reduced exergy efficiency, and an increase in utilities to further increase the temperature in 

terms of the dryer gas feed. There is also the issue of energy (exergy) losses to the 

environment – particularly at higher temperatures where a larger heat exchanger will have a 

greater exposure to the environment and proportionally higher heat leak [28, 61, 110, 126]. 

PA gives an effective indication of heat exchanger placement, but it does not indicate how 

efficient the placement is. The assumptions and rules governing PA assist in process 

integration. 
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ExA, on the other hand, analyses effects not normally considered in PA. The extension of the 

pressure and chemical-based energy that exergy allows may lead to more flexible 

optimisation beyond just heat exchange systems. The example presented here is a 

comparison of a compressor and electric heater replacing the energy needed in the 

traditional system, represented by Case 1. 

Both Case 1 and Case 2 systems used in Chapter 6 have been optimised using PA prior to the 

ExA being applied. As discussed in Chapter 6, exergy analysis shows higher exergy flows to 

the environment from Case 1 (Boiler) than from Case 2 (VRC), which is information given by 

ExA, but generally ignored while performing PA. Considering that exergy is a measure of 

available work potential, the boiler-only system is less work efficient than the vapour 

recompression system. 

An example of the difference between pinch and exergy analysis is the scale of the efficiency 

value, which is a product of excluding unworkable energy in an energy analysis. The dryer is 

adiabatic and assumed to almost reach gas-solid equilibrium at the outlet, leaving a small 

amount of avoidable energy loss on the evaporation basis, and as a result the evaporation 

efficiency is over 90%.  

This situation is contrasted with the exergy efficiency on the basis of evaporation being as 

low as 38% (Factor 6 in Chapter 6), making the dryer the worst performer of any unit within 

this system. Exergy changes associated with phase change and the condensed phases are 

small – especially at low temperatures when compared with the changes in the gas phase. 

As a result, phase changes and condensed phases are considered insignificant in most 

applications. 

This difference leads to a useful simplification of exergy analysis. The result of this 

simplification (gas side assumption) is discussed above in the gas side assumption (section 

2.9.3).  

The exergy efficiency is quite low for the dryer systems in Chapter 6, while the energy 

efficiency is high. This is due to the energy quality consumption and the energy quality 

leaving the dryer. Made simpler: the nature of the dryer is inefficient no matter how energy 
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efficient the dryer is. Using high grade energy to rapidly change a low-grade energy is 

expensive on an exergy basis, even if the energy efficiency is very high.  

For example, if the dryer inlet was a low temperature offset feed (80OC gas feed 

temperature with recirculation), the dryer’s efficiency could potentially be much higher (not 

plausible for spray dryers, but more suitable for fluidised bed/tray systems). The main 

inefficiency here is that the mass transfer requires little exergy, while requiring large 

amounts of energy. 

The definition of exergy leads to this difference in the result. Since the exergy within 

material flows is defined as the work potential to bring the material stream to equilibrium 

with the environment, some of the exergy in the feed gas is transferred from thermal to 

chemical exergy. The mechanism for this situation is that the water will tend towards 

saturation in the vapour phase. 

Specifically, the reason why evaporation (at lower temperatures) is low, such as in the 

drying of sticky, or food type materials, is that the temperature difference is low. Since 

entropy is heavily reliant on temperature difference from the base (dead) state, the closer 

to that point at which the evaporation occurs, the closer the entropy comes to equal the 

energy of evaporation. This situation results in the exergy of evaporation being much lower 

and is demonstrated in the equation expansion below. 
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Factor 6 

Why Exergy is significantly lower than the Enthalpy for evaporation 

Δ𝐸𝑥Δ𝑉

Δ𝐻Δ𝑉
=

𝑚∆𝑉 × (∆ℎ∆𝑉@𝑇∆𝑉
− 𝑇0∆𝑠∆𝑉@𝑇∆𝑉

)

𝑚∆𝑉 × ∆ℎ∆𝑉@𝑇∆𝑉

 

Where: 

∆𝑠∆𝑉@𝑇∆𝑉
=

∆ℎ∆𝑉@𝑇∆𝑉

𝑇∆𝑉
 

𝑇∆𝑉  and 𝑇0 are in Kelvin 

Δ𝐸𝑥Δ𝑉

Δ𝐻Δ𝑉
=

𝑚∆𝑉 × (∆ℎ∆𝑉@𝑇∆𝑉
− 𝑇0

∆ℎ∆𝑉@𝑇∆𝑉

𝑇∆𝑉
)

𝑚∆𝑉 × ∆ℎ∆𝑉@𝑇∆𝑉

 

Δ𝐸𝑥Δ𝑉

Δ𝐻Δ𝑉
=

𝑚∆𝑉 × ∆ℎ∆𝑉@𝑇∆𝑉
(1 −

𝑇0

𝑇∆𝑉
)

𝑚∆𝑉 × ∆ℎ∆𝑉@𝑇∆𝑉

 

Δ𝐸𝑥Δ𝑉

Δ𝐻Δ𝑉
= 1 −

𝑇0

𝑇∆𝑉
 

As can be seen, the evaporation ratio is more reliant on the 

temperature at which the evaporation occurs. 

 

7.2Pinch and Exergy Scope and Limitations 

A PA on Case 0 indicates that two heat exchangers (one on the dryer air and one on the 

boiler air side) are possible; both are considered economisers, taking flue gas to preheat the 

feed gas. Since these exchangers are gas-gas heat exchangers, they have a large surface area 

per unit temperature difference; as such, the pseudo temperature difference used in the PA 

is 20OC, not the typically assumed 10OC [61]. The effect of this change is to reduce the size 

of the exchanger since it is not necessary to achieve such a small temperature difference. 

The side-effect is the reduction in recovered energy, a reduced exergy efficiency, and an 

increase in utilities to further increase the temperature in terms of the dryer gas feed. There 

is also the issue of energy (exergy) losses to the environment – particularly at higher 

temperatures where a larger heat exchanger will have a greater exposure to the 

environment and proportionally higher heat losses [28, 61, 110, 126]. 
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PA gives an effective indication of heat exchanger placement but does not indicate how 

efficient the placement is. The assumptions and rules governing PA assist in process 

integration. 

ExA, on the other hand, analyses effects not normally considered in PA. The extension of the 

pressure and chemical-based energy amongst other energy forms means that exergy may 

lead to more flexible optimisations beyond just heat exchange systems. The example 

presented in Chapter 6 is a comparison of a compressor and electric heater replacing the 

steam energy needed in the traditional system, represented by Case 1. Both Case 1 and 

Case 2 systems were optimised using PA prior to the discussion presented in Chapter 6. As 

discussed previously, exergy analysis shows higher exergy flows to the environment from 

Case 1 than Case 2, which is extra information given by ExA. Considering that exergy is a 

measure of work, the boiler-only system is less work efficient than Case 2 for this case. 

Another example of the difference between PA and ExA is the efficiency of the dryer used in 

this chapter. The dryer is adiabatic and assumed to almost reach gas-solid equilibrium at the 

outlet, leaving a small amount of avoidable energy loss on the evaporation basis, and as a 

result the energy-based evaporation efficiency is over 90%. This efficiency may be 

contrasted with the exergy efficiency on the basis of evaporation being as low as 41%, 

making the dryer the worst performer of any unit within this system. Exergy changes 

associated with phase change and the condensed phases are small – especially at low 

temperatures when compared with the changes in the gas phase. As a result, phase changes 

and condensed phases are considered insignificant in most applications. The inevitable 

exergy loss within the dryer is high due to the dryer being a simultaneous mass and heat 

transfer unit operation. 

The exergy efficiency is low while the energy efficiency is high due to the energy quality 

used and the energy quality leaving the dryer. In simple terms, the nature of the dryer is 

exergy inefficient no matter how energy efficient the dryer is. Using high grade energy to 

rapidly heat a low-grade energy flow is expensive on an exergy basis, even if the energy 

efficiency is very high.  

For example, if the dryer was replaced with a low temperature offset feed (80OC gas feed 

temperature with recirculation), the dryer’s efficiency would potentially be much higher 
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(not plausible for spray dryers, but more suitable for fluidised bed/tray systems). The main 

inefficiency here is that the mass transfer requires little exergy, while requiring large 

amounts of energy. 

The definition of exergy leads to this difference in the result. Since stream exergy is defined 

as the work potential to bring the stream to equilibrium with the environment, the exergy 

potential in the feed gas is transferred from thermal exergy to chemical exergy. This change 

in exergy form occurs by increasing the water fraction to near saturation in the vapour 

phase. 

7.3Visualisation tools for an exergy analysis 

It is difficult to discuss these two methods (PA and ExA) without considering the useful 

visualisation tools presented as part of PA, so finding a similar method for ExA is helpful in 

making comparisons. There are two commonly used methods, both are useful in their own 

way. From these two exergy visualisation tools, finding a similar method of comparing visual 

tools for optimisation potentials and targeting can be achieved. Wall and Gong [24] have 

assisted in this study by discussing some interesting limitations of PA and describing the 

concept of exergy, mainly focussing on threshold problems in PA. Continuing from that, the 

visualisation of the system and results in a similar manner to PA is an important step in 

making ExA accessible to more engineers. 

Visualising the results may assist in the interpretation of the results. Several methods exist, 

and a few examples will be demonstrated here. 

7.3.1Grassman Diagrams 

One convenient way to visualise results in energy and exergy analysis is the use of Grassman 

diagrams, or exergy flow sheeting [30, 31, 91, 110, 127]. Figure 7-2 represents the dryer and 

separator, which is common to both systems (and effectively represents Case 0, without the 

required utilities). 

Each of the case study systems has a different exergy profile, as shown in Figures 7-2 (Case 

1) and 7-3 (Case 2). 
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Figure 7-2: Grassman Diagram for the Dryer (D-1) and the cyclone separator (C-1) in all systems. 

  

Figure 7-3: The Grassman Diagram for Figure 6-1 (Case 1). 

 

The Grassman diagram of Case 1 (with a combined dryer and solids separator) indicates that 

the largest exergy losses may be found in E-B1 (steam generating heat exchanger), R-B1 (gas 

burner) and the dryer unit (D-1+C-1), with small losses found in E-2 (gas pre-heater), E-B2 

(boiler economiser) and E-3 (solid-side pre-heater). 
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Figure 7-4: The Grassman diagram for Figure 6-2 (Case 2). 

 

The main issue with a visual tool such as Grassman diagrams is scale, especially in the case 

where the solids chemical potential is taken into account (the number ~25,200 shown in on 

S-08, S-09, S-10, and is also shown on unit operations E-3 and D-1+C1). The scale of the 

chemical potential is significantly different to the thermo-mechanical exergy, and this is 

another reason why using transiting exergy is an important concept. 

It is clear that the system in Figure 7-3 is slightly more complex than if E-1 was not used to 

pre-heat the dryer feed gas, but the saved energy is significant as 88 kW of extra exergy 

would be vented to the atmosphere, without taking into account the saved fuel (S-B1), as a 

similar assessment can be drawn from the use of E-B2. Much of the lost exergy is associated 

with the utility side of the system, meaning that optimisation should be focused in that area 

of the system. This situation arises because the bulk of the energy loading is in the utility 

part of the system. Alternatively, the addition of the task efficiency for each unit can help 

indicate if the loss is required, or not for each unit. The method for calculating the INE has 

been outlined earlier. 

Figure 7-4 shows Case 2, with an electrical heater for the solids pre-heater (E-3) and 

Compressor to pressurise and heat the off-gas to pre-heat the feed gas (replacing the need 

for a boiler). The solid feed pre-heater is small compared with the air loop in this system 

(248 kW vs. 4,450 kW), small enough that the boiler used in Case 1 may be switched over to 

a resistance (Electric) heater since the amount of power needed in the system would 

require an onsite transformer for the compressor (C-2). The key area of loss here is now the 

compressor and valve (V-1), with a much smaller loss associated with E-1. V-1 gives a 
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significant loss (~53% of total losses) of the exergy in the system, and this is illustrated in 

Figure 7-4. 

 

Figure 7-5: The exergy lost from using a valve to reduce the pressure back to 1 atm in Figure 6-2. 

 

The loss associated with just V-1 is shown in Figure 7-5, and the loss in the valve is 90.4% of 

the fed exergy to the valve, which gives a good indication that a turbine would be a good 

addition to this system. 

7.3.2Energy Level Diagrams 

Energy quality may be defined in several ways. In this case study, the values of Ω (exergy to 

energy ratio) for both natural gas and electricity are the same (unity), natural gas has a 

value close to unity (or slightly higher, so it can be assumed to be equal to unity). This 

situation means that exergy and energy have the same values for natural gas and electricity. 

Since Ω is the ratio of exergy to energy, streams that have low energy contents may have 

large changes in the Ω value if the exergy changes. These changes in the Ω can be 

misleading in these cases. This factor has been used in the past to plot exergy as a function 

of energy for process modification assessment with a degree of success [39, 98]. 

Table 7-1: Selected boiler flue gas properties for Case 1. 

Case 1 

Gas flow 1.4  kg.s-1 

Humidity 172  gW.kgDA
-1 

Exergy content 123  kW 

Energy content 499 kW 

Ω 0.247  

 

Table 7-2: Selected dryer flue gas properties for both Case systems. 

Case 1 Case 2 

Gas flow 22.24 kg.s-1 22.24 kg.s-1 

Humidity 59 gW.kgDA
-1 59 gW.kgDA

-1 

Exergy content 409 kW 243 kW 

Energy content 3,512 kW 1,813 kW 

V-1Loss
2,666 kW (Ex)

V-1
2,948 kW (Ex)

S-07
2,948 kW (Ex)

[~3 bar]

S-12
282 kW (Ex)
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Ω 0.116  0.134  

 

Since Ω is a ratio (exergy to energy), it needs to be considered along with a scale measure, 

such as the flow rate. For example, Table 7-2 indicates that for both Case 1 and Case 2, the 

quality factor (Ω) associated with the discharge gas is similar (0.116 for Case 1, 0.134 for 

Case 2) but the absolute magnitudes of the exergy flows to the environment are much 

higher for Case 1 (532 kW-ex; 123 kW from the boiler, 409 kW from the dryer) than Case 2 

(243 kW-ex). Considering that the outlet temperature of the flue gas from the economiser 

on the dryer is higher for Case 2 than Case 1, the dryer in Case 2 has higher exergy and 

enthalpy flows to the environment. 

The visualisation of Omega (or energy quality) can be done in a variety of ways, Figures 7-5 

to 7-8 show some interpretations of the same results. 

 

Figure 7-6: Actual values of streams in Case 1. 

 

Figure 7-7: Actual values of streams in Case 2. 

 

Figure 7-8: Energy Level Diagram (first pass) of 

Case 1. 

 

Figure 7-9: Energy Level Diagram (first pass) of 

Case 2. 
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Figure 7-10: A second pass view at energy level 

diagrams for Case 1. 

 

Figure 7-11: A second pass view at energy level 

diagrams for Case 2. 

 

Figures 7-5 and 7-6 (case 1 and case 2, respectively) show the stream energy quality values 

at the actual energy flows for each transition used in the next two stages of the 

visualisation. The boiler system appears to be significantly more compact at this point (an 

in-out analysis is suitable at this point. It is also apparent that Case 2 (from Figure 7-7) that 

the potential to recover energy is significantly higher within the gas (the steep slope 

represents the valve). The disjoined component of the steam cycle in case 1 is due to the 

steam that is used to pre-heat the solids being assumed to be at a different pressure and 

temperature to that required to pre-heat the dryer feed gas. 

Figures 7-7 and 7-8 (case 1 and case 2, respectively) show the unit operation energy level 

and energy change (transfer) per unit. This representation is useful as it shows quality 

loss/gain per unit operation along with quantity. Steep slopes correspond to significant 

losses within the unit operation. R-B1 has been overlapped with E-B1 and E-B2 to show that, 

while R-B1 is the general source of energy, the heat transfer is via the two heat exchangers, 

while one is transferring energy to steam, the other is pre-heating the gas for R-B1. It is also 

important to note that, while E-3 may have a steep slope, and relatively high quality-level, it 

is small in comparison to those for other units. The effect of steam condensing is counter 

intuitive for energy and exergy since the exergy change given by condensing steam is small 

while the change of energy is large (as discussed in the previous chapter). 

A further look at energy quality visualisation allows for pairing streams that display each 

unit operation as a Rhombus (Figures 7-9 and 7-10) to more clearly show what is causing the 

slopes in Figures 7-7 and 7-8. This representation is useful as it shows energy and quality 
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flows being paired up, and how significant each of the heat exchangers are. Large boxes 

correspond to large losses. It is important to note here, that some of the streams have been 

flipped in direction to improve visualisation, and to show pairing correctly. This clarification 

is more evident in the steam loop of Figure 7-11 when compared with Figure 7-7. It is 

generally preferred that the method used for Figures 7-9 and 7-10 be used for energy level 

diagrams, with each unit being shifted under the energy source [39, 40, 75, 114].  

It is important to point out that Figure 7-10 shows E-B1 and E-B2 within R-B1, and this 

indicates (similar to what is shown in Figure 7-8) that cyclic systems are interlinked heavily. 

While in the diagram each unit is shown separately, the loss for a more integrated system 

may be smaller than each unit taken in isolation (as calculated here). The reason for this 

result is that the cold streams (if taking a pinch perspective) are above the hot streams in 

this case, so the quality may appear to be transferred from a cold to a hot stream, even 

though the energy is being transferred from hot to cold streams. This behaviour is common 

when a high pressure cold system is being heated by a low pressure hot system and can be 

confusing at first glance. 

Exergy is a measure of energy quality as well as energy quantity. Exergy is not directly 

connected to costs and, as a result, indicators and correction factors must be used to bring 

the exergy analysis into the cost domain. Several methods have been introduced to achieve 

this [31, 108, 128].  

7.4Heat loss  

Heat loss within the drying system is not accounted for within the model, but it is an 

important part of the optimisation process. The heat losses associated with a spray dryer 

can be up to 25% of the energy input [28], and are less significant at lower temperatures. 

This effect should be taken into consideration when producing a sensitivity analysis on the 

energy or exergy saving potential of a real system. A heat loss of 25% can be enough to 

mitigate significantly more than 25% (minimum) of the heat recovery potential, since heat 

loss lowers the outlet temperature of the dryer, while needing the feed temperature to 

increase for the same evaporation rate. 
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7.5System Complexity 

Case 1 has a boiler system which feeds the two pre-heaters for the dryer. The boiler system 

has three energy change units, while the dryer system has two heat exchangers, a dryer, 

and a gas-solid separator. Case 1 has an energy recovery heat exchanger on the dryer 

system (E-1), and the boiler system (E-B2).  

Case 2 replaces the gas side pre-heating with the economiser (E-1) and a compressor (C-2). 

Thus, Case 2 replaces E-1 and E-2 with a larger E-1 which is a gas-gas heat exchanger, and 

the solids side heat-exchanger in Case 1 with an electrical heating coil. In order for this 

change to happen, the boiler system is replaced with a compressor and valve. This change 

mans that Case 2 is four units smaller than the boiler driven Case 1. 

On top of the extra units, Case 1’s boiler is required to generate high pressure steam (19 

Bar) in order to reach the temperature of the feed gas, and the same steam source is used 

to pre-heat the liquid feed. The compressor in Case 2 is only required to reach 3 Bar by 

comparison. In Case 2 however, there is a pressure release device to reduce the pressure of 

the dryer flue gas to 1 atm. This device has a significant exergy loss associated with it, as 

demonstrated in Figure 7-5. 

The large temperature difference associated with the steam for the solids pre-heater (E-3 in 

Case 1) leads to a large exergy loss for that heat exchanger, while the electrical resistance 

heater (E-3 in Case 2) can be better insulated but may suffer from other issues such as 

localised overheating. 

A more detailed approach to analysing system complexity may be required in the future, but 

it is hard to justify a more detailed analysis on the two cases presented here. The only 

conclusion that can be drawn is that Case 2 has fewer losses internally, while having a larger 

loss externally (especially if V-1 is not considered). 

7.6Conclusions 

There are many methods to visualise exergy flows and efficiencies, while they are not as 

simple in approach to those of PA, they are useful to focus on areas of higher loss within the 

system. Further work should be done on improving dynamic methods of visualisations for 

future optimisation methods. 
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The base case was established in Chapter 5 to help outline the potential recoverable energy 

for the systems studied in Chapter 6, this was done to create a benchmark for the two 

cases. It is important to note that the task was defined as evaporating water within the 

dryer unit. When assessing the system as a whole, the task is still based on the unit of focus 

(dryer) for the entire system, thereby allowing the factors to be compared as was 

completed in Chapter 6. 

An exergy analysis of the system focuses on other factors outside the heat flow and an 

energy balance. For example, on an energy basis, a dryer is a reasonable unit operation for 

the task of evaporating water. However, the amount of lost exergy implies the unit uses 

significant amounts of high quality energy to perform the task. 
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Chapter 8 Time and Cost Analysis for the Systems Methods 

The interpretation of results from exergy analysis are far from straightforward. This chapter 

goes through a basic cost comparison to demonstrate that combining methods may yield 

results that are more straightforward. Performing a costing on a system change, which may 

be decided based on an exergy analysis may have positive of negative effects on the capital 

or operating costs of the system. This chapter is a costing of the systems described 

throughout this thesis (specifically Chapters 4, and 6). 

A discussion on the time to complete each method is presented in a conceptual manner is 

also presented in this chapter, with a focus on what parts of the analysis take the longest in 

my experience preparing the previous chapters. 

8.1Costing Basis and Assumptions 

In the interest of dating this analysis correctly, at the time of the analysis there exists no 

carbon trading or pricing regime for either government or private sector initiation on the 

east coast of Australia, meaning that a carbon price could not be adjusted. 

One factor that removes many of the benefits of electricity over locally burnt gas (for boiler 

systems) is that for the whole nation of Australia (at the time of the analysis) was made up 

of 60% coal and 15% natural gas power, with only 17% of power from renewable sources, 

the remainder from liquid fuel (diesel) generators (83% fossil fuel usage for power) [129-

131]. 

8.2Case 1 

8.2.1System Costing 

It is important to compare the systems on a cost basis; exergy efficiency improvements 

must be reasonable and significant on a cost basis to make changes to real systems. This 

procedure also allows for a comparison of cost methods for energy reduction without going 

into the complex exergo-economic analysis methods [29, 31, 42, 108, 132]. It should be 

noted that the methods used to generate an exergo-economic analysis are not 

straightforward. A full understanding of the basic exergy and exergy methods is essential 

before using more integrated and advanced tools. The interpretation of the results is the 

key challenge in exergy analysis, and adding an integrated cost method only adds to the 
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challenge. For this case, a stand-alone simple cost analysis has been completed to support 

the exergy analysis results. 

The preliminary capital costing (Capex) was sourced from Matche [133], and a commonly 

used book for design cost estimates [134]. These cost estimates have been corrected to 

2019 prices using the (Chemical Engineering Plant Cost Index) CEPCI metric [135, 136]. The 

results may be seen in Table 8-1, and more detailed tables may be found in Appendix 8B. 

Table 8-1: Capex estimates for Case 1. 

HX’s  $130,000  

Boiler  $250,000  

Blower  $630,000  

Total $1,0110,000  

 

The cost estimate includes two finned-tube heat exchangers with one rated at 1 Bar with a 

500 m2 transfer area (E-1) and the other rated at 20 Bar with a 112 m2 transfer area (E-2). 

The boiler heat exchanger was not costed independently, as it was considered to be part of 

the boiler package. The boiler section was costed as a package including the burner, the 

boiler (primary heat exchanger), and an economiser rated at 20 Bar with no superheater 

system. The blower for the Case 1 has been costed based on a power requirement of 1,520 

kW (22 m3.s-1 with a maximum pressure increase of 0.6 Bar), the blower is not shown in 

Figure 6-1. 

In terms of the operating expenditure (Opex), there are a few simplifying points to make the 

comparison less confusing. Limiting the operating cost assessment to just the energy supply 

cost is enough to compare important aspects of both systems. 

Natural gas costs of 85.8 c/day plus 2.76 c/MJ(gas) (9.93 c/kWh) [137] mean that 3,810 kW 

costs $9,100/day for the boiler in Case 1, and the blower electricity costs are substantial, at 

$13,000/day (1,770 kW at 33 c/kWh plus 177 c/day). The estimated operating costs are 

likely to be higher than a real plant of this scale [138, 139], since the cost estimates have 

been based on the small business standing offer with Australian Gas Light company (AGL) 

[137, 140]. These offers apply for users using less than 20 MWh/annum of electricity 

(54.8 kWh/day, the blower requires 36,500 kWh/day), and less than 1.4 TJ/year of natural 

gas (3.81 MWh/day, the boiler requires 91.44 MWh/day).  
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Although the operating costs for other considerations have not been added, it is important 

to note that a moderate pressure boiler (such as the one required for this system) has a 

significant maintenance cost. 

8.2.2Carbon Dioxide Production 

Another important part of costing, particularly on an environmental point of view, is carbon 

accounting. 

For Case 1, the amount of CO2 that is produced is calculated directly from the on-site boiler, 

and indirectly from the electricity used for the blower and pumps. 

The CO2 emissions have been calculated based on the following data and assumptions: 

• The installed power production in the state of NSW, Australia was recorded as 17.4 GW with 

an average emission rate of 83 MT CO2-e/year [129-131] for 2018. 

• The energy requirement for the blower and pump for Case 1 was estimated to be 1.5 MW 

(22.03 m3/s, 0.7 bar ∆P). 

• The boiler was assumed to be 80% efficient, so this changes the amount of natural gas burnt 

to produce the required energy (0.093 kgCH4/s). 

This results in 0.256 kg.s-1 produced from the boiler and 0.214 kg.s-1 produced off site from 

the electrical requirements of the blower on the dryer. This situation gives a total of 

0.47 kg.s-1 of CO2 produced by Case 1. 

8.3Case 2 

8.3.1System Costing 

The preliminary capital costing was sourced from Matche [133], and a common text for 

design cost estimates [134] and corrected to 2018 prices using the CECPI metric. The results 

may be seen in Table 8-2. 

Table 8-2: Capex estimates for Case 2. 

HX’s $250,000  

Electric Heater $24,000  

Compressor $1,400,000 

Total $1,674,000  
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The cost estimate includes one finned tube heat exchanger with a 3,890 m2 surface area 

rated at 3 Bar. This area is likely to be oversized since condensation occurs under the 

studied conditions, while it was assumed to be purely gas-gas in the calculation here. 

However, a more detailed estimate is unnecessary since the cost of the heat exchanger is 

over six times smaller than that of the compressor. The electric heater was costed based on 

a power requirement of 250 kW (The power requirement of this electric heater may seem 

excessive but is small in context, since the compressor in this system will require a 

transformer as it requires 3.3 MW, adding 250 kW would not be difficult at that stage). 

Considering that the cost of the heating element is an order of magnitude lower than that of 

the boiler package ($24,000 vs $250,000) it is unlikely to be a significant difference. 

In terms of the operating expenditure, the energy supply cost is enough to compare both 

systems. Electricity costs of 11.3 c/kWh(e) plus 177 c/day [140] mean that 3,810 kW costs 

$26,720 /day for Case 2.  

Since none of the equipment is rated at a high pressure (4 Bar maximum), the maintenance 

costs are likely to be significantly cheaper than in Case 1. Replacing the valve (V-01) with an 

energy recovery turbine would increase the capital cost and reduce the operating costs, but 

this replacement option has not been costed for this case. 

8.3.2Carbon Dioxide Production 

Another important part of costing, particularly on an environmental point of view, is carbon 

accounting. 

For Case 2 all the countable CO2 production is from the indirect source due to the high 

amount of electricity used for the compressor and pumps. 

The CO2 emissions have been calculated based on the following data and assumptions: 

• The installed power production in the state of NSW, Australia was recorded as 17.4 GW 

with an average emission rate of 83 MT CO2-e/year [138, 139, 141] [129-131] for 2018. 

• The energy requirement for the blower in Case 2 was estimated to be 3.4 MW (22.03 m3/s, 

2.7 bar ∆P). 

• The energy requirement for the thermal heater in Case 2 was estimated at 250 kW. 
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This situation results in 0.513 kg.s-1 produced off site from the electrical requirements of the 

compressor. 

This amount is almost 20% higher than that of Case 1, and this may decrease as the amount 

of fossil fuel-based power generation in Australia is reduced in the future [138, 139, 141]. 

8.4Discussion of Costing 

While assessing just the energy and exergy effects of each system it is also important to 

keep thinking about the likelihood of implementing changes, and the fastest way to do this 

assessment is to consider the costing of systems and any changes that are to be made on a 

cost basis. Focussing on the operating and capital costs of the systems discussed in this 

chapter, the boiler only system (Case 1) is superior in terms of both capital and operating 

cost factors. Moving the costing into the carbon scale is highly dependent on the source of 

the local electricity generation. In the case of Australia, the power generation consists of a 

significant percentage of coal power stations, and this means that the carbon cost of 

electricity is quite high, even when compared to a locally installed gas boiler unit. In areas 

where power is generated from lower carbon sources, Case 2 would become significantly 

more attractive for investment. 

Table 8-3: Cost summary of the two case studies in Chapter 6. 

 Case 1 Case 2 

Capital (AU$) $1,010,000 $1,674,000 

Operating (AU$/day) $22,005 $26,714 

Carbon Emissions (T CO2-e/day) 40.61 44.34 

 

The consideration of non-thermal optimisation does enable alternative methods to be 

assessed for process changes. This combination of energy, exergy and costing has the 

potential to be significantly better for process optimisation, the environment and process 

costings than just thermal optimisation. 

A comparison to a case 0 system with no energy recovery is not necessary, as that system 

would consist of each heating and cooling application having its own utility heat exchanger. 

This option, while impractical, would allow for smaller heat exchangers with better utility 

matching options than the pinched system. It would also have one (or two) fewer heat 

exchangers, bringing the CAPEX down, but the OPEX would be about 20-30% higher (to 
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account for no energy recovery), but this may be partially offset on the cooling side by 

discharging the exhaust directly to the atmosphere (at around 60OC). Pinch analysis is 

generally enough to justify not considering this option. 

8.5How Costing Compares with Pinch and Exergy 

 Units Dryer 
Only 

Dryer with 
no 

heat 
recovery 

Superheated 
Steam 

System* 

Boiler-Air 
System 

Air Vapour 
Recompression 

System 

Unit Operation Count  2 4 dryer 
+2 boiler 

loop 

3 dryer 
+3 boiler 

loop 

5 dryer 
+3 boiler loop 

5+ let down valve 
or paired turbine 

Energy Required kW 4,079 5,298 2,842 4,121 4,714 

Exergy Required kW 765 5,051 860 3,867 4,486 

Energy Discharged kW 4,005 5,027 2,784 3,045 1,734 

Exergy Discharged kW 457 724 608 521 233 

PA Energy Saving kW - - 2,473# 1,177 584 

ExA Energy Saving kW - - 4,191# 1,184 565 

Discharge Reduction** kW - - 1,221 957 2,286 

Capital Cost AU$   $988,000 $1,010,000 $1,674,000 

Operating Cost AU$/d   $21,550 $22,010 $26,720 

Carbon Emissions T CO2-
e/d 

  38.58 40.61 44.34 

NOTE 8-1*: The value for energy and exergy required is based on fuel values determined in Chapter 6. 

Values for discharged is gas side exhaust only (including boiler system where appropriate). Saving is 

when compared to dryer with no heat recovery. Full details of the costing are in Appendix B to Chapter 

8.  

NOTE 8-2**: Compared to dryer only, improvements from no recovery options are inflated. VRC system 

inclusive of valve V-1 (reduction excluding valve is 178 kW) 

NOTE 8-3#: Steam recirculation system and higher outlet temperature give the large saving, heat 

recovery only exists to preheat the solution phase, natural gas boiler and recirculation blower used. 

 

The steam system was costed with the basis to be the same as that of the boiler-air system 

but with the boiler replaced with a superheating boiler running at a lower pressure. The cost 

savings compare closely with the results of chapter 4 in that the superheated steam system 

has significantly higher heat recovery potential, due to its higher outlet temperature, and 

recirculation of steam. Other issues exist with the superheated steam system, which are 

discussed in that chapter. The operating costs are lower than the boiler-air system since not 

as much steam needs to be raised to heat the gas side of the dryer. The capital cost is lower, 

again due to the boiler not needing to be as large. 

The cost of the VRC system in Chapter 6 is around 67% higher than the boiler driven system 

for the equivalent task, and also has an operating cost and carbon emission penalty of 21% 

under the current power generation case in Australia. In the future, this is likely to change, 
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even to the point of reversal, as power is gradually migrated to lower and zero carbon 

production sources. 

On an exergy basis, the discharge exergy is significant in all systems, and only the VRC 

system (with valve) has a lower environmental discharge. However, all systems are 

improvements on the base case. The more expensive systems on a capital basis appear in 

this case to have a higher energy and exergy requirement, and since this is for the same 

task, they have a lower effectiveness ratio. 

The results of a preliminary costing tend to compare closely with the results of PA and ExA, 

which is expected, since reducing energy and energy quality requirements will reduce 

operating costs considerably. Capital costs on the other hand tend to be linked more to the 

number of unit operations, and the scales of each operation. The gas-gas heat exchangers in 

the air system are significant in their scale and cost within those systems, and the steam 

recirculation heat exchanger has the potential to save significant costs (as demonstrated), 

due to the differences in properties of superheated steam and air under the same 

temperature and pressure. 

8.6Costing Summary 

The results of the PA and ExA rankings are also aligned with the results of a preliminary 

costing analysis. While a boiler driven air dryer system has a lower thermal cost overall, it 

has a high environmental loss ratio, since the loss to the environment is at lower 

temperatures (low quality), it has a low recovery use and further recovery would result in 

higher costs. 

The VRC system has a high electricity cost, low thermal cost, and a loss to the environment 

which is significant in either configuration (valve or not), however, part of this may be 

negated with the replacement of the valve (V-1) with a pressure recovery turbine to help 

drive the compression unit. The environmental losses without this unit have a high 

temperature and pressure (which has a high recovery potential), and this is an important 

optimisation point for that system. 

The costs for the superheated-steam recirculation system are slightly lower than the cost of 

the boiler driven air system, and adding a VRC to the exhaust steam of this system may yield 
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improved results again. However, the cost for a system with a higher mechanically driven 

heat cycle is significant when compared with a chemically driven (combustion boiler) in the 

case of the other two systems being studied. 

A preliminary costing of both systems is also informative for revealing that Case 2 is costlier 

both initially and to run with the utilities as costed. 

Due to the difference in utility types (natural gas vs electricity), a carbon accounting was 

completed (with natural gas being an onsite emission, while electricity being an offsite one). 

The results of 0.470 kg.s-1 for Case 1 and 0.478 kg.s-1 for Case 2 mean that based on current 

power generation in NSW, Case 1 is less environmentally damaging than Case 2, but this 

result is dependent on the mix of power generation within the area, and would be different 

in countries with a lower percentage of coal and gas power generation. 

8.7Discussion of the time to complete each method 

The methods for each method are outlined in Chapter 2 of this study. The time to complete 

each method relies on several aspects, the first being data collection. 

8.7.1Data Collection 

Table 8-4: Required information summary table 

Information types Mass 
Balance 

Inversion 
Temperature 

Energy 
Balance 

Pinch 
Analysis 

Exergy 
Analysis 

Costing 

Flows/mass Yes Yes Yes Yes Yes Yes 

System model Partial No Yes Partial Yes Yes 

Temperatures No Yes Yes Yes Yes No 

Heat Capacity No Yes Yes Yes Yes No 

Heat of Evaporation No Yes Yes Yes Yes No 

Pressures No Yes Yes No Yes Yes 

Chemical Potentials No No Yes^ No Yes No 

Potential energy No No No No Yes# No 

Dead State/Standard 
Conditions 

No No No No* Yes No 

NOTE 8-4^: In the case of reactions, can be ignored otherwise. 

NOTE 8-5#: In most cases, this can be ignored, but systems with significant height changes can lead to 

energy recovery from potential energy. Kinetic energy can be gained from flow profiles and pipe sizing. 

NOTE 8-6*: While no, it is useful to separate sub-ambient systems from above ambient systems when 

performing PA. 

Table 8-4 shows the increased level of information as the complexity increases. While most 

of the information is readily available for each of these information types, flows, 

temperatures and potential energies are process specific, heat capacities, evaporation 

energy and chemical potential are material specific and dead state properties are 

environmental specific (contains chemical equilibrium conditions). None of the information 



213 

 

is challenging to gather, and assumptions (stated in Chapter 2), help to simplify and reduce 

the time taken at this stage of each of the analysis methods. 

The definition of the dead state for exergy analysis can be tricky when dealing with 

materials that can decompose to the environment, especially if they contain compounds not 

found in significant proportions. However, aqueous phase chemical potential (condensed 

phase equilibrium with the environment) has a low impact on exergy values; unless the 

quantity is extreme or harmful to the environment, this is generally considered insignificant 

enough to ignore. 

In all, most of the methods require an idea of what the system is, so a basic system model is 

required for most of these to be completed. A mass and energy balance are generally 

completed around the same time, so no extra information is realistically required. 

Costing unit operations is more reliant on having a model built and basic information handy. 

A costing of chemical plants can be rapid (based on scaling existing plants cost information), 

to a more detailed unit-by-unit costing, including those for heat exchangers, reactors, dryers 

and filters. 

8.7.2Modelling/Simulation 

The modelling and simulation of systems is a time-consuming aspect of any system design. 

Inversion temperature requires minimal modelling as it is just a comparison of simple 

kinetics data. 

A PA model is relatively easy to put together both graphically and using basic spreadsheets 

or by hand and only requires thermal data. Minor data manipulation and analysis is required 

to start with to prepare the cascading energy tables for PA, but that is simple and not time-

consuming. 

Preparing a model for an ExA is time-consuming due to the complex set of assumptions and 

simplifications employed for each unit operation, specifically with regards to chemical 

potential utilisation unit operations and the interactivity of temperature and pressure. This 

is quite a long process if using spreadsheets. This step is not as straightforward as the 

previous two methods as the change of results in case studies are seldom linear in nature. 

With the addition of exergy in some process software (natively or by coded addons), this can 
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be simplified significantly (care must still be taken at the next stage if relying on this data 

though). 

The results of the ExA should also be tuned to a set of factors (outlined in Chapters 5 and 6) 

for interpretation. Deciding which factors are suitable for the system being studied is 

important for the next stage. 

For a preliminary costing to be completed, a basic sizing of each unit operation is required, 

this requires a little bit of work. The main thing to understand is that the cost of a system is 

unlikely to be a smooth curve as parts of the model change, especially if buying 

prefabricated units. 

8.7.3Interpretation of results 

Most of the analysis methods provided here yield little flexibility with respect to the results, 

a mass balance either balances or not, an IT gives a single temperature, an energy balance 

either balances or not, PA gives a temperature and minimum thermal utility requirements, 

and costing gives an estimate of capital and operating costs. On the other hand, ExA 

depends heavily on which factors were chosen at the previous step. Some factors should be 

maximised, some minimised, each factor explains different aspects of energy utilisation 

within the system. The primary initial focus should be to target areas and specific unit 

operations for closer inspection and optimisation, followed by investigating what 

implications those changes have on the extended system. It is this last part that means a 

flexible and detailed model for the system is required, more-so than for PA. 

8.7.4Finalising Optimisations 

This step of the optimisation hierarchy is more about determining if the change is worth 

making (to an existing plant, this is harder to justify generally). 

For PA, deciding on which heat exchangers to implement, and which ones to exclude from a 

final system come down to costing, or more specifically, energy saved per transfer area. If a 

heat exchanger saves a small amount of energy but is quite large (an example is a gas-gas 

heat exchanger that reduces heating utilities by less than 2% for that line), it is not worth 

implementing. 
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For ExA, determining if a change is worth integrating (mechanical equipment such as heat-

pumps, vapour recompression, turbine/compressor pairing) is similar in the way that PA’s 

decision tree works, if it takes up a large area and budget for a small gain, then it is not 

worth adding. 

It is just as easy to justify adding (or not) a heat exchanger or mechanical device by looking 

at a basic costing than to determine suitability based on raw recovery potential using PA and 

ExA, the main reason for this is that the equipment is required to be sized, at least on a basic 

level, even for a preliminary costing. 

8.7.5Summary of time usage in each method 

Table 8-5: Time taken per analysis summary table. 

Time per stage Inversion 
Temperature 

Mass 
Balance 

Costing Pinch 
Analysis 

Energy 
Balance 

Exergy 
Analysis 

Data Collection Short Short Short Short Short-
Moderate 

Short-
Moderate 

Modelling/Simulation Rapid Short-
Moderate 

Moderate Short Moderate Intensive 

Interpretation Short Short Short Short Short Intensive 

Optimisations N/A N/A Short Rapid Short Moderate 

Overall Rapid Short Short Short Moderate Intensive 

Table 8-5 gives an approximate summary of the above discussed stages for each analysis 

method, maintaining that due to the available complexity of optimisation pathways 

available in ExA over the other methods, the modelling aspect of that analysis is quite time 

consuming. The difficulty in interpreting the results of an exergy analysis is outlined in 

Chapters 5 and 6. 

As Exergy becomes more required, its addition into more sophisticated modelling programs 

and as methods and the broader understanding in practitioners improves, the less intensive 

on time use the method is likely to become. 



216 

 

Chapter 9 Concluding remarks 

There are multiple levels of analysis for a simple drying system in this work. To understand 

the complexity and simplicity of each analysis, the scope and methods were defined and 

briefly explained in Chapters 1 to 3. Each of the tools used here have been demonstrated 

with the use of case studies to highlight the benefits of each analysis. 

The Inversion Temperature for the system(s) in Chapter 4 was estimated at 182OC. Since this 

is just below the temperature (184OC) where the steam dryer reaches a feasible outlet 

condition (outlet solids temperature above the dew point), superheated steam dryers are 

likely to be smaller than air dryers for all feasible drying conditions, while the air system 

allows for lower inlet temperatures to be used. 

For evaporative systems, such as dryers, the use of an Inversion Temperature can assist in 

drying gas selection when designing a drying system. Pinch Analysis excels at minimising 

wasted heat from the process, with the caveat that work has already been done to insulate 

the process from heat losses via equipment to the environment. Exergy Analysis has the 

potential to be a far more powerful optimisation tool than those currently used in industry. 

The recoverable (saved) energy from both the air and steam systems is high using PA at the 

studied conditions. Pre-heating the feed gas and solids with the dryer outlet gases yields 

energy savings of 18% for the air system and 8.4% for the steam systems. The steam system 

has an extra 86.6% of recoverable energy from the condensing of excess steam (a total of 

91%), which can be integrated throughout an extended system. This result shows that this 

rapid analysis can identify a sizable energy saving using the two techniques –IT and PA.  

Other key results from Chapter 4 are that the steam dryer sets the pinch temperature, while 

the air dryer does not set the pinch temperature but rather the fresh inlet gas temperature 

does this task. This result means that steam drying, when run at 1 atm, works across the 

Pinch, while the air dryer works above the pinch on its own, i.e. the steam dryer is easier to 

integrate into other systems. The steam system also has less sensitivity to temperature and 

flow changes in terms of energy requirements than the air system. This outcome is due to 

the steam circuit being a recycle stream rather than a once-through system which is 

commonly used for air drying. 
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The primary outcome from Chapter 4 is that for rapid assessments, IT and PA are 

complementary and they provide an engineer with quick assessment tools that compare the 

potential fixed and variable costs associated with different drying gases. This method 

indicates the superheated steam dryer has both a faster drying rate (in the unhindered 

drying period) and a higher energy recovery potential than the air system. 

As the need for better energy efficiency and energy effectiveness increases over the coming 

decades, exergy has the potential to be a leading tool in assisting in these improvements. 

However, challenges still exist in creating a more streamlined method by which to apply and 

interpret the results of the analysis. The first principles approach used in this work, which 

compares the results with other methods such as Preliminary Costing and Pinch Analysis is 

an important step in demonstrating the power of the tools, and to hopefully make Exergy 

Analysis more accessible. 

Chapter 5 applies an exergy analysis to a dryer unit to highlight some of the challenges with 

various factor types and the interpretation associated with the variety. The chapter 

concluded that the dryer is inherently inefficient, in exergy terms, at evaporating the water 

from the solids. The losses associated with the task are 38%, while the losses associated 

with the mass transfer and heat transfer are 94% (thermo-mechanical IN/OUT) and 30% 

(transiting) respectively. This exergy efficiency range is significant considering the overall 

exergy efficiency is nearly 100% over the entire exergy spectrum. 

The IP of 575 kW for the feed of 722 kW shows that the dryer does not appear to be an 

exergy efficient way of performing this task, but this analysis does not offer an alternative 

method. The effect of feed temperature for several key variables shows that, depending on 

the basis of efficiency, various factors give significantly different optimal operating points. 

For this system, the optimum operating range in terms of the inevitable exergy loss method 

is between 215OC and 250OC, which is typical of the conditions used in industry. There 

appears to be no suitable ‘one-size-fits-all’ efficiency factor for an exergy analysis. A variety 

of factors, which may be defined as a group, can be used – such as the task efficiency (on 

the task for the unit operation) and the practical efficiency (based on the task). The INE 

method is a potential shortcut technique based on the Carnot efficiency and a first law 

analysis, but there are some limitations for processes that are not exclusively thermal, 
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where an entropy balance is more correct. The INE method still shows potential as a starting 

basis of comparison because it shows the scale and the efficiency together, which are both 

important for targeting areas of the process to improve without doing a full exergy analysis. 

Chapter 6 extended the analysis from Chapter 5 to include some systems to feed the dryer, 

a chemically sourced energy from a thermal boiler was compared with an electrically 

sourced mechanical compressor to highlight where an exergy analysis may yield results over 

more traditional methods. 

Chapter 6 concluded that the evaporation potential for a natural gas boiler-driven dryer 

system (Case 1) is 13% better than an electrically-driven Vapour Recompression system 

(Case 2) on a fuel and overall basis. However, the recovery potential is higher in Case 2 if the 

valve is replaced by an improved recovery unit, mainly pressure recovery. The importance of 

a unit-based approach along with an overall systems approach is evident in the results. For 

example, the valve is by far the worst performing unit in Case 2 (more than 50% of total 

system loss), with the compressor and dryer the next worst performers. The boiler unit(s) 

are among the worst exergy performers in Case 1, along with the dryer. The valve in Case 2 

can be replace by a turbine. That replacement would involve a higher capital cost than a 

valve but reduce operating costs. 

The solids pre-heater is inefficient in both systems but has a low overall loss. While its 

efficiency improvement may be high, the gains are an order of magnitude lower than the 

potential improvement of other units. 

In terms of utilising optimisation factors, basic factors are useful to simplify larger systems 

and focus attention to a general area or to help select process changes. However, in the 

case study given in Chapter 6, using these factors suggest Case 2 is superior to Case 1, while 

both cases are improvements on the base case (dryer on its own). More detailed factors 

such as task, transiting, and recovery all suggest Case 1 is the preferred system. 

From the results, it is clear Case 1 is a better system than Case 2, though there is potential 

to improve both systems. 
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The effect of changing the dryer feed gas temperature are interesting as they suggest that 

an increased temperature would be inefficient for either system – and the same can be said 

for flow.  

In general, Case 1 is superior in most ways to Case 2, unless the higher energy exhaust from 

Case 2 can be recovered. As part of a larger system, Case 2 may integrate better than Case 

1, and this has not been studied. 

These results show the confusing nature of several factors used within the exergy analysis 

literature, while helping with the interpretation of results in several ways. 

There are many methods to visualise exergy flows and efficiencies, while they are not as 

simple in approach to those of PA, they are useful to focus on areas of higher loss within the 

system. Further work should be done on improving dynamic methods of visualisations for 

future optimisation methods. 

Chapter 8 presents the results of the PA and ExA rankings that are aligned with the results of 

a preliminary costing analysis. While a boiler driven air dryer system has a lower thermal 

cost overall, it has a high environmental loss ratio since the loss to the environment is at 

lower temperatures (low quality), it has a low recovery use and further recovery would 

result in higher costs. 

The VRC system has a high electricity cost, low thermal cost, and a loss to the environment 

which is significant in either configuration (valve or not). However, part of this may be 

negated with the replacement of the valve (V-1) with a pressure recovery turbine to help 

drive the compression unit. The environmental losses without this unit have a high 

temperature and pressure (which has a high recovery potential), and this is an important 

optimisation point for that system. 

The costs for the superheated-steam recirculation system are slightly lower than the cost of 

the boiler driven air system, and adding a VRC to the exhaust steam of this system may yield 

improved results again. However, the cost for a system with a higher mechanically driven 

heat cycle is significant when compared with a chemically driven (combustion boiler) in the 

case of the other two systems being studied. 
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A preliminary costing of both systems is also informative, by revealing that Case 2 is costlier 

both initially and to run with the utilities as costed. 

Due to the difference in utility types (natural gas vs electricity), a carbon accounting was 

completed (with natural gas being an onsite emission and electricity being an offsite 

emission). The results of 0.470 kg.s-1 for Case 1 and 0.478 kg.s-1 for Case 2 mean that based 

on current power generation in NSW, Case 1 is less environmentally damaging than Case 2, 

but this result is dependent on the mix of power generation within the area, and would be 

different in countries with a lower percentage of coal and gas power generation. 

A discussion of the time taken to complete each analysis is presented in Chapter 8, and this 

was done in a conceptual manner, suggesting that short-cut methods and sophisticated 

computer programs may assist in making Exergy Analysis more accessible than it currently 

is. While Exergy Analysis is not new, it is still considered in its infancy with respect to usage 

in optimisation and methodology, especially when compared with Pinch Analysis. 
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A. Abbreviations 

9.1Key Variables 

What each variable means: 

Task: on a systems basis, this can be defined by the key item or reaction. In this case the 

drying of solids is the key function, while saving energy/exergy is the key of the analysis. (I.e. 

Task=evaporation efficiency) 

Effective INE: the minimum theoretical loss associated with the task, calculated on a purely 

ideal basis. 

Product Investment: how much of the energy is fed into the final product (in this case, on a 

solids basis, since this factor uses the solids side of the equation, the change is minimal, and 

not really useful). 

Thermomechanical: temperature and pressure effects only. This definition is satisfactory for 

most systems without reactions or composition changes (heat exchangers, some phase 

change is taken into account, and is not important if no outlets are mixed with the 

environment, in this case diffusion potential changes will cause calculation problems) 

Transiting: these factors are representative of the non-inert aspects of the unit operation or 

system. In this case, the solids chemical potential energy is considered inert and removed 

from all calculations. This definition is important for systems with high chemical potential 

that is not used. Using a transiting calculation basis helps focus the analysis on useful areas. 

IP (Improvement potential): This is a compound factor which takes the total exergy change 

and the chosen efficiency factor (transiting-task is best here, in concert with transiting 

totals) and gives a scale of the inefficiency. Combining this with a factor of IP/IN allows for 

both scale and importance, i.e. is it better to focus on 10kW @ 4% (i.e. a 4 kW 

improvement) or 1kW @ 80% (0.8 kW) improvement, so scale is important. 

Fuel basis: this refers to the total energy added to the system (inclusive of solution 

preheating to 60OC). 
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Gas side basis: a very high percentage of energy associated with exergy change is associated 

with the gas side of most systems, which is due to phase change calculations favouring the 

vapour side of the equation, and the condensed phase only focussing on simple heat (or 

total mass changes). Also, based on the definition of exergy (energy-entropy), the change of 

entropy is significantly higher in the gas phase than in the condensed phases. Using the gas 

side basis for calculations can lead to good estimates, but a more detailed analysis may be 

required. (possibly appropriate for targeting with a first pass analysis). 

Task potential: in this case evaporation potential can be determined on several bases: 

Fuel use: If all the (above 60OC) energy fed into the system is given the task of evaporating 

water @ the solids inlet temperature, how much water can be evaporated. 

Gas side: If only the fuel used to preheat the gas side is considered (assume solution is 

preheated already, this assumption is suitable in this study since the solution preheater 

takes 250 kW to heat from 25-60OC, which is less than 1% of the total energy used within 

the system). This factor is the energy from burner fuel/compressor used on the gas side pre-

heating. This factor is very close for both systems (as expected) 

Simple efficiency: OUTTot/INTot (on an exergy basis should be less than unity, on an energy 

basis this should be unity due to “energy balance”. Can be split to be expressed for each 

phase. Product investment is a good alternative on an energy basis, task is better) 

TM efficiency: OUTTM/INTM (either energy or exergy basis) 

Transiting efficiency: OUTTrans/INTrans (either energy or exergy basis) 

Investment: Invested/INTrans (either energy or exergy basis) 

INE: useTrans
min (on an energy basis, shortcut exergy calculation, does not make sense when 

exergy is used in the calculation) 

Evap potential: Fuel/Latent Heat@TS.IN (either energy or exergy basis) 

Improvement Potential: The amount of exergy not used to perform the task. It can be 

calculated on several bases- ideally it should be done using a transiting basis for the task 

(commonly used is a total or gas basis using the simple efficiency). 
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Comparing the inlet vs. the change? 

It is important to compare the exergy and energy factor bases in a consistent manner, and 

this can be achieved on an inlet basis, most factors are ‘change/IN’. 

Key Terms: 

Efficiency: Percentage of energy or exergy used for the process 

Effectiveness: Percentage of energy or exergy used to perform the task 

Potential: Maximum available on an ideal basis. 

Actual: What occurs. This amount is typically lower due to losses through equipment walls, 

equipment design and constraints, non-ideal behaviour, and non-assumed behaviour (in this 

case ΔTsolids). 

 What this means is that comparing the potential value with an actual value gives a 

useful comparison, and a potential to find which one of the above behaviours is the issue. 
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B. Appendixes 

9.2Appendix A to Chapter 5 

9.2.1Calculation error analysis 

Most of the base figures used in the calculation are accurate to at least two significant 

figures. 

The case study presented in the later part of this chapter shows a smooth curve (except at 

the point where the outlet temperature reaches the boiling point of water (which occurs at 

an inlet temperature of around ~270OC) At an inlet temperature of 270OC, the calculation 

changes to a slightly different form. 

On the effect of changing key variables (outside of what was used in the case study), the 

only parameters that resulted in more than a 1% deviation from the shown results were the 

inlet gas flowrate and the solids feed moisture content on a thermomechanical 

(Temperature and Pressure only) basis. Considering that the majority of the key results are 

percentages, the error propagation is typically subjected to the same variation on both sides 

of the ratio. The difference between hand calculations (on a very basic level), more detailed 

calculations, and the results from a sophisticated process modelling software resulted in a 

variation of +/- 0.5% for Factor 16 in Table 5-3 (𝜂𝑇𝑟𝑎𝑛𝑠).  

The main error, which is largely not used in this chapter, except to explain the need for 

transiting exergy calculations, is the chemical potential energy of the skim milk powder, with 

the simulation software estimating a chemical potential energy value of 17,000 KJ/kg 

compared with the 20,000 KJ/kg calculated using the estimation method provided (up to a 

20% error for the chemical potential energy component of exergy).This large relative error is 

the result of comparing an estimation method (used for fuels) and a sophisticated method 

integrated within an advanced simulation package. 

9.3Appendix B to Chapter 5 

9.3.1Several factors which can be used in the analysis of the dryer 

Based on the information given in Table 5-1, and the assumptions made in Table 5-2, Table 

B-1 provides additional supplementary information. 
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Table B-1: Energy and Exergy values used for calculation of the factors in Table 5-3. 

Energy (kW) Comment Exergy (kW) Comment 

𝛥𝑄𝛥𝑉.𝐺
𝑇𝑀  -2,780 Change of energy from 

evaporation in the gas 
phase taking only the 
TM energy into 
account. 

𝛥𝐸𝑥𝛥𝑉.𝐺
𝑇𝑀  -6.4 Change of exergy from 

evaporation in the gas phase 
taking only the TM exergy into 
account. 

𝛥𝑄𝛥𝑇𝑀.𝐺
𝑇𝑀  2,590 Change of energy from 

TM change in the gas 
phase taking only the 
TM change into 
account. 

𝛥𝐸𝑥𝛥𝑇𝑀.𝐺
𝑇𝑀  657 Change of exergy from TM 

change in the gas phase taking 
only the TM change into 
account. 

𝛥𝑄𝛥𝑉.𝑆&𝐿
𝑇𝑀  109 Change of energy from 

evaporation in the 
condensed phase 
taking only the TM 
change into account. 

𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑇𝑀  4.1 Change of exergy from 

evaporation in the condensed 
phase taking only the TM 
change into account. 

𝛥𝑄𝛥𝑇𝑀.𝑆&𝐿
𝑇𝑀  80 Change of energy from 

TM change in the 
condensed phase 
taking only the TM 
change into account. 

𝛥𝐸𝑥𝛥𝑇𝑀.𝑆&𝐿
𝑇𝑀  7.2 Change of exergy from TM 

change in the condensed phase 
taking only the TM change into 
account. 

 𝛥𝐸𝑥𝛥𝑉.𝐺
𝑑𝑖𝑓𝑓

 -359 Change of exergy from 
evaporation in the gas phase 
taking only the diffusion change 
into account. 

𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑑𝑖𝑓𝑓

 522 Change of exergy from 
evaporation in the condensed 
phase taking only the diffusion 
change into account. 

𝛥𝐸𝑥𝛥𝑇.𝐺
𝑇𝑀  

= 𝛥𝐸𝑥𝛥𝑇𝑀.𝐺
𝑇𝑀  

657 Temperature based exergy 
change on the gas side. 

𝛥𝐸𝑥𝛥𝑇.𝑆&𝐿
𝑇𝑀  

= 𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑇𝑀  

4.1 Temperature based exergy 
change on the condensed side. 

𝛥𝐸𝑥𝛥𝑃.𝐺
𝑇𝑀  0 Pressure based exergy on the 

gas side. 

𝛥𝐸𝑥𝛥𝑃.𝑆&𝐿
𝑇𝑀  0 Pressure based exergy on the 

condensed side. 

𝛥𝐸𝑥𝛥𝑉
𝑇𝑀 -2.3 𝛥𝐸𝑥𝛥𝑉.𝐺

𝑇𝑀 +  𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑇𝑀  

𝛥𝐸𝑥𝛥𝑇
𝑇𝑀 

Δ𝑇𝑂𝑈𝑇 = 0 
651 𝛥𝐸𝑥Δ𝑇.𝐺

𝑇𝑀 +  𝛥𝐸𝑥𝛥𝑇.𝑆&𝐿
𝑇𝑀  

𝛥𝐸𝑥𝛥𝑉
𝑑𝑖𝑓𝑓

 163 𝛥𝐸𝑥𝛥𝑉.𝐺
𝑑𝑖𝑓𝑓

+ 𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑑𝑖𝑓𝑓

 

𝛥𝐸𝑥𝛥𝑉  161 𝛥𝐸𝑥𝛥𝑉
𝑑𝑖𝑓𝑓

+ 𝛥𝐸𝑥Δ𝑉
𝑇𝑀 

𝛥𝐸𝑥𝑇𝑀 662 𝛥𝐸𝑥𝛥𝑇
𝑇𝑀 + 𝛥𝐸𝑥Δ𝑉

𝑇𝑀 

*𝛥𝐸𝑥𝐿𝑜𝑠𝑠  825 𝛥𝐸𝑥𝑇𝑀 + 𝛥𝐸𝑥𝛥𝑉
𝑑𝑖𝑓𝑓

 
𝑂𝑟 

𝛥𝐸𝑥𝛥𝑇
𝑇𝑀 + 𝛥𝐸𝑥𝛥𝑉 

*NOTE B-1:𝜟𝑬𝒙𝜟𝑻 = 𝜟𝑬𝒙𝜟𝑻
𝑻𝑴 + 𝜟𝑬𝒙𝜟𝑻

𝒅𝒊𝒇𝒇
 due to the simplifying assumption that the mass transfer occurs 

isothermally, 𝜟𝑬𝒙𝜟𝑻
𝑻𝑴 is the same as𝜟𝑬𝒙𝜟𝑻. 

𝑄𝐼𝑁 27,400 Total energy fed to the 
dryer (including 
chemical potential of 
solids). 

𝐸𝑥𝐼𝑁  26,500 Total exergy fed to the dryer 
(including chemical potential of 
solids). 

𝑄𝐼𝑁
𝑇𝑀  4,080 Total TM energy fed to 

the dryer. 
𝐸𝑥𝐼𝑁

𝑇𝑀 733 Total TM exergy fed to the 
dryer. 
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𝑄𝐼𝑁.𝐺
𝑇𝑀  3,830 TM energy fed to the 

dryer in the gas phase. 
𝐸𝑥𝐼𝑁.𝐺

𝑇𝑀  720 Total TM exergy fed to the dryer 
in the gas phase 

𝑄𝑂𝑈𝑇  27,400 Energy balance. 𝐸𝑥𝑂𝑈𝑇  25,700 Total exergy leaving the dryer. 

𝑄𝑂𝑈𝑇
𝑇𝑀  4,080 Energy balance. 𝐸𝑥𝑂𝑈𝑇

𝑇𝑀  71.3 Total TM exergy leaving the 
dryer. 

𝑄𝑂𝑈𝑇.𝐺
𝑇𝑀  4,020 Gas side energy out.* 𝐸𝑥𝑂𝑈𝑇.𝐺

𝑇𝑀  69.0 Total exergy leaving the dryer on 
the gas side.* 

*NOTE B-2: Important for energy loss to the environment targeting (waste flue energy) 

 𝐸𝑥𝐼𝑁
𝑑𝑖𝑓𝑓

 625 Diffusion exergy fed to the 
dryer. 

𝐸𝑥𝐼𝑁.𝐺
𝑑𝑖𝑓𝑓

 31 Diffusion exergy fed to the dryer 
in the gas phase. 

𝐸𝑥𝑂𝑈𝑇
𝑑𝑖𝑓𝑓

 462 Diffusion exergy exiting the 
dryer. 

𝐸𝑥𝑂𝑈𝑇.𝐺
𝑑𝑖𝑓𝑓

 390 Diffusion exergy exiting the 
dryer in the gas phase. 

Calculated Variables 

𝛥𝑄𝛥𝑉.𝑚𝑖𝑛  2,590 𝜆𝛥𝑉{𝛥𝑄𝛥𝑉}@𝑇𝑆.𝑂𝑈𝑇

×  𝑚𝛥𝑉̇  
𝛥𝐸𝑥𝛥𝑉.𝑚𝑖𝑛 284 {𝛥𝐸𝑥𝛥𝑉}@𝑇𝑆.𝑂𝑈𝑇 ×  𝑚𝛥𝑉̇  

𝛥𝑄𝛥𝑉.𝑎𝑐𝑡  2,670 𝛥𝑄𝛥𝑉.𝐺
𝑇𝑀 + 𝛥𝑄𝛥𝑉.𝑆&𝐿

𝑇𝑀  𝛥𝐸𝑥𝛥𝑉.𝑎𝑐𝑡
𝑇𝑀  -2.3 𝛥𝐸𝑥𝛥𝑉.𝐺

𝑇𝑀 + 𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑇𝑀  

𝐼𝑁𝐸𝑇𝑀 47 INE using 𝑄𝐼𝑁.𝐺
𝑇𝑀 −

𝑄𝑂𝑈𝑇.𝐺
𝑇𝑀 * 

𝛥𝐸𝑥𝛥𝑉.𝑎𝑐𝑡
𝑑𝑖𝑓𝑓

 163 𝛥𝐸𝑥𝛥𝑉.𝐺
𝑑𝑖𝑓𝑓

+ 𝛥𝐸𝑥𝛥𝑉.𝑆&𝐿
𝑑𝑖𝑓𝑓

 

𝐼𝑁𝐸𝐺
𝑇𝑀 943 INE using 𝑄𝐼𝑁.𝐺

𝑇𝑀 * 𝛥𝐸𝑥𝛥𝑉.𝑎𝑐𝑡  161 𝛥𝐸𝑥𝛥𝑉.𝑎𝑐𝑡
𝑑𝑖𝑓𝑓

+ 𝛥𝐸𝑥𝛥𝑉.𝑎𝑐𝑡
𝑇𝑀  

𝐼𝑁𝐸𝛥𝑉 657 INE using 𝛥𝑄𝛥𝑉.𝑎𝑐𝑡* 𝐸𝑥𝐺
𝑇𝑟𝑎𝑛𝑠 101 Exergy which is not influenced in 

the dryer and separator in the 
gas phase (i.e. can be ignored in 
analysis). 

𝐼𝑁𝐸∆𝑉.𝐺
𝛥𝑇  638 In-text Equation 2-27. 

* 
𝐸𝑥𝑆&𝐿

𝑇𝑟𝑎𝑛𝑠  25,200 Exergy which is not influenced in 
the dryer and separator in the 
condensed phase (i.e. can be 
ignored in analysis). 

𝐼𝑁𝐸𝑀𝑖𝑥.𝐺
𝛥𝑉  490 In-text Equation 5-2. * 𝑇0𝛥𝑆𝐺𝑒𝑛.𝐼𝐷 845 Ideally equivalent to 𝐼𝑁𝐸𝐼𝐷 

𝐼𝑁𝐸∆𝑉
𝛥𝑇 657 In-text Equation 5-3. * 𝑇0𝛥𝑆𝐺𝑒𝑛.𝑎𝑐𝑡 825 Equivalent to INE. 

𝐼𝑁𝐸𝑀𝑖𝑥
𝛥𝑉  471 In-text Equation 5-4. * 

1 −
𝐼𝑁𝐸𝐺

𝑄𝐺.𝐼𝑁
𝑇𝑀  

75.4% Inevitable energy loss ratio. 

𝐼𝑁𝐸𝐷𝑟𝑦𝑒𝑟  1,128 In-text Equation 5-5. 𝛥𝐸𝑥𝛥𝑉.𝐼𝐷

𝛥𝑄𝛥𝑉.𝐼𝐷

  
11.0% Ratio of evaporation exergy use 

(not particularly useful). 

𝐼𝑁𝐸𝐷𝑟𝑦𝑒𝑟.𝐺  1,129 In-text Equation 5-5. 𝛺𝐺
𝐷𝑟𝑦𝑒𝑟

=
𝛥𝐸𝑥𝐺

𝑄𝐺.𝐼𝑁

 

0.08 Unit quality ratio (abstract). 

*NOTE B-3:Assuming the INE definition for a boiler suits that of a dryer with TSourceMax=TG.IN and 

TSinc=TDP.(YIN). 

 

9.4Appendix A to Chapter 6 

9.4.1Value table 

 T P n(total) n_DA n_S y() x() n_Wub H_TM H_tot H(-trans) Ex_diff Ex_TM Ex_tot Ex^-CH Ex(-trans) Trans Ex Trans H 

Shared Streams 
S-01 298.2 1.0  0.730   0.723   -      0.010   -      -     0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

S-03 463.2 1.0  0.730   0.723   -      0.010   -      -     3,525.2 3,525.2 3,525.2 0.0 719.5 719.5 719.5 719.5 0.0 0.0 

S-03a 341.9 1.0  0.730   0.723   -      0.010   -      -     935.0 935.0 935.0 0.0 62.6 62.6 62.6 62.6 0.0 0.0 

S-03-60c 333.2 1.0  0.730   0.723   -      0.010   -      -     747.8 747.8 747.8 0.0 40.7 40.7 40.7 40.7 0.0 0.0 

S-05 341.9 1.0  0.791   0.723   -      0.094   -      -     3,688.5 3,688.5 3,688.5 514.3 394.4 908.7 908.7 908.7 0.0 0.0 

S-08 298.2 1.0  0.073   -      0.004   -      19.000   -     0.0 23,300.0 0.0 593.7 0.0 25,751.2 593.7 521.9 25,229.3 23,300.0 

S-09 333.2 1.0  0.073   -      0.004   -      19.000   0.033  248.5 23,548.5 248.5 593.7 13.5 25,764.7 607.2 535.4 25,229.3 23,300.0 
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S-09a 321.9 1.0  0.073   -      0.004   -      2.019   0.017  2,808.1 26,108.1 2,808.1 759.3 198.7 26,115.4 957.9 886.1 25,229.3 23,300.0 

S-10 321.9 1.0  0.012   -      0.004   -      2.298   -     59.6 23,359.6 59.6 71.8 2.3 25,231.6 74.1 2.3 25,229.3 23,300.0 

S-04 335.0 1.0  0.803   0.723   0.004   0.098   1.450   0.071  3,744.8 27,044.8 3,744.8 586.8 350.3 26,094.5 937.0 865.2 25,229.3 23,300.0 

S-05-25c 298.2 1.0  0.791   0.723   -      0.032   -      0.045  696.1 696.1 696.1 217.2 0.0 217.2 217.2 217.2 0.0 0.0 

Boiler Case Streams 
S-02 321.9 1.0  0.730   0.723   -      0.010   -      -     507.7 507.7 507.7 0.0 19.2 19.2 19.2 19.2 0.0 0.0 

S-06 320.4 1.0  0.791   0.723   -      0.094   -      -     3,180.8 3,180.8 3,180.8 514.3 198.9 713.1 713.1 713.1 0.0 0.0 

Uh-1 483.2 19.1  0.007   -      -      -      -      0.007  364.6 364.6 263.5 83.7 157.7 241.5 241.5 156.9 84.5 101.1 

UD-1 483.1 19.1  0.007   -      -      -      -      0.007  101.1 101.1 0.0 62.1 22.4 84.5 84.5 0.0 84.5 101.1 

Uh-2 483.2 19.1  0.088   -      -      -      -      0.088  4,426.7 4,426.7 4,325.6 1,016.7 1,915.3 2,932.0 2,932.0 2,847.5 84.5 101.1 

UD-2 483.1 19.1  0.088   -      -      -      -      0.088  1,227.6 1,227.6 1,126.5 754.0 272.6 1,026.5 1,026.5 942.0 84.5 101.1 

Uh-3 483.2 19.1  0.095   -      -      -      -      0.095  4,791.2 4,791.2 4,690.1 1,100.5 2,073.0 3,173.5 3,173.5 3,088.9 84.5 101.1 

UD-3 483.1 19.1  0.095   -      -      -      -      0.095  1,328.7 1,328.7 1,227.6 816.1 295.0 1,111.1 1,111.1 1,026.5 84.5 101.1 

S-B1 298.2 1.0  0.007   -      -      -      -      -     0.0 6,480.6 6,480.6 43.8 0.0 6,608.8 43.8 6,608.8 0.0 0.0 

S-B2 298.2 1.0  0.077   -      -      -      -      0.001  0.0 0.0 0.0 1.8 0.0 1.8 1.8 1.8 0.0 0.0 

S-B3 483.2 1.0  0.077   -      -      -      -      0.001  417.0 417.0 417.0 1.8 92.6 94.4 94.4 94.4 0.0 0.0 

S-B4 2,354.2 1.0  0.082   -      -      -      -      0.012  5,692.4 5,692.4 5,692.4 173.0 3,649.6 3,822.6 3,822.6 3,822.6 0.0 0.0 

S-B5 503.2 1.0  0.082   -      -      -      -      0.012  1,001.0 1,001.0 1,001.0 173.0 269.8 442.8 442.8 442.8 0.0 0.0 

S-B6 326.2 1.0  0.082   -      -      -      -      0.012  552.5 552.5 552.5 173.0 43.4 216.4 216.4 216.4 0.0 0.0 

VRC case Streams 
S-06 483.2 2.5  0.791   0.723   -      0.094   -      -     7,016.3 7,016.3 7,016.3 514.3 3,569.0 4,083.3 4,083.3 4,083.3 0.0 0.0 

S-07 308.2 2.5  0.791   0.723   -      0.094   -      0.052  2,893.3 2,893.3 2,893.3 514.3 1,899.0 2,413.3 2,413.3 2,413.3 0.0 0.0 

S-12 406.8 1.0  0.791   0.723   -      0.094   -      -     5,216.4 5,216.4 5,216.4 514.3 1,005.5 1,519.8 1,519.8 1,519.8 0.0 0.0 

U-E1 - -  -      -      -      -      -      -     3,327.8 3,327.8 3,327.8 0.0 3,327.8 3,327.8 3,327.8 3,327.8 0.0 0.0 

U-E2 - -  -      -      -      -      -      -     248.5 248.5 248.5 0.0 248.5 248.5 248.5 248.5 0.0 0.0 

NOTE B-4: The rows with a at the end refer to intermediate calculations, the rows with - ##c refer to a 

temperature change variant, n_Wub refers to unbound water (water which is independent of air or 

solids) 

 

9.5Appendix A to Chapter 8 

9.5.1Pump Power and Discharge Pressure Requirements 

Given a particular outlet temperature, the compressor outlet pressure and compressor 

power estimates may be calculated using Equations B-1 and B-2, respectively. 

 

𝑃𝑂𝑈𝑇
𝐼𝐷 = 𝑃𝐼𝑁 (

𝑇2

𝑇1
)

𝑘
𝑘−1

 

𝐴𝑛𝑑 

𝑃𝑂𝑈𝑇
𝐴𝑐𝑡 = 𝜂𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟𝑃𝐼𝑁 (

𝑇2

𝑇1
)

𝑘
𝑘−1

 

B-1 

[15] 

 
𝑃𝑜𝑤𝑒𝑟𝐸𝑠𝑡.
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𝑘
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𝑘
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𝐴𝑛𝑑 

𝑃𝑜𝑤𝑒𝑟𝐸𝑠𝑡.
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1000

𝜂𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
(

𝑘
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) 𝑃1𝑄1 [(

𝑃2

𝑃1
) (

𝑘 − 1

𝑘
) − 1])  

B-2 
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9.6Appendix B to Chapter 8 

9.6.1Costing 

Since the basis of comparison is the dryer and the separation system, the only part(s) of the 

plant that have been costed are the capital cost of the heat exchange network, boiler 

system and compressor, with the operating cost being exclusively a comparison between 

the electricity for the compressor and the natural gas for the boiler system. 

 𝐴 =
∆𝐻

𝑈∆𝑇𝐿𝑀
 B-3 

 ∆𝑇𝐿𝑀 =
(𝑇𝐻𝐻 − 𝑇𝐻𝐶) − (𝑇𝐶𝐻 − 𝑇𝐶𝐶)

𝐿𝑁 (
𝑇𝐻𝐻 − 𝑇𝐻𝐶

𝑇𝐶𝐻 − 𝑇𝐶𝐶
)

 B-4 

 

Table B-2: Cost estimations for the two systems major components (excluding the dryer) (summary table, 

from Table 8-5 to 8-12). 

  Case 1 Case 2 

HX  $         130,000   $         250,000  

Boiler  $         250,000  - 

Blower  $         630,000  - 

Compressor -  $      1,400,000  

Coil Heater - $           24,000 

Total $      1,010,000  $      1,674,000 

 

Table B-3: Various basic conversions used for the estimation. 

Curr. conv. = 1.7860 AU$/Pound (2018 average) 

 1.3394 AU$/US$ (2018 average) 

CEPCI (1982)= 314.0 

 

CEPCI (1991)= 361.3 

CEPCI (2002)= 395.6 

CEPCI (2007)= 525.4 

CEPCI (2016)= 546.6 

CEPCI (2018)= 603.1 

NOTE B-5: CEPCI from[136] and related sources. 

NOTE B-6: Exchange rates calculated from [142, 143]. 

 

Table B-4: Pressure correction factor and plate are multiplier used in heat exchanger calculations from 

Peters, Timmerhaus, West, p 687, figure 14-28 [134]. 

Operating Pressure 1 20 3 Bar 

Pressure correction factor 1 2.4 1  

~ plate area (25% total 
area) 

130.0 30.0 975.0 m2 

25%   m2/m2 
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Table B-5: Sizing calculations for the 3 heat exchangers. 

  Case 1 E-1 Case 1 E-2 Case 2 E-1   

LMTD(counter-flow) 

cLMTD= 21.02 68.19 27.56 K 

R= 1.11 8.16 0.54   

θ= 0.50 0.42 0.15   

NTU2= 2.23 4.20 18.42   

          

P= 0.47 0.00 0.89   

F= 0.88 - 0.65   

          

LMTD (cross-
flow)         

cLMTD (cross)= 18.50   17.91 K 

UA Calculations 

U= 100 800 100 W.m-2.K-1 * 

Q= 465 3,046 3,512 kW 

A=Q/U.LMTD         

A= 503 112 3,925 m2 

A= 510 120 4,000 m2 ^ 

VFl= 39.8 19.2 26.5 m3.s-1 

VFr= 39.9 27.7 33.7 m3.s-1 

Q/dT= 25,200 44,700 196,100 W.K-1 

*NOTE B-7: First pass estimation values from Hewitt, Shires, Bott, p229 Table 4.5 [144] 

 ^NOTE B-8: Size rounded up to the nearest two significant figures. 

 

Table B-6: Heat Exchanger Costing from Hewitt, Shires, Bott p229 Table 4.5 [144]. 

Exchangers Case 1 E-1 Case 1 E-2 Case 2 E-1   

C_est= 0.650 0.480 0.650 £(1982)/W.K 

p.229 t.4.5 
* LP Gas 
Q/dT~1000 

* Cond. ST 
Q/dt~30,000 

* HP Gas  
Q/dT~30,000 

C_est= 3.982 2.941 3.982 $(2019)/W.K 

Q/dT= 25,843 44,553 193,433 W.K-1 

Cost= $   100,142   $     131,390   $   780,790 $(2019) 

   $             231,533      

          Base $ 420,000 Cf # 

P-Corr. ^  $  100,142   $     315,337   $   780,790 $(2019) VRC $ 790,000  
   $            415,479     CR 1.88  

#NOTE B-9: Cost factor method. 

^NOTE B-10: Using the pressure correction factors shown in Table B-4. 

 



238 

 

Table B-7: Heat Exchanger Costing from Peters, Timmerhaus, West p684 Figure 14-20 [134]. 

Exchangers Case 1 E-1 Case 1 E-2 Case 2 E-1   

A (trans.) 503 112 3,921 m2 

p.684  
f.14-20 $   20,000 $   18,000 $   120,000 US$(2002) 

  $   40,839 $   36,755 $   245,036 $(2019) 

  $      77,595      

          Base $  130,000 

graph # 
finned-tube 

P-Corr. ^  $   40,839   $   88,213   $   246,036    VRC $  250,000 FH exchanger 

  $   129,052     CR 1.92  

#NOTE B-11: Graphical interpolation method. 

^NOTE B-12: Using the pressure correction factors shown in Table B-4. 

 

Table B-8: Package Boiler Plant costing with no superheat from Peters, Timmerhaus, West p892 Figure 

b-3 [134]. 

Boilers 
Case 1 B-01 

(0 deg superheat) 
Case 2 B-01  

(0 deg superheat)* 

Boiler Basic Basic p.892 f.b-3 

Steam Gen 1.73 0.11 kg/s 

  2 0.8 kg/s 

Pressure Required 19.07 1.22 Bar 

Used P 2,860 1,825 kPa 

Temperature 230 125 C  

Used T 447 405 C Base $  250,000 

Cost (2002)  $                         120,000   $     25,000   VRC $    52,000 

Cost (2019)  $                         245,036   $     51,049    CR 0.21 

*NOTE B-13: A check to see if a boiler is worth having. 

 

Table B-9: Cost of electric immersion heaters from Peters, Timmerhaus, West p624 Figure 15-29 [134]. 

(extrapolated to be 2x125 kW heaters) 

Electric heater 

Rating 250 kW 

Cost (2002)  $            8,500  
 

Cost (2019)  $           23,300  
 

 

Table B-10: Compressor and blower costing for the systems [133]. 

Blowers and Compressors     

 
Case 1 
Blower 

Case 2 
Compressor #  
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VFl= 22.08 22.08 m2/s 

  46,792 46,792 ft3/min 

Quote ∆P 0.69 8.62 Bar 

Req. ∆P 0.6 2.61 Bar 

 Power (E) 2,040 4,515 HP  

 1,521^ 3,367 kW Base $  630,000 

Cost (2007)  $  409,600   $           1,057,000    VRC $  1,400,000 

Cost (2019)  $  629,760   $           1,625,138    CR 2.22 

#NOTE B-14: Pressure requirement not low enough for a blower, if Req. ∆P was below 2.1 Bar the cost 

would be $1,330,000. 

^NOTE B-15: Estimate Only. 

 

9.7Appendix C Sample Calculations for a Dryer 

Air System 

Raw Data 

Table B-11: The constants used within the calculations 

Reference State Properties Gas Phase Dead State Properties 
𝑇0 298.14 K 𝑇00 298.14 K 
𝑃0 101,325 Pa 𝑃00 101,325 Pa 

   𝑅𝐻00 27 % 
   𝛾𝐷𝐴00

 0.996  

   𝛾𝑉00
 0.004  

Constants Calculated Constants 

𝐶𝑝𝐷𝐴
̅̅ ̅̅ ̅̅ ̅ 28.97 kJ.kmol-1.K-1 𝜌̅𝐿 55.35 kmol.m-3 

𝐶𝑝𝑉
̅̅ ̅̅ ̅ 35.59 kJ.kmol-1.K-1 𝑣̅𝐿 0.0181 m3.kmol-1 

𝐶𝑝𝐿
̅̅ ̅̅ ̅ 75.35 kJ.kmol-1.K-1 𝜌̅𝑆 4.47 kmol.m-3 

𝐶𝑝𝑆
̅̅ ̅̅ ̅ 513.43 kJ.kmol-1.K-1 𝑣̅𝑆 0.2237 m3.kmol-1 

𝑚𝑚𝐷𝐴 28.970 kg.kmol-1 𝑅𝐷𝐴 0.000287 kJ.kg.K-1 NOTE B-17  
𝑚𝑚𝑉 18.015 kg.kmol-1 𝑅𝑽 0.000462 kJ.kg.K-1 NOTE B-18

 
𝑚𝑚𝐿 18.015 kg.kmol-1 𝛽𝑳 0.000207 K-1 
𝑚𝑚𝑆 342.29 kg.kmol-1 𝛽𝑺 0.001098 K-1 [145] p709-710 

𝑅̅ 0.008314 kJ.kmol-1.K-1  
𝜌𝐿 997 kg.m-3 (at 20OC) 

𝜌𝑆 1530 kg.m-3 (at 20OC)  

NOTE B-16: The properties of the solid are taken to be those of α-lactose monohydrate for simplicity 

[146]. 

NOTE B-17: 𝑹𝑫𝑨 is 
𝑹̅

𝒎𝒎𝑫𝑨
 

NOTE B-18: 𝑹𝑽 is 
𝑹̅

𝒎𝒎𝑽
 

The sample calculation for steam 4 (S-04 in Figure 4-4, Figure 4-7, Figure 6-1, and Figure 6-2) 

in the process (the dryer outlet) is as follows. 

Table B-12: The raw data 

Raw Stream Properties, Point 1 Calculated Stream Properties, Point 1 
𝑇1 330.37 K    
𝑃1 101,325 Pa    

𝑀𝐷𝐴1
 20.87 kg.s-1 𝑛𝐷𝐴1

 0.7204 kmol.s-1 
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𝑀𝑉1
 1.21 kg.s-1 𝑛𝑉1

 0.0672 kmol.s-1 

𝑀𝐿1
 0.17 kg.s-1 𝑛𝐿1

 0.0094 kmol.s-1 

𝑀𝑆1
 1.25 kg.s-1 𝑛𝑆1

 0.0037 kmol.s-1 

𝑀𝑇 23.5 kg.s-1 𝑛𝑇 0.8007 kmol.s-1 
Calculated Stream Properties, Point 1 Calculated Stream Properties, Point 1 

𝑥𝐷𝐴1
 0.8998 (eq. B-17) 𝛾𝐷𝐴1

 0.9147 (eq. B-15) 

𝑥𝑉1
 0.0839 (eq. B-17) 𝛾𝑉1

 0.0853 (eq. B-15) 

𝑥𝐿1
 0.0118 (eq. B-17) 𝛾𝐿1

 0.7210 (eq. B-12) 

𝑥𝑆1
 0.0046 (eq. B-17) 𝛾𝑆1

 0.2790 (eq. B-12) 

 

Now that the stream data is in the four useful forms (mass flow, mole flow, mole fraction, 

and molar phase fraction) and the calculation constants are determined, it is possible to 

begin the calculation. 

Temperature based Thermo-Mechanical Exergy 

First, since there are two interacting phases, it is necessary to determine the interaction 

using the isotherm calculations. This procedure determines the compositions of point 2 of 

the system (T0,P). Once this information is calculated, it is possible to proceed with the 

exergy calculations for the temperature-based thermo-mechanical exergy. 

Using Equation B-5 to determine the partial pressure of water vapour: 

 𝑃𝑖 = 𝛾𝑖𝑃 B-5 

 𝑃𝑉1
= 0.0672 × 101,325 

𝑷𝑽𝟏
= 𝟖, 𝟔𝟒𝟏. 𝟑 𝑷𝒂 

 

The temperature at which this vapour pressure causes dew formation, or TDP, can be found 

using Equation B-6: 

 
𝑇𝐷𝑃1

=
3816.44

18.3036 − ln (
𝑃𝑉1

133.3
)

+ 44.12 
B-6 

 
𝑇𝐷𝑃1

=
3816.44

18.3036 − ln (
8,641.3
133.3 )

+ 44.12 

𝑻𝑫𝑷𝟏
= 𝟑𝟏𝟒. 𝟏𝟖 𝑲 
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Equation B-7 is used to determine if there is phase change in this pathway. It is also a check 

to determine if the result from Equation B-6 is reasonable. Phase change occurs if YS 

(humidity above solids)>Y (bulk in gas). Less generally, usually TG>TS for drying to occur. 

 𝑰𝑭 𝑇𝐷𝑃1
≤  𝑇0, 𝑇𝐷𝑃1

= 𝑇0 

𝑰𝑭 𝑇𝐷𝑃1
≥  𝑇1, 𝑇𝐷𝑃1

= 𝑇1 
B-7 

 298.14 𝐾 < 𝟑𝟏𝟒. 𝟏𝟖 𝐾 < 330.27 𝐾 

𝑇𝐷𝑃1
is reasonable 

 

The above statement means that phase change will occur in the system when the 

temperature is changed isobarically from T to T0. For this the amount of water that 

condenses along this pathway needs to be determined. 

Equation B-8 determines the saturation vapour pressure at the end-point. This vapour 

pressure will act as an upper limit for the amount of water that can be in the air. 

 
𝑃𝑉2

𝑆𝑎𝑡 = 𝑃𝑉0

𝑆𝑎𝑡 = 133.3 × exp (18.3036 −
3816.44

𝑇0 − 44.12
) B-8 

 
𝑃𝑉0

𝑆𝑎𝑡 = 133.3 × exp (18.3036 −
3816.44

298.14 − 44.12
) 

𝑷𝑽𝟎

𝑺𝒂𝒕 = 𝟑, 𝟓𝟒𝟎. 𝟓 𝑷𝒂 

 

Before continuing, finding the limiting flows associated with this point is required, without 

calculating the isotherm, as will be explained later. 

Equation B-9 can be used to calculate the phase fraction associated with the saturation 

pressure, as follows. 

 
𝛾𝑉2

𝑆𝑎𝑡 =
𝑃𝑉0

𝑆𝑎𝑡

𝑃
 B-9 

 
𝛾𝑉2

𝑆𝑎𝑡 =
3,540.5

101,325
 

𝜸𝑽𝟐

𝑺𝒂𝒕 = 𝟎. 𝟎𝟑𝟒𝟗 

 

And by using Equation B-10 to solve for the molar flow of water vapour, as follows: 
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𝑛𝑉2

𝑆𝑎𝑡 =
𝛾𝑉2

𝑆𝑎𝑡𝑛𝐷𝐴

(1 − 𝛾𝑉2

𝑆𝑎𝑡)
 B-10 

 
𝑛𝑉2

𝑆𝑎𝑡 =
0.0349 × 0.7204

(1 − 0.0349)
 

𝒏𝑽𝟐

𝑺𝒂𝒕 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

 

Then by a water component balance, Equation B-11: 

 𝑛𝐿2

𝑆𝑎𝑡 = 𝑛𝑉1
+ 𝑛𝐿1

− 𝑛𝑉2

𝑆𝑎𝑡 B-11 

 𝑛𝐿2

𝑆𝑎𝑡 = 0.0672 + 0.0094 − 0.0261 

𝒏𝑳𝟐

𝑺𝒂𝒕 = 𝟎. 𝟎𝟓𝟎𝟓 𝒌𝒎𝒐𝒍. 𝒔−𝟏 
 

 𝛾𝐿 =
𝑛𝐿

(𝑛𝐿 + 𝑛𝑆)
=

𝑥𝐿

(𝑥𝐿 + 𝑥𝑆)
 B-12 

Next an initial guess for the pressure of the system at point 2 is required. The saturation 

pressure is known, so it is reasonable to use this as the starting point for the iteration. 

 𝑃𝑉2

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑃𝑉0

𝑆𝑎𝑡 = 3,540.53 𝑃𝑎  

The iterative part of the calculation can then proceed. 

Equation B-13 is used to determine the solids and liquid equilibrium condition. 

 𝛾𝐿2

𝛾𝑆2

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
𝑃𝑉2

𝑆𝑎𝑡

𝑃𝑉2

)] B-13 

 𝛾𝐿2

𝛾𝑆2

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
3,540.5

3,540.5
)] 

𝛾𝐿2

𝛾𝑆2

= 2.8481 

 

After iteration, a stable solution is reached, as follows: 

 𝜸𝑳𝟐

𝜸𝑺𝟐

= 𝟒. 𝟖𝟒𝟏𝟖  

Next it is necessary to solve this for 𝑛𝐿2
, which is done with Equation B-14, knowing that the 

number of moles of solid does not change, 𝑛𝑆2
= 𝑛𝑆1

. 
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 𝑛𝐿2
=

𝛾𝐿2

𝛾𝑆2

× 𝑛𝑆2
 B-14 

 𝑛𝐿2
= 2.8481 × 0.0037 

𝑛𝐿2
= 0.0104 𝑘𝑚𝑜𝑙. 𝑠−1 

 

After iteration, a stable solution is reached, as follows: 

 𝒏𝑳𝟐
= 𝟎. 𝟎𝟏𝟕𝟕 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Now the solution for 𝑛𝑉2
 may be found using a water balance, or Equation B-11. 

 𝑛𝑉2
= 𝑛𝑉1

+ 𝑛𝐿1
− 𝑛𝐿2

 B-11 

 𝑛𝑉2
= 0.0672 + 0.0094 − 0.0104 

𝑛𝑉2
= 0.0662 𝑘𝑚𝑜𝑙. 𝑠−1 

 

After iteration, a stable solution is reached, as follows: 

 𝒏𝑽𝟐
= 𝟎. 𝟎𝟓𝟖𝟗 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

There is a need to convert this result back into a partial pressure, and this is done by first 

finding the gas phase fraction that this molar flow represents, Equation B-15. Knowing that 

𝑛𝐷𝐴2
= 𝑛𝐷𝐴1

. 

 𝛾𝑉2
=

𝑛𝑉2

(𝑛𝑉2
+ 𝑛𝐷𝐴2

)
 B-15 

 
𝛾𝑉2

=
0.0662

(0.0662 + 0.7204)
 

𝛾𝑉2
= 0.0842 

 

After iteration, a stable solution is reached, as follows: 

 𝜸𝑽𝟐
= 𝟎. 𝟎𝟕𝟓𝟔  

Now by simply using Equation B-5 again, the partial pressure of vapour at this point can be 

obtained. 

 𝑃𝑉2
= 𝛾𝑉2

𝑃 B-5 
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 𝑃𝑉2
= 0.0842 × 101,325 

𝑃𝑉2
= 8,527.7 𝑃𝑎 

 

 

This new 𝑃𝑉2
 gets substituted into Equation B-13 and repeats until the system reaches a 

stable solution. 

After iteration, a stable solution is reached, as follows: 

 𝑷𝑽𝟐
= 𝟕, 𝟔𝟔𝟎. 𝟕 𝑷𝒂  

Now it is necessary to check if this is realistic. 

 𝑷𝑽𝟐
= 𝟕, 𝟔𝟔𝟎. 𝟕 𝑷𝒂  

 𝑷𝑽𝟎

𝑺𝒂𝒕 = 𝟑, 𝟓𝟒𝟎. 𝟓 𝑷𝒂  

And: 

 𝒏𝑽𝟐
(𝑰𝒔𝒐𝒕𝒉𝒆𝒓𝒎) = 𝟎. 𝟎𝟓𝟖𝟗 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

 𝒏𝑽𝟐

𝑺𝒂𝒕 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Since 𝑛𝑉2

𝑆𝑎𝑡is the upper limit of the system, the minimum molar value is used, as stated by 

Equation B-16. 

 𝑛𝑉2
(𝐴𝑐𝑡𝑢𝑎𝑙) = min(𝑛𝑉2

(𝐼𝑠𝑜𝑡ℎ𝑒𝑟𝑚), 𝑛𝑉2

𝑆𝑎𝑡) B-16 

 𝒏𝑽𝟐
= 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

And by mass balance, or looking up the value that matches it (Calculated above). 

 𝒏𝑳𝟐
= 𝟎. 𝟎𝟓𝟎𝟓 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

To summarise the results: 

Table B-13: Data for Point 2 

Raw Stream Properties, Point 2 Calculated Stream Properties, Point 2 
𝑇2 298.14 K    
𝑃2 101,325 Pa    

𝑀𝐷𝐴2
 20.87 kg.s-1 𝑛𝐷𝐴2

 0.7204 kmol.s-1 
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𝑀𝑉2
 0.47 kg.s-1 𝑛𝑉2

 0.0261 kmol.s-1 

𝑀𝐿2
 0.91 kg.s-1 𝑛𝐿2

 0.0505 kmol.s-1 

𝑀𝑆2
 1.25 kg.s-1 𝑛𝑆2

 0.0037 kmol.s-1 

𝑀𝑇 23.5 kg.s-1 𝑛𝑇 0.8007 kmol.s-1 
Calculated Stream Properties, Point 2 Calculated Stream Properties, Point 2 

𝑥𝐷𝐴2
 0.8998 (eq. B-17) 𝛾𝐷𝐴2

 0.9651 (eq. B-15) 

𝑥𝑉2
 0.0326 (eq. B-17) 𝛾𝑉2

 0.0349 (eq. B-15) 

𝑥𝐿2
 0.0631 (eq. B-17) 𝛾𝐿2

 0.9326 (eq. B-12) 

𝑥𝑆2
 0.0046 (eq. B-17) 𝛾𝑆2

 0.0674 (eq. B-12) 

At this point it is necessary to identify the component fractions to which Equations B-18, 

B-22 and B-27 apply, and those to which Equations B-20, B-24 and B-28 apply. 

Equations B-18, B-22 and B-27 apply to components with no change in heat capacity, so it is 

necessary to isolate any phase change part of a component. This procedure is done by 

taking the minimum of the values at points 1 and 2. 

𝑛𝐷𝐴2
= 𝑛𝐷𝐴1

 Either one. 

𝑛𝑉2
< 𝑛𝑉1

 𝑛𝑉2
 is the minimal one. 

𝑛𝐿2
> 𝑛𝐿1

 𝑛𝐿1
 is the minimal one. 

𝑛𝑆2
= 𝑛𝑆1

 Either one. 

The remaining component is designated 𝑛∆𝑉 and is found by a water component balance: 

 𝑛∆𝑉
𝑇 = 𝑛𝑉1

− 𝑛𝑉2
 B-11 

 𝒏∆𝑽
𝑻 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Hence: 

 𝒙𝒊 =
𝒏𝒊

𝒏𝑻
 B-17 

 𝒙∆𝑽
𝑻 = 𝟎. 𝟎𝟓𝟏𝟑  

This component requires the use of Equations B-20, B-24 and B-28. 

Applying the appropriate formulae to each component 

Equation B-18 components: 
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 ℎ𝑇 = 𝐶𝑝(𝑇 − 𝑇0) B-18 

 ℎ𝐷𝐴1

𝑇 = 𝑥𝐷𝐴1
𝐶𝑝𝐷𝐴
̅̅ ̅̅ ̅̅ ̅(𝑇1 − 𝑇0) 

ℎ𝐷𝐴1

𝑇 = 0.8998 × 28.97 × (330.27 − 298.14) 

𝒉𝑫𝑨𝟏

𝑻 = 𝟖𝟑𝟕 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 ℎ𝑉2

𝑇 = 𝑥𝑉2
𝐶𝑝𝑉
̅̅ ̅̅ ̅(𝑇1 − 𝑇0) 

ℎ𝑉2

𝑇 = 0.0326 × 35.59 × (330.27 − 298.14) 

𝒉𝑽𝟐

𝑻 = 𝟗𝟓. 𝟗 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 ℎ𝑆1

𝑇 = 𝑥𝑆1
𝐶𝑝𝑆
̅̅ ̅̅ ̅(𝑇1 − 𝑇0) 

ℎ𝑆1

𝑇 = 0.0046 × 513.43 × (330.27 − 298.14) 

𝒉𝑺𝟏

𝑻 = 𝟕𝟓. 𝟐 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

Equation B-20 components: it is necessary to determine the enthalpy associated with the 

phase change, Equation B-19. The data required for this are readily found in steam tables. 

 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑇𝐷𝑃) − ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑇𝐷𝑃) B-19 

 ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑇𝐷𝑃) = 2,575.4 𝑘𝐽. 𝑘𝑔−1 

ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑇𝐷𝑃) = 171.8 𝑘𝐽. 𝑘𝑔−1 

∆ℎ∆𝑉 = 2,403.5 𝑘𝐽. 𝑘𝑔−1 

∆𝒉∆𝑽
̅̅ ̅̅ ̅̅ ̅ = 𝟒𝟑, 𝟐𝟗𝟗. 𝟖 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Now Equation B-20 can be solved: 

 ℎ∆𝑉
𝑇 = 𝑥∆𝑉

𝑇 [𝐶𝑝𝑉
̅̅ ̅̅ ̅(𝑇1 − 𝑇𝐷𝑃) + ∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ + 𝐶𝑝𝐿
̅̅ ̅̅ ̅(𝑇𝐷𝑃 − 𝑇0)] B-20 

 ℎ∆𝑉
𝑇 = 0.0513 × [35.59 × (330.27 − 314.18) + 43,299.8

+ 75.35 × (314.18 − 298.14)] 

𝒉∆𝑽
𝑻 = 𝟐, 𝟑𝟏𝟐. 𝟔 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻

−𝟏 

 

Now that the enthalpy changes of each component have been calculated, it is possible to 

add the results together to get the total stream enthalpy change associated with 

temperature change under isobaric conditions. For this summation, Equation B-21 is used. 
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 ℎ𝑇𝑀
𝑇 = ℎ𝐷𝐴1

𝑇 + ℎ𝑉2

𝑇 + ℎ𝐿1

𝑇 + ℎ𝑆1

𝑇 + ℎ∆𝑉
𝑇  B-21 

 ℎ𝑇𝑀
𝑇 = 837.506 + 95.928 + 28.534 + 75.242 + 2,312.59 

𝒉𝑻𝑴
𝑻 = 𝟑, 𝟑𝟒𝟗. 𝟖𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Using the same system used for enthalpy (Equations B-18, B-19, B-20 and B-21), the entropy 

of each component can be calculated, using (Equations B-22, B-23, B-24 and B-25) 

Equation B-22 components: 

 
𝑇0𝑠𝑇 = 𝑇0𝐶𝑝 ln (

𝑇

𝑇0
) B-22 

 
𝑇0𝑠𝐷𝐴1

𝑇 = 𝑥𝐷𝐴1
𝑇0𝐶𝑝𝐷𝐴

̅̅ ̅̅ ̅̅ ̅ ln (
𝑇1

𝑇0
) 

𝑇0𝑠𝐷𝐴1

𝑇 = 0.8998 × 298.14 × 28.97 × ln (
330.27

298.14
) 

𝑻𝟎𝒔𝑫𝑨𝟏

𝑻 = 𝟕𝟗𝟓. 𝟒 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 
𝑇0𝑠𝑉2

𝑇 = 𝑥𝑉2
𝑇0𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇1

𝑇0
) 

𝑇0𝑠𝑉2

𝑇 = 0.0326 × 298.14 × 35.59 × ln (
330.27

298.14
) 

𝑻𝟎𝒔𝑽𝟐

𝑻 = 𝟑𝟓. 𝟒 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 
𝑇0𝑠𝐿1

𝑇 = 𝑥𝐿1
𝑇0𝐶𝑝𝐿

̅̅ ̅̅ ̅ ln (
𝑇1

𝑇0
) 

𝑇0𝑠𝐿1

𝑇 = 0.0228 × 298.14 × 75.35 × ln (
330.27

298.14
) 

𝑻𝟎𝒔𝑳𝟏

𝑻 = 𝟐𝟕. 𝟏 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 
𝑇0𝑠𝑆1

𝑇 = 𝑥𝑆1
𝑇0𝐶𝑝𝑆

̅̅ ̅̅ ̅ ln (
𝑇1

𝑇0
) 

𝑇0𝑠𝑆1

𝑇 = 0.0046 × 298.14 × 513.43 × ln (
330.27

298.14
) 

𝑻𝟎𝒔𝑺𝟏

𝑻 = 𝟕𝟏. 𝟓 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

Equation B-24 components, for this it is necessary to determine the enthalpy associated 

with the phase change, or Equation B-23. The data required for this are readily found in 

steam tables. 
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 ∆𝑠∆𝑉 = 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑇𝐷𝑃) − 𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑇𝐷𝑃) B-23 

 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑇𝐷𝑃) = 8.236 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑇𝐷𝑃) = 0.586 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝑠∆𝑉 = 7.650 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝒔∆𝑽
̅̅ ̅̅ ̅̅ = 𝟏𝟑𝟕. 𝟖 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏. 𝑲−𝟏 

 

Now Equation B-24 can be solved as follows: 

 
𝑇0𝑠∆𝑉

𝑇 = 𝑇0𝑥∆𝑉
𝑇 [𝐶𝑝𝑉

̅̅ ̅̅ ̅ ln (
𝑇1

𝑇𝐷𝑃
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ + 𝐶𝑝𝐿
̅̅ ̅̅ ̅ ln (

𝑇𝐷𝑃

𝑇0
)] B-24 

 𝑇0𝑠∆𝑉
𝑇 = 298.14 × 0.0513

× [35.59 × ln (
330.27

314.18
) + 137.8 + 75.35 × ln (

314.18

298.14
)] 

𝑻𝟎𝒔∆𝑽
𝑻 = 𝟐, 𝟏𝟗𝟓. 𝟒 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻

−𝟏 

 

Now that the entropy changes of each component have been obtained, the addition of each 

component gives the total stream enthalpy change associated with temperature change 

under isobaric conditions. For this step Equation B-25 is used. 

 𝑇0𝑠𝑇𝑀
𝑇 = 𝑇0𝑠𝐷𝐴1

𝑇 + 𝑇0𝑠𝑉2

𝑇 + 𝑇0𝑠𝐿1

𝑇 + 𝑇0𝑠𝑆1

𝑇 + 𝑇0𝑠∆𝑉
𝑇  B-25 

 𝑇0𝑠𝑇𝑀
𝑇 = 795.378 + 35.379 + 27.099 + 71.458 + 2,195.41 

𝑻𝟎𝒔𝑻𝑴
𝑻 = 𝟑, 𝟏𝟐𝟒. 𝟕 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Similarly the exergy can be calculated with the above results, using Equation B-26, or 

directly using Equations B-27, B-19, B-24 and B-28. 

 𝑒𝑇𝑀
𝑇 = ℎ𝑇𝑀

𝑇 − 𝑇0𝑠𝑇𝑀
𝑇  B-26 

 𝑒𝑇𝑀
𝑇 = 3,349.80 − 3,124.73 

𝒆𝑻𝑴
𝑻 = 𝟐𝟐𝟓. 𝟏 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

 
𝑒𝑇𝑀

𝑇 = 𝐶𝑝̅̅̅̅  (𝑇 − 𝑇0) − 𝑇0𝐶𝑝̅̅̅̅ ln (
𝑇

𝑇0
) B-27 
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𝑒𝑇𝑀

𝑇 = 𝑥∆𝑉 [𝐶𝑝𝑉
̅̅ ̅̅ ̅ [𝑇 − 𝑇𝐷𝑃 − 𝑇0 ln (

𝑇

𝑇𝐷𝑃
)] + 𝐶𝑝𝐿

̅̅ ̅̅ ̅ [𝑇𝐷𝑃 − 𝑇0 − 𝑇0 ln (
𝑇𝐷𝑃

𝑇0
)]

+ ∆ℎ∆𝑉 − 𝑇0∆𝑠∆𝑉] 

B-28 

Now that the temperature based thermo-mechanical exergy has been obtained, the 

pressure based thermo-mechanical exergy can now be calculated. 

Pressure based Thermo-Mechanical Exergy 

Again, starting with the isotherm and mass balance of the system. Point 2 data can be found 

in Table B-13, and the constants can be found in Table B-11. 

The dew point temperature is of no consequence here as this is an isothermal calculation; 

instead, the saturation pressure at the reference temperature is used. 

 
𝑃𝑉0

𝑆𝑎𝑡 = 𝑃𝑉2

𝑆𝑎𝑡 = 133.3 × exp (18.3036 −
3816.44

𝑇0 − 44.12
) B-8 

 Therefore 

𝑃𝑉0

𝑆𝑎𝑡 = 3,450.5 𝑃𝑎 
 

If there is a change in pressure in the system, which in this case there is not, the molar 

fraction of the vapour in the gas phase will change. At lower pressures it will increase, while 

according to the above calculation, which is only dependant on temperature, the total 

pressure of the vapour will not. 

 i.e. 

𝛾𝑉0

𝑆𝑎𝑡 ≠ 𝛾𝑉2

𝑆𝑎𝑡 𝑎𝑛𝑑 
𝑃𝑉0

𝑆𝑎𝑡

𝑃0
≠

𝑃𝑉2

𝑆𝑎𝑡

𝑃2
 

 

 Therefore 

𝑃𝑉0

𝑆𝑎𝑡 = 3,450.5 𝑃𝑎 
 

And calculate the new 𝛾𝑉0

𝑆𝑎𝑡 

 
𝛾𝑉0

𝑆𝑎𝑡 =
𝑃𝑉0

𝑆𝑎𝑡

𝑃0
 B-9 
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𝛾𝑉0

𝑆𝑎𝑡 =
3,450.5

101,325
 

𝜸𝑽𝟎

𝑺𝒂𝒕 = 𝟎. 𝟎𝟑𝟒𝟗 

 

And by using Equation B-10 to solve for the molar flow of water vapour: 

 
𝑛𝑉0

𝑆𝑎𝑡 =
𝛾𝑉0

𝑆𝑎𝑡𝑛𝐷𝐴

(1 − 𝛾𝑉0

𝑆𝑎𝑡)
 B-10 

 
𝑛𝑉0

𝑆𝑎𝑡 =
0.0349 × 0.7204

(1 − 0.0349)
 

𝒏𝑽𝟎

𝑺𝒂𝒕 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

 

Then by a water component balance, Equation B-11: 

 𝑛𝐿0

𝑆𝑎𝑡 = 𝑛𝑉2
+ 𝑛𝐿2

− 𝑛𝑉0

𝑆𝑎𝑡 B-11 

 𝑛𝐿0

𝑆𝑎𝑡 = 0.0672 + 0.0094 − 0.0261 

𝒏𝑳𝟎

𝑺𝒂𝒕 = 𝟎. 𝟎𝟓𝟎𝟓 𝒌𝒎𝒐𝒍. 𝒔−𝟏 
 

Next the initial guess for the pressure of the system at point 0 is made. The saturation 

pressure is known from the previous calculation, so using it as the starting point for the 

iteration is suitable. 

 𝑃𝑉0

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑃𝑉0

𝑆𝑎𝑡 = 3,540.53 𝑃𝑎  

Now the iterative part of the calculation begins. 

Equation B-13 is used to determine the solids and liquid equilibrium condition. 

 𝛾𝐿0

𝛾𝑆0

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
𝑃𝑉0

𝑆𝑎𝑡

𝑃𝑉0

)] B-13 

 𝛾𝐿0

𝛾𝑆0

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
3,540.5

3,540.5
)] 

𝛾𝐿0

𝛾𝑆0

= 2.8481 

 

After the iteration reaches a stable solution this becomes: 
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 𝜸𝑳𝟎

𝜸𝑺𝟎

= 𝟒. 𝟖𝟒𝟏𝟖  

Solving for 𝑛𝐿2
, this is done with Equation B-14, knowing that the number of moles of solid 

does not change, 𝑛𝑆0
= 𝑛𝑆2

. 

 𝑛𝐿0
=

𝛾𝐿0

𝛾𝑆0

× 𝑛𝑆0
 B-14 

 𝑛𝐿0
= 2.8481 × 0.0037 

𝑛𝐿0
= 0.0104 𝑘𝑚𝑜𝑙. 𝑠−1 

 

After the iteration reaches a stable solution this becomes: 

 𝒏𝑳𝟎
= 𝟎. 𝟎𝟏𝟕𝟕 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Now solving for 𝑛𝑉0
 by using a water balance, or Equation B-11. 

 𝑛𝑉0
= 𝑛𝑉2

+ 𝑛𝐿2
− 𝑛𝐿0

 B-11 

 𝑛𝑉0
= 0.0672 + 0.0094 − 0.0104 

𝑛𝑉0
= 0.0662 𝑘𝑚𝑜𝑙. 𝑠−1 

 

After the iteration reaches a stable solution this becomes: 

 𝒏𝑽𝟎
= 𝟎. 𝟎𝟓𝟖𝟗 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Converting this back into pressure, is done by first finding the gas phase fraction that this 

molar flow represents, Equation B-15. Knowing that 𝑛𝐷𝐴0
= 𝑛𝐷𝐴2

. 

 𝛾𝑉0
=

𝑛𝑉0

(𝑛𝑉0
+ 𝑛𝐷𝐴0

)
 B-15 

 
𝛾𝑉0

=
0.0662

(0.0662 + 0.7204)
 

𝛾𝑉0
= 0.0842 

 

After the iteration reaches a stable solution this becomes: 

 𝜸𝑽𝟎
= 𝟎. 𝟎𝟕𝟓𝟔  
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Now by simply using Equation B-5 again, the partial pressure of vapour can be determined 

at this point. 

 𝑃𝑉0
= 𝛾𝑉0

𝑃 B-5 

 𝑃𝑉0
= 0.0842 × 101,325 

𝑃𝑉0
= 8,527.7 𝑃𝑎 

 

This new 𝑃𝑉0
 gets substituted into Equation B-13 and repeats until the system solves. 

After the iteration reaches a stable solution this becomes: 

 𝑷𝑽𝟎
= 𝟕, 𝟔𝟔𝟎. 𝟕 𝑷𝒂  

Now it is necessary to check if this is realistic. 

 𝑷𝑽𝟎
= 𝟕, 𝟔𝟔𝟎. 𝟕 𝑷𝒂  

 𝑷𝑽𝟎

𝑺𝒂𝒕 = 𝟑, 𝟓𝟒𝟎. 𝟓 𝑷𝒂  

And: 

 𝒏𝑽𝟎
(𝑰𝒔𝒐𝒕𝒉𝒆𝒓𝒎) = 𝟎. 𝟎𝟓𝟖𝟗 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

 𝒏𝑽𝟎

𝑺𝒂𝒕 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

Since 𝑛𝑉0

𝑆𝑎𝑡is the upper limit of the system, the minimum molar value is taken, as stated by 

Equation B-16. 

 𝑛𝑉0
(𝐴𝑐𝑡𝑢𝑎𝑙) = min(𝑛𝑉0

(𝐼𝑠𝑜𝑡ℎ𝑒𝑟𝑚), 𝑛𝑉0

𝑆𝑎𝑡) B-16 

 𝒏𝑽𝟎
= 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

By mass balance, or looking up the value that matches it (Calculated above). 

 𝒏𝑳𝟎
= 𝟎. 𝟎𝟓𝟎𝟓 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

 

 



253 

 

To summarise the results: 

Table B-14: Data for Point 0 

Raw Stream Properties, Point 0 Calculated Stream Properties, Point 0 
𝑇0 298.14 K    
𝑃0 101,325 Pa    

𝑀𝐷𝐴0
 20.87 kg.s-1 𝑛𝐷𝐴0

 0.7204 kmol.s-1 

𝑀𝑉0
 0.47 kg.s-1 𝑛𝑉0

 0.0261 kmol.s-1 

𝑀𝐿0
 0.91 kg.s-1 𝑛𝐿0

 0.0505 kmol.s-1 

𝑀𝑆0
 1.25 kg.s-1 𝑛𝑆0

 0.0037 kmol.s-1 

𝑀𝑇 23.5 kg.s-1 𝑛𝑇 0.8007 kmol.s-1 
  

Calculated Stream Properties, Point 0 Calculated Stream Properties, Point 0 
𝑥𝐷𝐴0

 0.8998 (eq. B-17) 𝛾𝐷𝐴0
 0.9651 (eq. B-15) 

𝑥𝑉0
 0.0326 (eq. B-17) 𝛾𝑉0

 0.0349 (eq. B-15) 

𝑥𝐿0
 0.0631 (eq. B-17) 𝛾𝐿0

 0.9326 (eq. B-12) 

𝑥𝑆0
 0.0046 (eq. B-17) 𝛾𝑆0

 0.0674 (eq. B-12) 

 

It is clear that there is no change in this pathway for the sample calculation, so this next 

section is redundant, but is important for systems where there is a change in pressure, so 

the calculation method for the pressure based exergy will be described. 

At this point the component fractions are identified to which Equations B-29, B-34 and B-40 

apply, and to which components use Equations B-30, B-35 and B-41 apply, and those to 

which Equations B-31, B-36, B-32, B-37 and B-42 apply. 

Equations B-29, B-34 and B-40 apply to the gas phase components with no change in heat 

capacity. This step is done by taking the minimum of the values at points 0 and 2. 

𝑛𝐷𝐴0
= 𝑛𝐷𝐴2

 Either one. 

𝑛𝑉0
= 𝑛𝑉2

 Either one. 

Equations B-30, B-35 and B-41 apply to the solids and liquid phase components with no 

change in heat capacity. This calculation is done by taking the minimum of the values of 

point 0 and point 2. 

𝑛𝐿0
= 𝑛𝐿2

 Either one. 

𝑛𝑆0
= 𝑛𝑆2

 Either one. 

The remaining component is designated 𝑛∆𝑉 and is found by a water component balance: 
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 𝑛∆𝑉
𝑃 = 𝑛𝑉2

− 𝑛𝑉0
  

 𝒏∆𝑽
𝑷 = 𝟎 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

𝒙∆𝑽
𝑷 = 𝟎 

 

This component requires the use of Equations B-31, B-36, B-32, B-37 and B-42. 

Applying the appropriate formulas to each component 

Equation B-29 components: 

 𝐻𝐺𝑎𝑠
𝑃 = 0 B-29 

 𝒉𝑫𝑨𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏  

 𝒉𝑽𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏  

Equation B-30 components: 

 𝐻𝑆&𝐿
𝑃 = 𝑉(1 − 𝑇0𝛽)(𝑃 − 𝑃0) B-30 

 ℎ𝐿2

𝑃 = 𝑥𝐿2
𝑣𝐿̅̅ ̅(1 − 𝑇0𝛽𝐿)(𝑃 − 𝑃0) 

ℎ𝐿2

𝑃 = 0.063 × 0.0181 × (1 − 298.14 × 0.00021)

× (101,325 − 101,325) 

𝒉𝑳𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 ℎ𝑆2

𝑃 = 𝑥𝑆2
𝑣𝑆̅̅̅(1 − 𝑇0𝛽𝑆)(𝑃 − 𝑃0) 

ℎ𝐿2

𝑃 = 0.0046 × 0.2237 × (1 − 298.14 × 0.0011)

× (101,325 − 101,325) 

𝒉𝑳𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

Equation B-32 components: for this it is necessary to do some further calculation, in order 

to determine the enthalpy associated with the phase change, or Equation B-31. The data 

required for this calculation are readily found the in steam tables. 

 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) − ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) B-31 
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 ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) = 2,574.78 𝑘𝐽. 𝑘𝑔−1 

ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) = 170.43 𝑘𝐽. 𝑘𝑔−1 

∆ℎ∆𝑉 = 2,404.35 𝑘𝐽. 𝑘𝑔−1 

∆𝒉∆𝑽
̅̅ ̅̅ ̅̅ ̅ = 𝟒𝟑, 𝟑𝟎𝟐. 𝟑 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Now Equation B-32 can be solved as follows: 

 ℎ∆𝑉
𝑃 = 𝑥∆𝑉[∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ + 𝑣𝐿̅̅ ̅(1 − 𝑇0𝛽𝐿)(𝑃 − 𝑃0)] B-32 

 ℎ∆𝑉
𝑃 = 0 × [43,302

+ 0.0181 × (1 − 298.14 × 0.000207)

× (101,325 − 101,325)] 

𝒉∆𝑽
𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻

−𝟏 

 

Now that the enthalpy changes of each component have been obtained, each of them is 

added together to get the total stream enthalpy change associated with temperature 

change under isobaric conditions. For this step Equation B-33 is used. 

 ℎ𝑇𝑀
𝑃 = ℎ𝐷𝐴2

𝑃 + ℎ𝑉2

𝑃 + ℎ𝐿2

𝑃 + ℎ𝑆2

𝑃 + ℎ∆𝑉
𝑃  B-33 

 ℎ𝑇𝑀
𝑃 = 0 + 0 + 0 + 0 + 0 

𝒉𝑻𝑴
𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Using the same system for enthalpy (Equations B-29, B-30, B-32 and B-33), the entropy of 

each component can be calculated, using (Equations B-34, B-35, B-37 and B-38) 

Equation B-34 components: 

 
𝑆𝐺𝑎𝑠

𝑃 = −𝑛𝑅̅ ln (
𝑃

𝑃0
) B-34 

 
𝑇0𝑠𝐷𝐴2

𝑃 = −𝑥𝐷𝐴2
𝑇0𝑅̅ ln (

𝑃2

𝑃0
) 

𝑇0𝑠𝐷𝐴2

𝑃 = −0.8998 × 298.14 × 0.008314 × ln (
101,325

101,325
) 

𝑻𝟎𝒔𝑫𝑨𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 
𝑇0𝑠𝑉2

𝑃 = −𝑥𝑉2
𝑇0𝑅̅ ln (

𝑃2

𝑃0
)  
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𝑇0𝑠𝑉2

𝑃 = −0.0326 × 298.14 × 0.008314 × ln (
101,325

101,325
) 

𝑻𝟎𝒔𝑽𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

Equation B-35 components are: 

 𝑆𝑆&𝐿
𝑃 = −𝛽𝑉(𝑃 − 𝑃0) B-35 

 𝑇0𝑠𝐿2

𝑃 = −𝑥𝐿2
𝑇0𝛽𝐿𝑣𝐿̅̅ ̅(𝑃2 − 𝑃0) 

𝑇0𝑠𝐿2

𝑃 = −0.0631 × 298.14 × 0.000207 × 0.0181

× (101,325 − 101,325) 

𝑻𝟎𝒔𝑳𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

 𝑇0𝑠𝑆2

𝑃 = −𝑥𝑆1
𝑇0𝛽𝑆𝑣𝑆̅̅̅(𝑃2 − 𝑃0) 

𝑇0𝑠𝑆2

𝑃 = −0.0046 × 298.14 × 0.001098 × 0.2237

× (101,325 − 101,325) 

𝑻𝟎𝒔𝑺𝟐

𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

Equation B-37 components. For this it is necessary to do some more calculation, in order to 

determine the enthalpy associated with the phase change, or Equation B-36. The data 

required for this are readily found in steam tables. 

 ∆𝑠𝑒𝑣𝑎𝑝 = 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) − 𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) B-36 

 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) = 8.243 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) = 0.582 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝑠∆𝑉 = 7.661 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝒔∆𝑽
̅̅ ̅̅ ̅̅ = 𝟏𝟑𝟕. 𝟗𝟕𝟓 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏. 𝑲−𝟏 

 

Equation B-37 can then be solved. 

 
𝑇0𝑠∆𝑉

𝑃 = 𝑇0𝑥∆𝑉 [−𝑅̅ ln (
𝑃

𝑃0
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ − 𝑣𝐿̅̅ ̅𝛽𝐿(𝑃 − 𝑃0)] B-37 
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 𝑇0𝑠∆𝑉
𝑃 = 298.14 × 0

× [−0.008314 × ln (
101,325

101,325
) + 137.98

− 0.0181 × 0.000207 × (101,325 − 101,325)] 

𝑻𝟎𝒔∆𝑽
𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻

−𝟏 

 

Now that the entropy changes of each component have been obtained, simply adding them 

together to get the total stream enthalpy change associated with temperature change 

under isobaric conditions is possible. For this step Equation B-38 is used. 

 𝑇0𝑠𝑇𝑀
𝑃 = 𝑇0𝑠𝐷𝐴2

𝑃 + 𝑇0𝑠𝑉2

𝑃 + 𝑇0𝑠𝐿2

𝑃 + 𝑇0𝑠𝑆2

𝑃 + 𝑇0𝑠∆𝑉
𝑃  B-38 

 𝑇0𝑠𝑇𝑀
𝑃 = 0 + 0 + 0 + 0 + 0 

𝑻𝟎𝒔𝑻𝑴
𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Similarly, the exergy can be calculated with the above results, using Equation B-39 or 

directly using Equations B-40, B-41, B-31, B-36 and B-42. 

 𝑒𝑇𝑀
𝑃 = ℎ𝑇𝑀

𝑃 − 𝑇0𝑠𝑇𝑀
𝑃  B-39 

 𝑒𝑇𝑀
𝑃 = 0 − 0 

𝒆𝑻𝑴
𝑻𝑷 = 𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

 
𝑒𝑇𝑀𝐺𝑎𝑠

𝑃 = 𝑅̅𝑇0 ln (
𝑃

𝑃0
) B-40 

 𝑒𝑇𝑀𝑆&𝐿

𝑃 = 𝑣𝐴𝑣𝑒̅̅ ̅̅ ̅̅ (𝑃 − 𝑃0) B-41 

 
𝑒𝑇𝑀

𝑃 = 𝑥∆𝑉 [𝑇0𝑅̅ ln (
𝑃

𝑃0
) + ∆ℎ∆𝑉

̅̅ ̅̅ ̅̅ ̅ − ∆𝑠∆𝑉
̅̅ ̅̅ ̅̅ + 𝑣𝐿̅̅ ̅(𝑃 − 𝑃0)] B-42 

Chemical Exergy 

Start with the isotherm and mass balance of the system. Point 0 data can be found in Table 

B-14 and the constants can be found in Table B-11. 

The considerations that need to be reviewed first are: 

• What restrictions does the system have to work with? 
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o Exergy is considered the maximum work potential, therefore, there is no 

resistance to changes. Therefore, the assumption that the water vapour 

disperses faster than the water evaporates under isothermal and isobaric 

conditions is suitable. 

• What basis is to be used for the diffusion coefficient? 

o The basis will be to treat the mass transfer component as part of the final 

phase and adding the exergy of the change separately. 

If there is a change of pressure in the system, which in this case there is not, the molar 

fraction of the vapour in the gas phase will change. At lower pressures, it will increase, while 

according to the above calculation, which is only dependant on temperature, the total 

pressure of the vapour will not increase. 

i.e. 

 
𝛾𝑉𝐴

𝑆𝑎𝑡 = 𝛾𝑉0

𝑆𝑎𝑡 𝑎𝑛𝑑 
𝑃𝑉𝐴

𝑆𝑎𝑡

𝑃00
=

𝑃𝑉0

𝑆𝑎𝑡

𝑃0
  

This value is the same as the result from the pressure-based exergy section. 

 𝜸𝑽𝑨

𝑺𝒂𝒕 = 𝟎. 𝟎𝟑𝟒𝟗 

𝒏𝑽𝑨

𝑺𝒂𝒕 = 𝟎. 𝟎𝟐𝟔𝟏 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

𝒏𝑳𝑨

𝑺𝒂𝒕 = 𝟎. 𝟎𝟓𝟎𝟓 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

 

Next the final vapour pressure of the system needs to be calculated, P00. This calculation 

uses a constant value of the dead-state phase fraction of the water vapour defined earlier. 

 𝑃𝑉00
= 𝛾𝑉00

𝑃00 B-5 

 𝑃𝑉00
= 0.0913 × 101,325 

𝑷𝑽𝟎𝟎
= 𝟗𝟔𝟖. 𝟑 𝑷𝒂 

 

Using Equation B-13, the solid and liquid equilibrium compositions at the dead state can be 

determined. 
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 𝛾𝐿00

𝛾𝑆00

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
𝑃𝑉00

𝑆𝑎𝑡

𝑃𝑉00

)] B-13 

 𝛾𝐿00

𝛾𝑆00

= 2.8481 × exp [−2.306 × 10−3 × 𝑇0 × ln (
3,540.5

968.3
)] 

𝜸𝑳𝟎𝟎

𝜸𝑺𝟎𝟎

= 𝟏. 𝟏𝟔𝟖𝟎 

 

Next solving for 𝑛𝐿2
 using Equation B-14. Noting that the number of moles of solid does not 

change, the calculation gives 𝑛𝑆00
= 𝑛𝑆0

. 

 𝑛𝐿00
=

𝛾𝐿00

𝛾𝑆00

× 𝑛𝑆00
 B-14 

 𝒏𝑳𝟎𝟎
= 𝟎. 𝟎𝟎𝟒𝟑 𝒌𝒎𝒐𝒍. 𝒔−𝟏  

𝑛𝑉𝐴
 can then be found by using a water balance, Equation B-11. 

 𝑛𝑉𝐴
= 𝑛𝑉0

+ 𝑛𝐿0
− 𝑛𝐿00

 B-11 

 𝑛𝑉𝐴
= 0.0261 + 0.0505 − 0.0043 

𝒏𝑽𝑨
= 𝟎. 𝟎𝟕𝟐𝟑 𝒌𝒎𝒐𝒍. 𝒔−𝟏 

 

To summarise the results: 

Table B-15: Data for Point A 

Raw Stream Properties, Point A Calculated Stream Properties, Point A 
𝑇0 298.14 K    
𝑃0 101,325 Pa    

𝑀𝐷𝐴𝐴
 20.87 kg.s-1 𝑛𝐷𝐴𝐴

 0.7204 kmol.s-1 

𝑀𝑉𝐴
 1.30 kg.s-1 𝑛𝑉𝐴

 0.0723 kmol.s-1 

𝑀𝐿𝐴
 0.08 kg.s-1 𝑛𝐿00

 0.0043 kmol.s-1 

𝑀𝑆𝐴
 1.25 kg.s-1 𝑛𝑆00

 0.0037 kmol.s-1 

𝑀𝑇 23.5 kg.s-1 𝑛𝑇 0.8007 kmol.s-1 
Calculated Stream Properties, Point A Calculated Stream Properties, Point A 

𝑥𝐷𝐴𝐴
 0.8998 (eq. B-17) 𝛾𝐷𝐴𝐴

 0.9087 (eq. B-15) 

𝑥𝑉𝐴
 0.0903 (eq. B-17) 𝛾𝑉𝐴

 0.0913 (eq. B-15) 

𝑥𝐿𝐴
 0.0053 (eq. B-17) 𝛾𝐿𝐴

 0.5387 (eq. B-12) 

𝑥𝑆𝐴
 0.0046 (eq. B-17) 𝛾𝑆𝐴

 0.4613 (eq. B-12) 

It is clear that the only change that has occurred here is that some of the water has 

vaporised isothermally, and isobarically. The energies involved in such a process need to be 

determined in order to completely account for the work or lost work of the system. In order 
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to determine the enthalpy associated with the phase change, Equation B-31, the data 

required for these calculations are readily found in steam tables. 

 ∆ℎ∆𝑉 = ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) − ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) B-31 

 ℎ𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) = 2,512.82 𝑘𝐽. 𝑘𝑔−1 

ℎ𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) = 27.33 𝑘𝐽. 𝑘𝑔−1 

∆ℎ∆𝑉 = 2,485.49 𝑘𝐽. 𝑘𝑔−1 

∆𝒉∆𝑽
̅̅ ̅̅ ̅̅ ̅ = 𝟒𝟒, 𝟕𝟔𝟑. 𝟔𝟖 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Solving Equation B-43: 

 ℎ∆𝑉𝐴

𝐶𝐻 = 𝑥∆𝑉𝐴
[∆ℎ∆𝑉
̅̅ ̅̅ ̅̅ ̅ + 𝑣𝐿̅̅ ̅(1 − 𝑇0𝛽𝐿)(𝑃 − 𝑃0)] B-43 

Since there is no change in overall pressure, this calculation simply becomes: 

 ℎ∆𝑉𝐴

𝐶𝐻 = 𝑥∆𝑉𝐴
∆ℎ∆𝑉
̅̅ ̅̅ ̅̅ ̅ 

ℎ∆𝑉𝐴

𝐶𝐻 = (0.0326 − 0.0903) × 44,763.7 

𝒉∆𝑽𝑨

𝑪𝑯 = −𝟐, 𝟓𝟖𝟑 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 

 

Similarly, to determine the enthalpy associated with the phase change, Equation B-36, the 

data required for this calculation are readily found in steam tables. 

 ∆𝑠∆𝑉 = 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) − 𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) B-36 

 𝑠𝑆𝑎𝑡𝑉𝑎𝑝(𝑃𝑉) = 8.987 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

𝑠𝑆𝑎𝑡𝐿𝑖𝑞(𝑃𝑉) = 0.099 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝑠∆𝑉 = 8.888 𝑘𝐽. 𝑘𝑔−1. 𝐾−1 

∆𝒔∆𝑽
̅̅ ̅̅ ̅̅ = 𝟏𝟔𝟎. 𝟏 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏. 𝑲−𝟏 

 

Solving Equation B-44 gives: 

 
𝑇0𝑠∆𝑉𝐴

𝐶𝐻 = 𝑇0𝑥∆𝑉 [−𝑅̅ ln (
𝑃

𝑃0
) + ∆𝑠∆𝑉

̅̅ ̅̅ ̅̅ − 𝑣𝐿̅̅ ̅𝛽𝐿(𝑃 − 𝑃0)] 

𝑇0𝑠∆𝑉𝐴

𝐶𝐻 = 𝑇0𝑥∆𝑉𝐴
∆𝑠∆𝑉
̅̅ ̅̅ ̅̅  

B-44 

 𝑇0𝑠∆𝑉𝐴

𝐶𝐻 = 298.14 × (0.0326 − 0.0903) × 160.1 

𝑻𝟎𝒔∆𝑽𝑨

𝑪𝑯 = −𝟐, 𝟕𝟓𝟒. 𝟏𝟓 𝒌𝑱. 𝒌𝒎𝒐𝒍𝑻
−𝟏 
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Similarly the exergy can be calculated with the above results, using Equation B-45. 

 𝑒∆𝑉𝐴

𝐶𝐻 = ℎ∆𝑉𝐴

𝐶𝐻 − 𝑇0𝑠∆𝑉𝐴

𝐶𝐻  B-45 

 𝑒∆𝑉𝐴

𝐶𝐻 = −2,583 − −2,754 

𝒆∆𝑽𝑨

𝑪𝑯 = 𝟏𝟕𝟏. 𝟑 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 
 

The final part of the calculation is the most detailed, which is because the components at 

Point A can diffuse and come into complete equilibrium with the environment. This 

diffusion has a driving force and can potentially generate work, thus it contains exergy. 

The procedure is carried out by taking each individual component and changing its partial 

pressure, or concentration, between the two states (Points A and 00) while maintaining the 

composition of the other components. This calculation can be written as Equation B-46. 

 
𝑒𝐶𝐻 = ∑(𝜇𝑖0

− 𝜇𝑖00
)

𝑇0,𝑃0
𝑥𝑖𝐴

∞

𝑖=0

 B-46 

Since the liquid and solids components have been taken to a point of equilibrium with the 

environment, and each other. The need to determine what the diffusion, or mixing, exergy 

is for the gas phase is required. This procedure can be done using Equation B-47. 

 
𝑒𝑖𝐺𝑎𝑠

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑖𝐴
ln (

𝛾𝑖𝐴

𝛾𝑖00

) B-47 

Recalling the data required to solve Equation B-47, shown in Table B-16. 

Table B-16: The Data required to solve the remaining Chemical exergy 

Raw Stream Properties, Point A Raw Stream Properties, Point 00 
𝑇0 298.14 K 𝑇00 298.14 K 

𝑥𝐷𝐴𝐴
 0.8998     

𝑥𝑉𝐴
 0.0903     

𝛾𝐷𝐴𝐴
 0.9087  𝛾𝐷𝐴00

 0.9904  

𝛾𝑉𝐴
 0.0913  𝛾𝑉00

 0.0096  

𝑅̅ 0.008314 kJ.kmol-1.K-1    

 

Solving for the dry air component gives: 

 
𝑒𝐷𝐴

𝐶𝐻 = 𝑇0𝑅̅𝑥𝐷𝐴𝐴
ln (

𝛾𝐷𝐴𝐴

𝛾𝐷𝐴00

) 
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𝑒𝐷𝐴

𝐶𝐻 = 298.14 × 0.008314 × 0.8998 × ln (
0.9087

0.9904
) 

𝒆𝑫𝑨
𝑪𝑯 = −𝟎. 𝟏𝟗𝟐𝟎 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

And for the vapour, the solution is: 

 
𝑒𝑉

𝐶𝐻 = 𝑇0𝑅̅𝑥𝑉𝐴
ln (

𝛾𝑉𝐴

𝛾𝑉00

)  

 
𝑒𝑉

𝐶𝐻 = 298.14 × 0.008314 × 0.0903 × ln (
0.0913

0.0096
) 

𝒆𝑽
𝑪𝑯 = 𝟎. 𝟓𝟎𝟓𝟑 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Now, utilising Equation B-48. 

 𝑒𝐶𝐻 = 𝑒𝐷𝐴
𝐶𝐻 + 𝑒𝑉

𝐶𝐻 + 𝑒𝐿
𝐶𝐻 + 𝑒𝑆

𝐶𝐻 + 𝑒∆𝑉𝐴

𝐶𝐻  B-48 

 𝑒𝐶𝐻 = 𝑒𝐷𝐴
𝐶𝐻 + 𝑒𝑉

𝐶𝐻 + 0 + 0 + 𝑒∆𝑉𝐴

𝐶𝐻  

𝑒𝐶𝐻 = −0.1920 + 0.5053 ± 7.672 

𝒆𝑪𝑯 = −𝟕. 𝟑𝟓𝟖𝟗 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 

 

Quality Factor 

Now that all of the exergy components have been determined, it is possible to determine 

the quality factor for the calculated point in the system. Equations B-49, B-50 and B-51 may 

be used to complete this calculation. 

 ℎ = ℎ𝑇𝑀
𝑇 + ℎ𝑇𝑀

𝑃 + ℎ∆𝑉𝐴

𝐶𝐻  B-49 

 ℎ = 3,350 + 0 + (−2,583) 

𝒉 = 𝟕𝟔𝟕 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 
 

 𝑒 = 𝑒𝑇𝑀
𝑇 + 𝑒𝑇𝑀

𝑃 + 𝑒𝐶𝐻 B-50 

 𝑒 = 225.1 + 0 + (−7.3589) 

𝒆 = 𝟐𝟏𝟕. 𝟕 𝒌𝑱. 𝒌𝒎𝒐𝒍−𝟏 
 

 𝛺 =
𝑒

ℎ
 B-51 
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𝛺 =

217.7

767
 

𝜴 = 𝟎. 𝟐𝟖𝟒 

 

Values of Omega (𝛺) are representative of exergy quality. This must be a number between 0 

and 1 for systems that have a driving force to the ambient conditions. If the number is 

negative, or greater than 1, work must be done on the system, and no useful work can be 

extracted from the system [39, 98]. 

9.8Appendix D Sample Calculations of Carious Factors 

9.8.1Calculation data 

Data used: 

Base Values Molar Masses 

Label Value Units Label Value Units 

𝑇00 298.15 K 𝑚𝑚𝐷𝐴 28.858 kg.kmol-1 

𝑇00 25 C 𝑚𝑚𝑉 18.015 kg.kmol-1 

𝑃00 101325 Pa 𝑚𝑚𝐿 18.015 kg.kmol-1 

𝑃00 1.01325 Bar 𝑚𝑚𝑆 342.290 kg.kmol-1 

𝑃𝑣0
𝑠𝑎𝑡  0.03170 Bar 𝑚𝑚𝑓𝑢𝑒𝑙  16.042 kg.kmol-1 

𝑅𝐻00 27 % 𝑚𝑚𝑂2
 31.999 kg.kmol-1 

𝛾𝐷𝐴00
 0.9785  𝑚𝑚𝑁2

 28.013 kg.kmol-1 

𝛾𝑉00
 0.022  𝑚𝑚𝐶𝑂2

 44.010 kg.kmol-1 

 𝑣𝐿̅̅ ̅ 0.0181 m3.kmol-1    

 𝑣𝑆̅̅̅ 0.2237 m3.kmol-1 ∆ℎ∆𝑉@𝑇0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  43,987 kJ.kmol-1 

𝛽𝐿 0.00021 K-1 𝑇0∆𝑠∆𝑉@𝑇0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅  43,987 kJ.kmol-1 

𝛽𝑆 0.0011 K-1 [103] ∆ℎ∆𝑉@𝑇𝑆
𝐼𝑁̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  42,474 kJ.kmol-1 

𝑅 8.31446 kJ.kgmol-1.K-1 𝑇0∆𝑠∆𝑉@𝑇𝑆
𝐼𝑁̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 38,013 kJ.kmol-1 

∆𝑇𝐷𝑟𝑦𝑒𝑟𝑜𝑢𝑡
 20 C    

Cp Values (mass) Cp Values (mol) 

𝐶𝑝𝐷𝐴 1.011 kJ.kg-1.K-1 𝐶𝑝𝐷𝐴
̅̅ ̅̅ ̅̅ ̅ 29.189 kJ.kmol-1.K-1 

𝐶𝑝𝑉  2.000 kJ.kg-1.K-1 𝐶𝑝𝑉
̅̅ ̅̅ ̅ 36.030 kJ.kmol-1.K-1 

𝐶𝑝𝐿 4.180 kJ.kg-1.K-1 𝐶𝑝𝐿
̅̅ ̅̅ ̅ 75.303 kJ.kmol-1.K-1 

𝐶𝑝𝑆 1.500 kJ.kg-1.K-1 𝐶𝑝𝑆
̅̅ ̅̅ ̅ 513.435 kJ.kmol-1.K-1 

𝐶𝑝𝑓𝑢𝑒𝑙  2.226 kJ.kg-1.K-1 𝐶𝑝𝑓𝑢𝑒𝑙
̅̅ ̅̅ ̅̅ ̅̅  35.711 kJ.kmol-1.K-1 

𝐶𝑝𝑂2
 0.918 kJ.kg-1.K-1 𝐶𝑝𝑂2

̅̅ ̅̅ ̅̅  29.375 kJ.kmol-1.K-1 

𝐶𝑝𝑁2
 1.040 kJ.kg-1.K-1 𝐶𝑝𝑁2

̅̅ ̅̅ ̅̅  29.134 kJ.kmol-1.K-1 

𝐶𝑝𝐶𝑂2
 0.846 kJ.kg-1.K-1 𝐶𝑝𝐶𝑂2

̅̅ ̅̅ ̅̅ ̅̅  37.232 kJ.kmol-1.K-1 
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Dryer Initial Conditions 

𝑚𝐺𝐼𝑁
̇  21 kg.s-1 

𝑌𝐼𝑁 0.006 kgW.kgDA
-1 

𝑌𝐼𝑁.𝑛 0.010 molW.molDA
-1 

𝑚𝑆𝐼𝑁
̇  2.5 kg.s-1 

𝑋𝐼𝑁 1 kgW.kgS
-1 

𝑋𝐼𝑁.𝑛 19.00 molW.molS-1 

𝑛𝐷𝐴𝐼𝑁
̇  0.72 kmol.s-1 

𝑛𝑆𝐼𝑁
̇  0.0037 kmol.s-1 

𝑇𝐺𝐼𝑁
 190 C 

𝑇𝐺𝐼𝑁
 463.15 K 

𝑇𝑆𝐼𝑁
 60 C 

𝑇𝑆𝐼𝑁
 333.15 K 

9.8.2Calculations 

Gas side energy and exergy 

The following calculations belongs to the results shown on page Energy flows 

Case 0 on page 167. 

 𝐻𝐺𝐼𝑁
= 𝑛𝐷𝐴𝐼𝑁

𝐶𝑝𝐷𝐴
̅̅ ̅̅ ̅̅ ̅(𝑇 − 𝑇0) + 𝑛𝑉𝐼𝑁

[𝐶𝑝𝑉
̅̅ ̅̅ ̅(𝑇 − 𝑇0) + ∆ℎ∆𝑉@𝑇0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ] 

= 𝑛𝐷𝐴𝐼𝑁
(𝐶𝑝𝐷𝐴

̅̅ ̅̅ ̅̅ ̅(𝑇 − 𝑇0) + 𝑌𝐼𝑁.𝑛(𝐶𝑝𝑉
̅̅ ̅̅ ̅(𝑇 − 𝑇0) + ∆ℎ∆𝑉@𝑇0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 

= 0.72(29.189(463.15 − 298.15)

+ 0.010(36.030(463.15 − 298.15) + 43,987)) 

= 𝑘𝑚𝑜𝑙. 𝑠−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1𝐾

+ 𝑘𝑚𝑜𝑙𝑊. 𝑘𝑚𝑜𝑙𝐷𝐴
−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1𝐾 + 𝑘𝐽. 𝑘𝑚𝑜𝑙−1)) 

= 3,525 𝑘𝑊 

2-31 
2-32 
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𝐸𝑥𝐺𝐼𝑁
= 𝑛𝐺𝐼𝑁

̇ ((ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + ∑(𝜇𝑖 − 𝜇0)𝑥𝑖

𝑖𝑛𝑓

𝑖=0

) 

= 𝑛𝐷𝐴𝐼𝑁
̇ 𝐶𝑝𝐷𝐴

̅̅ ̅̅ ̅̅ ̅(𝑇 − 𝑇0) + 𝑛𝑉𝐼𝑁
̇ [𝐶𝑝𝑉

̅̅ ̅̅ ̅(𝑇 − 𝑇0) + ∆ℎ∆𝑉@𝑇0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ]

− 𝑇0𝑛𝐷𝐴𝐼𝑁
̇ 𝐶𝑝𝐷𝐴

̅̅ ̅̅ ̅̅ ̅ ln (
𝑇

𝑇0
) − 𝑇0𝑛𝑉𝐼𝑁

̇ [𝐶𝑝𝑉
̅̅ ̅̅ ̅ ln (

𝑇

𝑇0
) + ∆𝑠∆𝑉@𝑇0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅  ] 

= 𝑛𝐷𝐴𝐼𝑁
(𝐶𝑝𝐷𝐴

̅̅ ̅̅ ̅̅ ̅ (𝑇 − 𝑇0 (1 + ln (
𝑇

𝑇0
)))

+ 𝑌𝐼𝑁.𝑛 (𝐶𝑝𝑉
̅̅ ̅̅ ̅ (𝑇 − 𝑇0 (1 + ln (

𝑇

𝑇0
))) + ∆ℎ∆𝑉@𝑇0

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ − 𝑇0∆𝑠∆𝑉@𝑇0
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )) 

= 0.72 (29.189 (463.15 − 298.15 (1 + ln (
463.15

298.15
)))  

+ 0.010 (36.030 (463.15 − 298.15 (1 + ln (
463.15

298.15
)))

+ 43,987 − 43,987)) 

= 𝑘𝑚𝑜𝑙. 𝑠−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1𝐾

+ 𝑘𝑚𝑜𝑙𝑊. 𝑘𝑚𝑜𝑙𝐷𝐴
−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1𝐾 + 𝑘𝐽. 𝑘𝑚𝑜𝑙−1

− 𝑘𝐽. 𝑘𝑚𝑜𝑙−1)) 

= 0.72(29.189(33.6786)  

+ 0.010(36.030(33.6786) + 43,987 − 43,987)) 

= 719.5 𝑘𝑊 

2-30 
2-39 
2-40 

NOTE B-19: The chemical potential has been ignored, and the effect or Pressure on exergy has also been 

ignored as the pressure is at the dead state pressure. 

Evaporation Calculations 

 𝑛∆𝑉.𝑎𝑐𝑡̇ = 1.099 𝑘𝑔. 𝑠−1; 0.061 𝑘𝑚𝑜𝑙. 𝑠−1 

Calculated using a mass and energy balance with iteration, 
 

 𝑛∆𝑉.𝑝𝑜𝑡𝑄
̇ =

𝑛𝐺𝐼𝑁
̇ 𝐶𝑝𝐺

̅̅ ̅̅ ̅(𝑇𝐺
𝐼𝑁 − 𝑇𝑆

𝐼𝑁)

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁
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=
𝑛𝐷𝐴(𝐶𝑝𝐷𝐴 + 𝑌𝐼𝑁.𝑛𝐶𝑝𝑉)(𝑇𝐺

𝐼𝑁 − 𝑇𝑆
𝐼𝑁)

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁

 

=
0.72(29.189 + 0.010 × 36.030)(463.15 − 333.15)

42,474
 

=
𝑘𝑚𝑜𝑙. 𝑠−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1 + 𝑘𝑚𝑜𝑙𝑊. 𝑘𝑚𝑜𝑙𝐷𝐴

−1 . 𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1)(𝐾)

𝑘𝐽. 𝑘𝑚𝑜𝑙−1
 

= 0.06535 𝑘𝑚𝑜𝑙. 𝑠−1 

 

 

𝑚∆𝑉.𝑝𝑜𝑡𝐸𝑥
̇ =

𝑚𝐺𝐼𝑁
̇ 𝐶𝑝𝐺

̅̅ ̅̅ ̅ (𝑇𝐺
𝐼𝑁 − 𝑇𝑆

𝐼𝑁 − 𝑇0 ln (
𝑇𝐺

𝐼𝑁

𝑇𝑆
𝐼𝑁))

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁 − 𝑇0∆𝑆∆𝑉@𝑇𝑆

𝐼𝑁

=

𝑛𝐷𝐴(𝐶𝑝𝐷𝐴 + 𝑌𝐼𝑁.𝑛𝐶𝑝𝑉) (𝑇𝐺
𝐼𝑁 − 𝑇𝑆

𝐼𝑁 − 𝑇0 ln (
𝑇𝐺

𝐼𝑁

𝑇𝑆
𝐼𝑁))

∆𝐻∆𝑉@𝑇𝑆
𝐼𝑁 − 𝑇0∆𝑆∆𝑉@𝑇𝑆

𝐼𝑁

=
0.72(29.189 + 0.010 × 36.030) (463.15 − 333.15 − 273.15 ln (

463.15
333.15

))

42,474 − 38,013

=
0.72(29.189 + 0.010 × 36.030) (40.009)

4,461

=
𝑘𝑚𝑜𝑙. 𝑠−1(𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1 + 𝑘𝑚𝑜𝑙𝑊. 𝑘𝑚𝑜𝑙𝐷𝐴

−1 . 𝑘𝐽. 𝑘𝑚𝑜𝑙−1. 𝐾−1)(𝐾)

𝑘𝐽. 𝑘𝑚𝑜𝑙−1

= 0.1521 𝑘𝑚𝑜𝑙. 𝑠−1 

 

 

 
𝜂∆𝑉.𝐻𝐺.𝐼𝑁

=
𝑛∆𝑉.𝑎𝑐𝑡̇

𝑛∆𝑉.𝑝𝑜𝑡𝑄
̇

 

=
0.0610

0.06535
= 𝟕𝟗% 

 

 
𝜂∆𝑉.𝐸𝑥𝐺.𝐼𝑁

𝑇𝑀 =
𝑛∆𝑉.𝑎𝑐𝑡̇

𝑛∆𝑉.𝑝𝑜𝑡𝐸𝑥
̇

 

=
0.0610

0.1521
= 𝟒𝟏% 
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9.9Appendix E Visual Basic Code for MSExcel Modelling of a dryer 

PLEASE NOTE: any reference to ‘water97_v13’ refers to an excel steam table addon found freely on the 

web (https://www.cheresources.com/invision/files/file/34-thermodynamic-and-transport-properties-of-

water-and-steam/).  

 

Public Const T_conv As Double = 273.14     'add to C, subtract from K 

Public Const P_conv As Double = 100000     'multiply bar, divide Pa 

Public Const T_00 As Double = 298.15       'K=25oC 

Public Const P_00 As Double = 1.01325      'Bar=1atm 

Public Const mf0_O2 As Double = 0.209818117126608     'Bar partial pressure 

Public Const mf0_N2 As Double = 0.789682255754957     'Bar partial pressure 

Public Const mf0_CO2 As Double = 4.99627118435682E-04  'Bar partial pressure 

Public Const mf0_H2O As Double = 0.0095205709     'Bar partial pressure 

 

Public Const mm_DA As Double = 28.858      'kg.kmol-1 

Public Const mm_W As Double = 18.015       'kg.kmol-1 

Public Const mm_S As Double = 342.29       'kg.kmol-1 

Public Const mm_o2 As Double = 31.9988     'kg.kmol-1 

Public Const mm_n2 As Double = 28.01348    'kg.kmol-1 

Public Const mm_co2 As Double = 44.0098    'kg.kmol-1 

Public Const mm_F As Double = 16.04246     'kg.kmol-1 

 

Public Const Cpa As Double = 1.011         'kJ.kg-1.K-1 

Public Const Cpl As Double = 4.18276       'kJ.kg-1.K-1 

Public Const Cps As Double = 1.5           'kJ.kg-1.K-1 

Public Const Cpv As Double = 2             'kJ.kg-1.K-1 

Public Const cpo2 As Double = 0.918        'kJ/kg.K@300K 

http://www.engineeringtoolbox.com/oxygen-d_978.html 

Public Const cpn2 As Double = 1.04         'kJ/kg.K@300K 

http://www.engineeringtoolbox.com/nitrogen-d_977.html 

Public Const cpco2 As Double = 0.846       'kJ/kg.K@300K 

http://www.engineeringtoolbox.com/carbon-dioxide-d_974.html 
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Public Const cpf As Double = 2.226         'kJ/kg.K@300K 

http://www.engineeringtoolbox.com/methane-d_980.html 

Public Const Ta As Double = 190            'oC 

Public Const Ts As Double = 60             'oC 

Public Const R As Double = 8.31446         'kJ.kgmol-1.K-1 

 

Public Const Cp_DA As Double = mm_DA * Cpa      'kJ.kmol-1.K-1 

Public Const Cp_V As Double = mm_W * Cpv        'kJ.kmol-1.K-1 

Public Const Cp_L As Double = mm_W * Cpl        'kJ.kmol-1.K-1 

Public Const Cp_S As Double = mm_S * Cps        'kJ.kmol-1.K-1 

Public Const Cp_o2 As Double = mm_o2 * cpo2     'kJ.kmol-1.K-1@300K 

Public Const Cp_n2 As Double = mm_n2 * cpn2     'kJ.kmol-1.K-1@300K 

Public Const Cp_co2 As Double = mm_co2 * cpco2  'kJ.kmol-1.K-1@300K 

Public Const Cp_f As Double = mm_F * cpf        'kJ.kmol-1.K-1@300K 

Public Const k_air As Double = 1.4              'from compressor power sheet 

 

Public Const spec_v_L As Double = 0.0181   'm3.kmol-1 

Public Const spec_v_S As Double = 0.2237   'm3.kmol-1 

Public Const Th_exp_L As Double = 0.00021  'K-1 

Public Const Th_exp_S As Double = 0.0011   'K-1 [29] p709-710 

 

Public Const HHV_S_raw As Double = 18640    'kJ.kg-1 *Using Formulae 

Public Const HHV_f_raw As Double = 58780    'kJ.kg-1 *Using Formulae 

' *HHV=341C+1,323H+68S-15.3A-120(O+N) 

' ^^b=1.047+0.0154H/C+0.0562O/C+0.5904N/C(1-0.175H/C) 

Public Const ExCh_S_raw As Double = 15933 '20126   'kJ.kg-1 ^^Using Formulae (b*LHV) 

Public Const ExCh_f_raw As Double = 58332 '59545   'kJ.kg-1 ^^Using Formulae (b*LHV) 

 

Public Const HHV_S As Double = HHV_S_raw * mm_S     'kJ.kmol-1 

Public Const HHV_f As Double = HHV_f_raw * mm_F     'kJ.kmol-1 

 

Public Const ExCh_S As Double = ExCh_S_raw * mm_S   'kJ.kmol-1 
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Public Const ExCh_f As Double = ExCh_f_raw * mm_F   'kJ.kmol-1 

Function Tdp(p, n_da, n_wt)                     'dew point temperature calculation 

    If n_da + n_wt = 0 Then 

        Tdp = T_00 + 100 

    ElseIf n_wt = 0 Then 

        Tdp = T_00 

    Else 

        Tdp = water97_v13.tSatW(p * n_wt / (n_da + n_wt)) 

    End If 

End Function 

Function pp_w_max(t)                            'saturation partial pressure at temperature 

    If t < T_00 Then 

        pp_w_max = water97_v13.pSatW(T_00) 

    Else 

        pp_w_max = water97_v13.pSatW(t) 

    End If 

End Function 

Function isoSkimMilk(t, p, n_da, n_wt, n_s)     'the isotherm limit for skim milk if solids 

present 

Dim pp, pp_sat, n_vcalc As Double 

    n_vcalc = n_v(t, p, n_da, n_wt, n_s) 

     

    pp_sat = pp_w_max(t) 

    If n_da = 0 Then 

        pp = p 

    ElseIf pp = pp_sat Then 

        pp = pp_sat 

    Else 

        pp = n_v(t, p, n_da, n_wt, n_s) / (n_da + n_v(t, p, n_da, n_wt, n_s)) * p 

    End If 

    isoSkimMilk = 2.8481 * Exp(-0.002306 * t * WorksheetFunction.ImLn(pp_sat / pp)) 

End Function 
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Function n_v_iso(t, p, n_da, n_wt, n_s)         'isothermal vapour maximum 

    If n_s = 0 Then 

        n_v_iso = n_wt 

    Else 

        n_v_iso = n_wt - n_s * isoSkimMilk(t, p, n_da, n_wt, n_s) 

    End If 

    If n_v_iso < 0 Then 

        n_v_iso = 0 

    End If 

End Function 

Function n_v(t, p, n_da, n_wt, n_s)             'maximum n_V at point T,P 

Dim n_vset, n_viso, pp_w, pp_wsat, t_dp, n_Vsat As Double 

    If p = 0 Then 

        p = P_00 

    End If 

    pp_wsat = pp_w_max(t) 

    n_v = n_wt 

    If n_da + n_v = 0 Then 

        pp_w = p 

        t_dp = 373.15 

    Else 

        pp_w = n_v / (n_da + n_v) * p 

        t_dp = Tdp(p, n_da, n_wt) 

    End If 

    Select Case n_da = 0 

        Case True 

        Select Case n_s = 0 

            Case True 

                Select Case t > t_dp 

                    Case True 

                        n_v = n_wt 

                    Case False 
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                        n_v = 0 

                End Select 

            Case False 

                Select Case t < t_dp 

                    Case True 

                        n_v = 0 

                    Case False 

                        n_v = n_wt 

                End Select 

            End Select 

        Case False 

        If pp_wsat > p Then 

            n_Vsat = n_wt 

        Else 

            n_Vsat = n_da * pp_wsat / (p - pp_wsat) 

        End If 

        n_viso = n_wt + 1 

        Select Case n_s = 0 

            Case True 

                Select Case t > t_dp 

                    Case True 

                        n_v = n_wt 

                    Case False 

                        n_v = n_Vsat 

                End Select 

            Case False 

                Select Case t > t_dp 

                    Case True 

                    If n_wt = 0 Then 

                        n_v = 0 

                    Else 

                        Count = 0 
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                        While n_viso <> n_v And Count < 20 

                            'n_viso = n_v_iso(t, p, n_da, n_wt, n_s) 

                            n_viso = (n_wt - n_s * 2.8481 * Exp(-2.306 * 10 ^ -3 * t * 

WorksheetFunction.Ln(pp_wsat / (p * n_v / (n_v + n_da))))) 

                            n_v = (n_wt - n_s * 2.8481 * Exp(-2.306 * 10 ^ -3 * t * 

WorksheetFunction.Ln(pp_wsat / (p * n_viso / (n_viso + n_da))))) 

                            Count = Count + 1 

                        Wend 

                        n_v = WorksheetFunction.Min(n_wt, n_viso, n_Vsat) 

                    End If 

                    Case False 

                        n_v = WorksheetFunction.Min(n_wt, n_Vsat) 

                End Select 

            End Select 

        End Select 

    If n_v > n_wt Then 

        n_v = n_wt 

    ElseIf n_v <= 0 Then 

        n_v = 0 

    End If 

End Function 

Function n_l(t, p, n_da, n_wt, n_s)                 'n_L at point T,P by water balance 

    n_l = n_wt - n_v(t, p, n_da, n_wt, n_s) 

End Function 

'POINT SPECIFIC VARIABLES, Hsatvap(T), Hsatliq(T), T0Ssatvap(T), T0Ssatliq(T), H(T), T0S(T) 

Function Hsv_T(t, p, n_da, n_wt)                'POINT SPECIFIC VARIABLES, Hsatvapw(T) 

    Hsv_T = water97_v13.enthalpySatVapTW(t) * mm_W 

End Function 

Function Hsl_T(t, p, n_da, n_wt)                'POINT SPECIFIC VARIABLES, Hsatliqw(T) 

    Hsl_T = water97_v13.enthalpySatLiqTW(t) * mm_W 

End Function 

Function TSsv_T(t, p, n_da, n_wt)               'POINT SPECIFIC VARIABLES, T0Ssatvapw(T) 
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    TSsv_T = water97_v13.entropySatVapTW(t) * mm_W * T_00 

End Function 

Function TSsl_T(t, p, n_da, n_wt)               'POINT SPECIFIC VARIABLES, T0Ssatliqw(T) 

    TSsl_T = water97_v13.entropySatLiqTW(t) * mm_W * T_00 

End Function 

Function Hw(t, p, n_da, n_wt)                   'POINT SPECIFIC VARIABLES, Hw(T) 

Dim pp, pp_sat As Double 

    pp_sat = pp_w_max(t) 

    pp = pp_sat 

    If n_da = 0 Then 

        pp = p 

    Else 

        If pp > (p * n_wt / (n_da + n_wt)) Then 

            pp = p * n_wt / (n_da + n_wt) 

        End If 

    End If 

    Hw = water97_v13.enthalpyW(t, pp) * mm_W 

End Function 

Function TSw(t, p, n_da, n_wt)                  'POINT SPECIFIC VARIABLES, T0Sw(T) 

Dim pp, pp_sat As Double 

    pp_sat = pp_w_max(t) 

    pp = pp_sat 

    If n_da = 0 Then 

        pp = p 

    End If 

    If pp > (p * n_wt / (n_da + n_wt)) Then 

            pp = p * n_wt / (n_da + n_wt) 

    End If 

    TSw = water97_v13.entropyW(t, pp) * mm_W * T_00 

End Function 

'ENTHALPY OF THE SYSTEM CALCULATION 

Function H_W(t, p, n_da, n_wt, n_s)             'saturated water enthalpy 
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    If t > Tdp(p, n_da, n_wt) Then 

        H_W = Hw(t, p, n_da, n_wt) * n_wt 

    Else 

        H_W = Hsv_T(t, p, n_da, n_wt) * n_v(t, p, n_da, n_wt, n_s) + Hsl_T(t, p, n_da, n_wt) * 

n_l(t, p, n_da, n_wt, n_s) 

    End If 

    If T_00 > Tdp(P_00, n_da, n_wt) Then 

        H_W = H_W - Hw(T_00, P_00, n_da, n_wt) * n_wt + n_v(T_00, P_00, n_da, n_wt, n_s) * 

(Hsv_T(T_00, P_00, n_da, n_wt) - Hsl_T(T_00, P_00, n_da, n_wt)) 

    Else 

        H_W = H_W - (Hsv_T(T_00, P_00, n_da, n_wt) * n_v(T_00, P_00, n_da, n_wt, n_s) + 

Hsl_T(T_00, P_00, n_da, n_wt) * n_l(T_00, P_00, n_da, n_wt, n_s)) + n_v(T_00, P_00, 

n_da, n_wt, n_s) * (Hsv_T(T_00, P_00, n_da, n_wt) - Hsl_T(T_00, P_00, n_da, n_wt)) 

    End If 

End Function 

'ENTROPY OF THE SYSTEM CALCULATION 

Function TS_W(t, p, n_da, n_wt, n_s)        'saturated water entropy 

    If t > Tdp(p, n_da, n_wt) Then 

        TS_W = TSw(t, p, n_da, n_wt) * n_wt 

    Else 

        TS_W = TSsv_T(t, p, n_da, n_wt) * n_v(t, p, n_da, n_wt, n_s) + TSsl_T(t, p, n_da, n_wt) * 

n_l(t, p, n_da, n_wt, n_s) 

    End If 

    If T_00 > Tdp(P_00, n_da, n_wt) Then 

        TS_W = TS_W - TSw(T_00, P_00, n_da, n_wt) * n_wt + n_v(T_00, P_00, n_da, n_wt, n_s) 

* (TSsv_T(T_00, P_00, n_da, n_wt) - TSsl_T(T_00, P_00, n_da, n_wt)) 

    Else 

        TS_W = TS_W - (TSsv_T(T_00, P_00, n_da, n_wt) * n_v(T_00, P_00, n_da, n_wt, n_s) + 

TSsl_T(T_00, P_00, n_da, n_wt) * n_l(T_00, P_00, n_da, n_wt, n_s)) + n_v(T_00, P_00, 

n_da, n_wt, n_s) * (TSsv_T(T_00, P_00, n_da, n_wt) - TSsl_T(T_00, P_00, n_da, n_wt)) 

    End If 

End Function 
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'EXERGY CALCULATION 

Function Ex_W(t, p, n_da, n_wt, n_s)        'saturated water exergy 

    Ex_W = H_W(t, p, n_da, n_wt, n_s) - TS_W(t, p, n_da, n_wt, n_s) 

End Function 

'DRY AIR COMPONENTS 

Function H_DA(t, p, n_da)                   'DRY AIR enthalpy 

    H_DA = n_da * Cp_DA * (t - T_00) 

End Function 

Function TS_DA(t, p, n_da)                  'DRY AIR entropy 

    TS_DA = n_da * T_00 * (Cp_DA * WorksheetFunction.Ln(t / T_00) - R * 

WorksheetFunction.Ln(p / P_00) * 100) 

End Function 

Function Ex_DA(t, p, n_da)                  'EXERGY of dry air component 

    Ex_DA = n_da * (Cp_DA * (t - T_00 * (1 + WorksheetFunction.Ln(t / T_00))) + T_00 * R * 

WorksheetFunction.Ln(p / P_00) * 100) 

End Function 

'DRY SOLID COMPONENTS 

Function H_s(t, p, n_s)                     'DRY solid enthalpy 

    H_s = n_s * Cp_S * (t - T_00) + n_s * spec_v_S * (1 - T_00 * Th_exp_S) * (p - P_00) * 100 

End Function 

Function TS_s(t, p, n_s)                    'DRY solid entropy 

    TS_s = n_s * T_00 * (Cp_S * WorksheetFunction.Ln(t / T_00)) - n_s * spec_v_S * Th_exp_S 

* T_00 * (p - P_00) * 100 

End Function 

Function Ex_s(t, p, n_s)                    'EXERGY of dry solid component 

    Ex_s = n_s * (Cp_S * (t - T_00 * (1 + WorksheetFunction.Ln(t / T_00))) - spec_v_S * (p - 

P_00) * 100) 

End Function 

'system calculations 

Function Ex_TM(t, p, n_da, n_wt, n_s)       'exergy base complex 

    Ex_TM = Ex_DA(t, p, n_da) + Ex_W(t, p, n_da, n_wt, n_s) + Ex_s(t, p, n_s) 

End Function 
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Function H_TM(t, p, n_da, n_wt, n_s)        'enthalpy base complex 

    H_TM = H_DA(t, p, n_da) + H_W(t, p, n_da, n_wt, n_s) + H_s(t, p, n_s) 

End Function 

Function H_w_simple(t, p, n_da, n_wt, n_s)  'simple water enthalpy 

Dim nv, nl As Double 

    nv = n_v(t, p, n_da, n_wt, n_s) 

    nl = n_wt - nv 

    H_w_simple = (nv * Cp_V + nl * Cp_L) * (t - T_00) + nv * lambdaH_T(T_00, P_00, n_da, 

n_wt) + nl * spec_v_L * (1 - T_00 * Th_exp_L) * (p - P_00) * 100 

End Function 

Function TS_w_simple(t, p, n_da, n_wt, n_s) 'simple water entropy 

Dim nv, nl As Double 

    nv = n_v(t, p, n_da, n_wt, n_s) 

    nl = n_l(t, p, n_da, n_wt, n_s) 

    TS_w_simple = T_00 * ((nv * Cp_V + nl * Cp_L) * WorksheetFunction.Ln(t / T_00) + nv * 

lambdaTS_T(t, p, n_da, n_wt) / T_00 - nl * spec_v_L * Th_exp_L * (p - P_00) * 100) 

End Function 

Function Ex_w_simple(t, p, n_da, n_wt, n_s) 'simple water exergy 

    Ex_w_simple = H_w_simple(t, p, n_da, n_wt, n_s) - TS_w_simple(t, p, n_da, n_wt, n_s) 

End Function 

Function H_simple(t, p, n_da, n_wt, n_s)    'simple enthalpy 

    H_simple = H_DA(t, p, n_da) + H_s(t, p, n_s) + H_w_simple(t, p, n_da, n_wt, n_s) 

End Function 

Function TS_simple(t, p, n_da, n_wt, n_s)   'simple entropy 

    TS_simple = TS_DA(t, p, n_da) + TS_s(t, p, n_s) + TS_w_simple(t, p, n_da, n_wt, n_s) 

End Function 

Function Ex_simple(t, p, n_da, n_wt, n_s)   'simple exergy 

    Ex_simple = H_simple(t, p, n_da, n_wt, n_s) - TS_simple(t, p, n_da, n_wt, n_s) 

End Function 

Function lambdaH_T(t, p, n_da, n_wt)        'evaporation enthalpy 

    lambdaH_T = Hsv_T(t, p, n_da, n_wt) - Hsl_T(t, p, n_da, n_wt) 

End Function 
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Function lambdaTS_T(t, p, n_da, n_wt)       'evaporation entropy 

    lambdaTS_T = TSsv_T(t, p, n_da, n_wt) - TSsl_T(t, p, n_da, n_wt) 

End Function 

'Fuel and Flue COMPONENTS 

Function H_flue(t, p, n_o2, n_n2, n_co2, n_f) 'flue and fuel enthalpy 

    H_flue = (n_o2 * Cp_o2 + n_n2 * Cp_n2 + n_co2 * Cp_co2 + n_f * Cp_f) * (t - T_00) 

End Function 

Function TS_flue(t, p, n_o2, n_n2, n_co2, n_f) 'flue and fuel entropy 

    TS_flue = (n_o2 * Cp_o2 + n_n2 * Cp_n2 + n_co2 * Cp_co2 + n_f * Cp_f) 

    TS_flue = TS_flue * (T_00 * WorksheetFunction.Ln(t / T_00)) 

    Dim X As Double 

    X = WorksheetFunction.Ln(p / P_00) 

    TS_flue = TS_flue - (n_o2 + n_n2 + n_co2 + n_f) * R * T_00 * X 

End Function 

Function Ex_flue(t, p, n_o2, n_n2, n_co2, n_f) 'flue and fuel exergy 

    Ex_flue = H_flue(t, p, n_o2, n_n2, n_co2, n_f) - TS_flue(t, p, n_o2, n_n2, n_co2, n_f) 

End Function 

Function H_Ch(n_s, n_f) 'chemical energy of fuel and SMP 

    H_Ch = n_s * HHV_S + n_f * HHV_f 

End Function 

Function Ex_Ch(n_s, n_f) 'chemical exergy of fuel and SMP 

    Ex_Ch = n_s * ExCh_S + n_f * ExCh_f 

End Function 

Function T_v_out(n_da, n_wt, n_s, t_in, p_in, p_out, q_in) 'valve outlet temperature 

    Dim resid, dt, dpv, A As Double 

    n = 0 

    A = Cp_DA * n_da + Cp_V * n_wt 

    dpv = (A * T_00 * (p_in - p_out)) 

    dt = dpv / A 

    t_out = t_in + dt 

    resid = q_in - H_TM(t_out, p_out, n_da, n_wt, n_s) 

    While Round(resid, 7) <> 0 And n < 50 
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        t_out = t_out + resid / A 

        resid = q_in - H_TM(t_out, p_out, n_da, n_wt, n_s) 

        If n_l(t_out, p_out, n_da, n_wt, n_s) > 0 Then 

            resid = resid - n_l(t_out, p_out, n_da, n_wt, n_s) * lambdaH_T(t_out, p_out, n_da, 

n_wt) 

        End If 

        n = n + 1 

    Wend 

T_v_out = t_out 

End Function 

Function p_comp_req(t_in, t_out) 'compressor outlet pressure estimate (75% adiabatic 

efficiency) 

    p_comp_req = (P_00 * (t_out / t_in) ^ (k_air / (k_air - 1))) * 0.75 

End Function 

Function fuel_req(q_in1, q_out1) 'fuel requirement estimate (not used) 

    fuel_req = (q_in1 - q_out1) / HHV_f_raw 

End Function 

Function T_hx_out(n_da, n_wt, n_s, q_1_in, q_1_out, q_2_in, t_2_in, p_in) 'heat 

exchanger outlet temperature estimate, fails if change of state occurs 

    Dim deltaq, resid, t_est, A, n_cond As Double 

    deltaq = q_1_in - q_1_out 

    n = 0 

    A = (n_da * Cp_DA + n_wt * Cp_V + n_s * Cp_S) 

    resid = deltaq 

    t_est = t_2_in + deltaq / A 

    While Round(resid, 7) <> 0 And n < 500 

        resid = H_TM(t_est, p_in, n_da, n_wt, n_s) 

        resid = deltaq + q_2_in - resid 

        t_est = t_est + resid / A 

        n = n + 1 

    Wend 

    T_hx_out = t_est 
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End Function 

Function T_hx_out_p(n_o2, n_n2, n_co2, n_wt, q_1_in, q_1_out, q_2_in, t_2_in, p_in) 

'heat exchanger outlet temperature estimate (flue), fails if change of state occurs 

    Dim deltaq, resid, t_est, t_est1, A, n_da, n_cond As Double 

    deltaq = q_1_in - q_1_out 

    n = 0 

    n_da = n_o2 + n_n2 + n_co2 

    A = (n_o2 * Cp_o2 + n_n2 * Cp_n2 + n_co2 * Cp_co2 + n_wt * Cp_V) 

    resid = deltaq 

    t_est = t_2_in + deltaq / A 

    While Round(resid, 7) <> 0 And n < 500 

        resid = H_TM(t_est, p_in, n_da, n_wt, 0) 

        resid = deltaq + q_2_in - resid 

        t_est = t_est + resid / A 

        n = n + 1 

    Wend 

    T_hx_out_p = t_est 

End Function 

Function ex_diffusion(n_da, n_wt, n_s, n_f, n_o2, n_n2, n_co2, nn_l, nn_v) 'diffusion 

calculations 

Dim inter, mfo, mfn, mfc, mfvw, mflw, ntot As Double 

If n_da > 0 Then 

    n_o2 = n_da * mf0_O2 

    n_n2 = n_da * mf0_N2 

    n_co2 = n_da * mf0_CO2 

    n_da = 0 

End If 

'determine change to gas composition from fuel 

'solids assumed un-reactive (thus omitted) 

If n_f > 0 Then 

    n_o2 = 2 * n_f + n_o2 - 2 / 3 * n_f 

    n_co2 = n_co2 + 1 / 3 * n_f 
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    n_wt = n_wt + 2 / 3 * n_f 

    n_n2 = n_n2 + 2 * 0.8 / 0.2 * n_f 

End If 

'set-up variables 

n_da = n_o2 + n_n2 + n_co2 + n_da 

n_wt = n_wt + nn_l + nn_v 

ntot = n_da + n_wt 

mfo = n_o2 / ntot 

mfn = n_n2 / ntot 

mfc = n_co2 / ntot 

If nn_l > 0 Or nn_v > 0 Then 

    mfvw = nn_v / ntot 

    mflw = nn_l / ntot 

Else 

    mfvw = n_v(T_00, P_00, n_da, n_wt, n_s) / ntot 

    mflw = n_l(T_00, P_00, n_da, n_wt, n_s) / ntot 

End If 

'start diffusion calculations 

If n_da = 0 Then 

    If nn_v = 0 Then 

        inter = Abs(n_wt * R * T_00 * WorksheetFunction.Ln(1 / water97_v13.pSatW(T_00))) 

    Else 

        If mfvw = 0 Then 

            inter = 0 

        Else 

            inter = Abs(mfvw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / mf0_H2O)) 

            inter = inter + Abs(mflw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / 

water97_v13.pSatW(T_00))) 

        End If 

         

    End If 

ElseIf n_wt = 0 Then 



281 

 

    inter = Abs(n_o2 * R * T_00 * WorksheetFunction.Ln(mfo / mf0_O2)) 

    inter = inter + Abs(n_n2 * R * T_00 * WorksheetFunction.Ln(mfn / mf0_N2)) 

    inter = inter + Abs(n_co2 * R * T_00 * WorksheetFunction.Ln(mfc / mf0_CO2)) 

Else 

    inter = Abs(n_o2 * R * T_00 * WorksheetFunction.Ln(mfo / mf0_O2)) 

    inter = inter + Abs(n_n2 * R * T_00 * WorksheetFunction.Ln(mfn / mf0_N2)) 

    inter = inter + Abs(n_co2 * R * T_00 * WorksheetFunction.Ln(mfc / mf0_CO2)) 

    inter = inter + Abs(mfvw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / mf0_H2O)) 

    inter = inter + Abs(mflw * R * T_00 * ntot * WorksheetFunction.Ln(mfvw / 

water97_v13.pSatW(T_00))) 

End If 

ex_diffusion = inter 

End Function 

Function enthalpy(t, p, n_da, n_wt, n_s, n_f, n_o2, n_n2, n_co2) 'overall enthalpy 

calculation 

If n_da > 0 Then 

    n_o2 = n_da * mf0_O2 

    n_n2 = n_da * mf0_N2 

    n_co2 = n_da * mf0_CO2 

Else 

    n_da = n_o2 + n_n2 + n_co2 

End If 

enthalpy = H_flue(t, p, n_o2, n_n2, n_co2, n_f) 

enthalpy = enthalpy + H_W(t, p, n_da, n_wt, n_s) 'H_w_simple(t, p, n_da, n_wt, n_s) 

enthalpy = enthalpy + H_s(t, p, n_s) + H_Ch(n_s, n_f) 

'n_v0 = mf0_H2O * n_da / (1 - mf0_H2O) 

'If n_v(T_00, P_00, n_da, n_wt, n_s) > n_v0 Then 

'    enthalpy = enthalpy - n_v0 * lambdaH_T(T_00, P_00, n_da, n_wt) 

'ElseIf n_v(T_00, P_00, n_da, n_wt, n_s) <= n_v0 Then 

' enthalpy = enthalpy - (n_v(T_00, P_00, n_da, n_wt, n_s) - n_v0) * lambdaH_T(T_00, P_00, 

n_da, n_wt) 

'End If 
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End Function 

Function exergy(t, p, n_da, n_wt, n_s, n_f, n_o2, n_n2, n_co2) 'overall exergy calculation 

If n_da > 0 Then 

    n_o2 = n_da * mf0_O2 

    n_n2 = n_da * mf0_N2 

    n_co2 = n_da * mf0_CO2 

Else 

    n_da = n_o2 + n_n2 + n_co2 

End If 

exergy = Ex_flue(t, p, n_o2, n_n2, n_co2, n_f) + Ex_s(t, p, n_s) + Ex_Ch(n_s, n_f) 

exergy = exergy + ex_diffusion(0, n_wt, n_s, n_f, n_o2, n_n2, n_co2, 0, 0) 

exergy = exergy + Ex_W(t, p, n_da, n_wt, n_s) ' Ex_w_simple(t, p, n_da, n_wt, n_s) 

End Function 

Function dryer_tg_o(t_g_in, n_da, yn_in, t_s_in, n_s, xn_in, offset) 

Dim lam, n_v2, n_v1, T_int, t_s, T_g, H_in, H_resid, n_wt As Double 

'determine standard variables 

n_wt = yn_in * n_da + xn_in * n_s 

'Determine goal enthalpy as a check 

H_in = enthalpy(t_g_in, P_00, n_da, n_da * yn_in, 0, 0, 0, 0, 0) + enthalpy(t_s_in, P_00, 0, 

n_s * xn_in, n_s, 0, 0, 0, 0) 

'starting guesses 

T_g = t_g_in 

t_s = Tdp(P_00, n_da, n_wt) 

n_v1 = yn_in * n_da 

n_v2 = n_v(t_s, P_00, n_da, n_wt, n_s) 

lam = lambdaH_T(t_s, P_00, n_da, n_wt) 

n = 0 

H_resid = H_in 

'begin loop 

While n < 100 And H_resid <> 0 

    'set-up required variables 

    T_int = T_g 
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    n_v2 = n_v(t_s, P_00, n_da, n_wt, n_s) 

    'determine how much enthalpy is not accounted for 

    H_resid = H_in - enthalpy(T_int, P_00, n_da, n_v2, 0, 0, 0, 0, 0) 

    H_resid = H_resid - enthalpy(t_s, P_00, 0, n_wt - n_v2, n_s, 0, 0, 0, 0) 

    'convert H to temperature on gas phase only 

    resid_T = (H_resid / (n_da * Cp_DA + n_v2 * Cp_V + (n_wt - n_v2) * Cp_L + n_s * Cp_S)) * 

0.6 

    T_g = T_int + resid_T 

    n_v1 = n_v(T_g - offset, P_00, n_da, n_wt, n_s) 

    t_s = T_g - offset 

    'progress values 

    n = n + 1 

Wend 

`flip the result so it is easier to access via cell functions 

Dim vector(1 To 4) As Double 

vector(1) = T_g 

vector(2) = t_s 

vector(3) = resid_T 

vector(4) = n 'check timout 

If Application.Caller.Rows.Count > 1 Then 

    dryer_tg_o = Application.Transpose(vector) 

Else 

    dryer_tg_o = vector 

End If 

End Function 

Function T_SP(x_n) 

Dim x_m, t_Glass_w, t_glass_s As Double 

'glass transistion temperature of water -137C, of lactose is 101C 

'x_n is in mol/mol, x_m must be in kg/kg 

x_m = x_n * mm_W / mm_S 

t_Glass_w = -137 

t_glass_s = 101 
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T_SP = ((1 - x_m) * t_glass_s + x_m * t_Glass_w) / (1 + 7.48 * x_m) + 23.3 

End Function 


