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CHAPTER I: INTRODUCTION 

 

1.1.Background 

 Natural resources are utilized for supporting human life. It formulates by natural 

processes and forces persistent in natural environment. Renewable resources are 

resources that can be replenished or reformed either by nature or by systemic recycling 

of used resources. Non-renewable resources, known as a finite resource, do not renew 

itself at a sufficient rate leading to resource depletion. Nowadays, the industry has 

grown enormously with the support of new technologies. The growth of industry gives 

advantages in economic viewpoint. As industry populations and consumption growing 

faster, greater waste volumes are generated. Such technologies also produce more 

complex waste where traditional treatment becomes particularly difficult. Therefore, 

practical application of sustainable development strategies in activities of industrial 

enterprises is becoming an important aspect. To evaluate sustainable development in 

both economic and environmental terms, two major issues must be realized. The first 

one is, do natural resources sufficient to drive the human society. The second one is, 

how to deal with the environmental issues which become more severe due to higher 

amount of waste generated and larger resource consumptions. In the recent years, the 

idea of eco-industrial park becomes one of the most common concrete applications of 

industrial development. With the close loop concept of material and energy through 

reuse and recycling, the used materials and energy become optimal use; also, waste 

generation is minimized.  

 The purpose of this study is to evaluate the process sustainability based on 

exergy and emergy theories of the bio-based eco-industrial park which can reduce the 

environmental burden, minimize material consumptions and waste, maximize energy 

efficiency and provides sustainable and economical perspectives for further 

development. 
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1.2. Objectives 

1.2.1. Develop computational tool based on emergy theory for process 

sustainability analysis. 

1.2.2. Develop process models for a bio-based eco-industrial park focused on 

chemical and biofuel production based on napier grass 

1.2.3. Perform exergy and emergy analyses of the developed eco-industrial park 

1.2.4. Analyze the results of exergy and emergy analyses in the aspect of the 

proper sustainability indicators. 

 

1.3. Scope of dissertation 

1.3.1. Achieve a bio-based eco- industrial park model developed using ASPEN 

PLUS which provide sustainable perspective for further development. 

1.3.2. Achieve the computational tool based on emergy algebra using MATLAB 

for process sustainability analysis. 

1.3.3. Achieve the results of exergy and emergy analyses in the aspect of the 

proper sustainability indicators. 
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CHAPTER II: THEORY AND LITERATURE REVIEWS 

 

The industrial production of chemicals and energy carriers has grown enormously with 

the support of new technologies. This growth has advantages from an economic 

viewpoint, but as industrial production expands, driven by increased populations, then 

greater waste volumes are generated. Considering only one side of the coin cannot lead 

us for long-term sustainability. A proper assessment is needed to provide broader 

aspects.  

 

2.1. Biorefinery 

 

The issues about resource depletion and environmental degradation have driven us for 

rapid shift to alternative production from renewable feedstock. To achieve the energy 

and climate goals, the idea of extracting energy from biomass-biological materials has 

been introduced. The facility that converts those materials into fuels, energy, chemicals 

and materials is what we call biorefinery (see Figure II.1). A variety of different 

inputs/feedstocks and conversion technologies can be employed to biorefineries system.  

 The recent improvement of biomass utilization systems to reduce the dependence on 

fossil fuels has been encouraged to provide a sustainable development for the near 

future. Where a sustainable development was defined as “development that meets the 

needs of the present without compromising the ability of future generations to meet 

their own needs” (Brundtland, 1987). To achieve the context, effective strategies should 

fully integrate three relative dimensions including; economic, social and environmental. 

 

 

 

 

 

 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_12
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2.1.1. Sustainability in Terms of Socio-Economic Aspect 

The expansion of bioenergy seems to have substantial impact on social and economic 

development. After the fossil fuels crisis, global raises awareness to the fluctuation of 

oil prices due to dependent upon fossil fuels. Diversification of fuel sources obviously 

provides advantages strategy for reducing the risks from fossil fuels dependency.  

It can solve long term fuel price fluctuations which have huge impacts to global 

economy (Neff, 1997). Moreover, supporting the use of biomass for industrial 

production can increase employment and rural development (Berndes and Hansson, 

2007).  

However, increased demand for bioenergy can be both advantages and disadvantages. 

It is important to clearly determine the magnitude of the following variables; (1) the 

competitiveness of alternative fuels (other than biofuels), (2) the labor intensity of the 

bioenergy system and (3) rural wages affected from increased bioenergy demand. If the 

bioenergy costs higher than alternative fuels (other than biofuels), the demand will shift 

away from bioenergy. This will lead to negative effects on rural labor employment. Even 

though the bioenergy has been supported by subsidies, it will make government 

spending away from health, education and other social services. Also, changes in 

bioenergy prices affects the nation economy. Since Thailand is a major exporter in 

agricultural goods, if increased bioenergy can reduce net energy imports and increase 

domestic exports, bioenergy can be socio-economically competitive. 

2.1.2. Sustainability in Terms of Environmental Aspect 

Regarding to the environmental aspect, bioenergy promises to decrease the fossil 

greenhouse gas (GHG) emissions dominated by fossil-based fuels from the 

transportation sector. Therefore, the ideal biofuels must be drawn from the feedstock 

that provides lower greenhouse gas emission than conventional fossil fuels through their 

life cycle. There are many options available as shown in Figure II.2 such as first-

generation ethanol from sugar or carbohydrates (food crops) or biodiesel from vegetable 

oil. 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_50
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_7
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_7
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Figure II.1. Bio-based refinery and petrol-based refinery 

 

However, using biomass as a feedstock in a biorefinery to convert the biological 

materials into fuels and chemicals is still in a nascent state. The promotion of non-edible 

crops as the main feedstock to produce bio-energy may replace arable land with biofuel 

crops. Also, growing the biomass requires large area of land to provide sufficient feed 

rate to the biorefinery. In this case, industries can either directly use food crops as 

feedstock or replace existing land for food crops with energy crops which would cause 

higher food prices and triggers the farmers to clearing more forest to grow more food 

crops (Tilman et al., 2009). Alternatively, biomass residues, such as straw, husk and 

other agricultural co-products is one type of promising feedstock for advanced biofuels. 

Another is perennial warm-season grasses, such as Napier grass (Pennisetum 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_82
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purpureum), Miscanthus (Morandi et al., 2016), Indiangrass and switchgrass (Felix and 

Tilley, 2009), could be alternative energy crops on marginal or degraded lands 

abandoned from agricultural use since they could be produced reasonable yields even 

under these conditions with low maintenance (Campbell et al., 2008). Napier grass, 

which has been widely used to feed local cattle in Thailand and recently promoted as a 

bioenergy crop by the Thai government, is studied here as an example of a 

lignocellulosic bioenergy feedstock.  

An important concern for utilizing biomass as a substitution for primary fuel is that 

biomass production at present indirectly involves consumption of non-renewable 

resources (Giampietro et al., 1997). The question arises whether the present bio-based 

technologies can potentially replace the existing fossil-based processes in both 

economic and environmental aspects.  

 

 

Figure II.2. Biofuels generation (Pandey, 2011) 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_48
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_27
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_27
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_14
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_31
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_57
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2.2.  Emergy at First Glance 

 

The original definition of emergy is “the available energy of one kind previously used 

up directly and indirectly to make a product or service.” (Odum 1996). Unlike energy 

which indicates the present amount of available work. Its concept is to express the 

record of all resources used by the biosphere in earlier steps to produce a product or 

service. By tracing back every form of energy and matters that utilized along the 

transformation process into one kind of energy, which is solar energy in this case. This 

idea provides the quantitative indicators involving the resource use and the percent 

renewability of the systems. It also gives us broader viewpoint of how the resources 

utilized in the processes and how systems interacted with each other. As the engineers, 

we do research to find every feasible way to create the better technology to support our 

need. However, as everybody knows, due to fossil fuel depletion and environmental 

degradation, we cannot look for only the technologies that gives higher economic 

benefits. From all those inventions we created, we have to decide how to choose the 

solution from them, the one with the most sustainable process. But considering only one 

side of the coin cannot lead us for long-term sustainability. Two major issues on 

sustainable industrial development must be concerned; (1) do we still have enough 

resources for the future production processes? and (2) how can the industries deal with 

crucial environmental issues caused by the production processes? So, in this 

dissertation, the emergy analysis will be introduced as a tool for sustainable decision-

making.  

 

2.2.1. Development of Emergy Analysis 

Over the past decades, several tools and methods have been proposed to provide 

comprehensive criteria guidance for decision-making, such as techno-economic 

(Swanson et al., 2010), life cycle analysis (Owens, 1997), exergy (Dincer and Rosen, 

2012) and emergy analyses (Odum, 1996). The techno-economic studies provide the 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_77
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_56
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_25
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_25
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_54
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economic feasibility aspect whether the production process gives benefits in the range 

of the given time. By using feasibility analysis, Fontoura (Fontoura et al., 2015) found 

that converting an Elephant grass into a biorefinery adds value is economically feasible. 

However, the value of the present products is temporary and inverse to real wealth. 

Thus, the economic benefit does not reflect long term sustainability. The life cycle 

analysis (LCA) is a method defined to analyze the environmental impacts of the 

production system by focusing on emission throughout the life cycle of the analyzed 

product. By using LCA, Chang (Chang et al., 2017) two bioethanol production schemes 

(using Napier grass and short rotated Eucalyptus as feedstocks) were compared and the 

analysis could identify the process that provided lower environmental impact. Thus, the 

LCA could provide the guidance for process improvement in the aspect of environment. 

However, the LCA analysis does not take the aspect of economics into consideration. 

In the mid-1900s, Howard Odum defined the word ‘EMERGY’ which stands for 

‘embodied energy’ to represent the real value of energies (materials, heat, electricity, 

fuels, chemicals, information, etc.) through their transformation processes. As the 

ecologist, he employed his knowledge into the concept by using the system connections 

in the ecology to explain how things created and traced back into their original energy 

source. Thus, every form of energy can be converted into one energy equivalent form. 

It includes the amount of free natural inputs (solar, wind, rain, geothermal, etc.) and 

economic inputs (materials, man-made energy, and labors) to the system and is 

expressed in units of solar equivalent joule (sej). 

Emergy approach has been applied to various systems, such as crop cultivations 

(Morandi et al., 2016; Nimmanterdwong et al., 2015), biorefineries (Kamp and 

Østergård, 2013; Patrizi et al., 2015), power production (Sha and Hurme, 2012) and 

waste treating systems (Londoño et al., 2017).  In the previous work, the feasibility of 

two agricultural crops, oil palm and Jatropha, as bioenergy feedstocks in Thailand was 

evaluated to identify suitable species for energy sources (Nimmanterdwong et al., 2015). 

By using emergy accounting, it was found that oil palm required less emergy input per 
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unit biomass and had a higher renewability than Jatropha. Thus, oil palm was the 

preferable choice for the biorefinery. Moreover, by using emergy analysis, we could 

point out that large portion of human labor required for harvesting and transporting in 

the biomass cultivation stage. Neglecting this portion of energy may probably cause a 

misleading conclusion. The study on cultivating Miscanthus as energy crop reveals that 

different logistic strategies affect the emergy used or the environmental cost of the 

entire process (Morandi et al., 2016). The recent emergy study was done on the 

bioethanol production in Siena, Italy. It was found that using local resources (straw and 

residual geothermal heat) to produce bioethanol provided an appropriate solution for 

fossil fuels substitution (Patrizi et al., 2015). Nevertheless, by using emergy assessment, 

it was also found that the biorefineries do not completely use renewable resources. Most 

bioenergy such as bioethanol (Pereira and Ortega, 2010) and biodiesel (Cavalett and 

Ortega, 2010) production processes still require supplemental non-renewable resources.  

Emergy accounting methodology has been developed over decades as an alternative 

tool for decision making, and it provides a more comprehensive view of sustainability 

than that provided by other methods. However, there are many criticisms on the 

practical aspects of emergy approach due to its uncertainties of the calculation data. 

Since the procedure involved with large amount of data and lots of assumptions had 

been made through the calculations. Thus, many researches attempted to make emergy 

analysis be more consistence by created rules, constraints or alternative procedures for 

the calculations e.g. (Kamp and Østergård, 2013; Tennenbaum, 2015; Zarbá and Brown, 

2015). Nevertheless, novel concepts about emergy has not been steady. It needs to be 

studied further to make the idea be more consistent and more accepted. Still, many 

researches, this dissertation also, followed the early emergy concept in Odum’s book 

(Odum, 1996). However, besides conserving the original emergy rules, this dissertation 

also provided some discussions about the novel emergy concepts and suggestions about 

how to implement emergy assessment to the industrial production processes.  
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2.3.   Basic Theory for Emergy Evaluation 

 

The concept of emergy is to express the record of all resources used by the biosphere 

in earlier steps to produce a product or service. Unlike energy which indicates the 

present amount of available energy, emergy provides all the past record of energy 

required to produce product stream(s). Sometimes it is called energy memory. The unit 

emergy value (UEV, its unit was sej/J, or sej/kg or sometimes sej/$, depending on the 

unit of the considered stream) indicates the amount of emergy required to produce a unit 

of product(s). A higher UEV value means a larger amount of emergy input is required 

for the process to obtain the product(s). When comparing products or processes, the UEV 

can be used to reveal the resource use efficiency of the system, where the product with 

a lower UEV has a higher production efficiency. 

 

 

Figure II.3. An example of emergy diagram for agricultural production process. 

*Remark: some literatures called UEV as ‘transformity’, ‘specific emergy’ or ‘emergy 

per unit Money’. 

 

With the existence of the input UEVs from previous literatures, the given data such as 

mass, energy, money flow can be converted to emergy by multiplying them with 

relevant UEVs. For example, Figure II.3 represents the emergy diagram for napier grass 

cultivation in this study. Each number on the stream line indicates the amount of emergy 

input to the cultivation. Table II.1 is constructed from the diagram (full information of 
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the table was shown in the supplementary section). Where resource flow, labor and 

energy in the third column are converted into emergy unit (in the sixth column) by using 

the UEVs from the literatures (in the fifth column). In the table, column 3 indicates the 

amount of energy flow (J), material flow (kg) and manpower (US$). The unit emergy value 

(UEV) in column 5 was obtained from previous studies, and is the amount of emergy 

required by the system per one unit of product(s), typically as sej/J, or sometimes sej/kg, 

depending on the unit of the input (Odum, 1996). In this study, the UEVs based on the 

early solar emergy baseline were corrected using Eq. (2.1); 

UEV = UEVe × (Emglobal/ Emglobal,e),   (2.1) 

where UEVe and Emglobal,e indicate the un-updated UEV and global emergy from early 

years and Emglobal is the latest global emergy (1.20 × 1025 sej/y; baseline year 2016) 

obtained from (Brown and Ulgiati, 2016). 

The emergy flow was then estimated by Eq. (2.2); 

Emi = UEVi × Eni,    (2.2) 

where Em and UEV are the emergy and unit emergy value, respectively, and En is the 

amount of raw data, such as energy flow, mass flow or manpower. The subscript i 

represents the index of input stream i. By using Eq. (2.2), the emergy of the input streams 

in column 3 was calculated by multiplying the input with the UEV per unit input in 

column 5. For example, the emergy of diesel consumption in the Napier grass cultivation 

accounted for 1.91 × 1019 sej/y, obtained by multiplication of the diesel annual energy 

consumption (1.35 × 1014 J/y) and diesel UEV (1.41 × 105 sej/J). After every emergy input 

in column 6 was calculated, the total emergy required for the system to accomplish the 

task was obtained. 
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Table II.1 Emergy accounting table of Napier grass cultivation 

Note Item Amount Units 
UEV* 

(sej/unit) 
Emergy flow 

(sej/y) 

1 Agricultural phase         

      Natural renewable resources (R)         

1.1      Solar insolation** 2.30×1017 J/y 1 2.30×1017 

1.2      Rain (Chemical potential)** 2.60×1014 J/y 2.31×104 6.01×1018 

1.3      Geothermal 5.64×1013 J/y 1.60×104 9.04×1017 

1.4      Evapotranspiration 3.48×1014 J/y 6.10×104 2.12×1019 

      Natural non-renewable resources (N)         

1.5      Net loss of top soil 1.92×1011 J/y 1.58×105 3.03×1016 

       Imported resource (F)         

1.6      Water (irrigation) 1.18×1012 J/y 8.76×104 1.03×1017 

1.7      Initial napier stem 1.72×106 kg/y 2.43×1011 4.18×1017 

1.8      Fertilizers 1.47×106 kg/y 1.68×1012 2.48×1018 

1.9      Diesel consumption 1.35×1014 J/y 1.41×105 1.91×1019 

1.10      Machinery 6.01×104 kg/y 6.90×1010 4.15×1015 

       Labor and services (L)         

1.11       Direct labor (man-hour UEV) 1.49×106 h/y 9.06×1012 1.35×1019 

1.12      Indirect labors (global EMR as UEV) 3.56×106 $/y 1.73×1012 7.25×1018 

       Product:         

1.13       Napier grass 
2.63×108 kg/y 2.43×1011 

6.39×1019  
4.73×1015 J/y 1.35×104 

*References for the UEVs were given in the appendix. 

**Total used emergy is calculated without double counting of co-products, according to the emergy algebra. 

 

 

 

2.3.1. Emergy and Energy Hierarchy 

Understanding how energy involves with our system and how it reacts between other 

systems would give us broader view and explain how it affects to the surrounding 

environment. This complexity can be understood by a simple illustration, the energy 

system diagram. The system diagramming will help us easily to recognize and visualize 

the flows and behaviors of the systems. It shows how energy or other forms of energy 

such as materials, money, electricity or human power interacts to produce outputs to 

the ecosystem. The hierarchy also explains the way emergy accounted and how much 

energy of each kind required for another. Figure II.4 depicts symbols representing each 

type used in construction of an emergy diagram for a system. 
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Emergy source: A source of energy input to the 

system outside the boundary. 

 

Emergy storage tank: An energy that stored within 

the system boundary such as nutrient in soil, 

minerals. 

 

Producer: Unit that collects and transforms low-

quality energy under control interactions of high-

quality flows. 

 

Consumer: Unit that transforms energy quality, 

stores it, and feeds it back autocatalytically to 

improve inflow. 

 

Miscellaneous symbol to use for whatever unit or 

function is labeled. 

 

Transaction: A unit that indicates a sale of goods or 

services (solid line) in exchange for payment of 

money (dashed line). Price is shown as an external 

source. 

Figure II.4. Symbols used in the emergy diagrams (Odum, 1996) 

 

An example for system diagramming of the basic biorefinery process was shown in 

Figure II.5. The system consists of biomass cultivation and crop transportation in the 

first boundary and biomass produced from the first boundary will be sent to the second 

boundary, biorefinery, as feedstock.  
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Figure II.5. Energy flow diagram of a system included biomass cultivation, 

transportation and biorefinery 

2.3.2. Emergy Global Budget 

As already mentioned, emergy was originally defined to use as a measure of energy (of 

one kind) that consumed by nature to build an ecosystem. For example, to obtain 1 Joule 

of organic matter, it required energy stored 1000 Joule in term of sunlight or 39,200 

Joule sunlights to produce 1 Joule of coal. If we considered our planet as a system where 

materials and energy cycle within the biosphere. There are three sources that driven the 

process inside our planet; the energy from solar radiation, geothermal heat (deep heat) 

and tidal. These energy sources were considered as the global emergy budget or in some 

literatures called geobiosphere emergy baseline (GEB). Where the boundary of the 

system included 100 km above to 100 km below the Earth’s surface and one year 

transient domain.  

In Figure II.6, the components within the system boundary including; atmosphere, 

ocean and earth crust which consists of land storage (minerals and fuels) and human 

society received the energy from the three renewable inputs (Table II.2). Among the 

three-main global renewable resources, solar energy was used as a basis form of energy. 

So, here, the unit emergy value for the solar energy is equal to 1 and for the geothermal 

and tidal was calculated (Table II.3).  
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Figure II.6. Diagram of global energy flow (Odum et al., 2000) 

Table II.2. Energy flow of the three-main global renewable resources.  
Sources Energy1 (J/yr) Energy2 (J/yr) 

Sunlight 3.93 × 1024 3.6 × 1024 

Geothermal 6.72 × 1020 9.78 × 1020 

Tidal 0.52 × 1020 1.17 × 1020 

1 baseline year 1996 (Odum et al., 2000) 

2 baseline year 2016 (Brown and Ulgiati, 2016) 

Table II.3. Annual global emergy budget (baseline year 1996). (Odum et al., 2000) 
Note Sources Energy (J/yr) UEV (sej/J) Emergy (sej/yr) 

1 Sunlight 3.93 × 1024 1 3.93 × 1024 

2 Deep heat 6.72 × 1020 11,981 8.06 × 1024 

3 Tidal 0.52 × 1020 73,923 3.84 × 1024 

 Total   15.83 × 1024 

Notes: (1) Sunlight exergy  = (solar constant) × (earth cross section facing sun) × (% absorbed on earth) = (2 Langley/min) × 

(1.27 × 1014 m2) × (70% absorbed) × (10 kcal/m2/Langley) × (4,186 J/kcal) = 3.93 × 1024 J/yr. Solar UEV is 1 sej/J by 

definition.  

(2) and (3) Heat to the earth’s crust is equal to 13.21 × 1020 J/yr (Sclater et al., 1980). By subtracting heat released 

by crustal radioactivity (1.98 × 1020 J/yr) plus heat flowing up from mantle (4.74 × 1020 J/yr) from total crustal heat 

outflow, the remaining 6.72× 1020 J/yr can be considered as deep heat contributed from solar-driven atmosphere, 

ocean and earth crust. The following equations expressed; the balance of crustal heat or heat generated by surface 

processes (Figure II.7a) and the balance of oceanic geopotential (Figure II.7b). 
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Figure II.7. Diagram for heat generated by  

a) surface processes and b) oceanic geopotential (Odum et al., 2000) 

 

Solar emergy + Tidal emergy = Emergy of heat generated by surface processes 

(3.93 × 1024 J/yr) × (1 sej/J) + (0.52 × 1020 J/yr) × UEVtidal = (6.49× 1020 J/yr) × UEVdeep heat 

Solar emergy + Tidal emergy + Deep Earth emergy = Oceanic geopotential emergy 

(3.93 × 1024 J/yr) × (1 sej/J) + (0.52 × 1020 J/yr) × UEVtidal + (6.49× 1020 J/yr) × UEVdeep heat  

= (2.14× 1020 J/yr) × UEVtidal 

Combining these equations gives the UEV of Deep heat and Tidal as follow; 

UEVdeep heat = 11,981 sej/J 

UEVtidal = 73,923 sej/J 

These UEVs of three main emergy sources were used as a starting point for the 

energy hierarchy on earth to provide UEVs for another smaller scale. Following 

section relates to the basic theory for emergy accounting. 

 

 

2.3.3. Emergy Sustainability Indicators 

Typically, the input emergy of the systems can be classified as free natural resources 

available within system boundary or economic inputs. Free natural resources are 

separated into renewable resources (R) and non-renewable resources (N). For example, 

renewable resources include solar radiation, wind and rain, while non-renewable 
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resources include minerals and soil. Only the largest emergy flow among solar radiation, 

wind and rain is counted in order to avoid double counting of renewable resource 

(Odum, 1996). Economic inputs can be classified into two types, i.e., purchased energy 

and materials (F) and human labor (L). Labor may contribute directly to the process (DL) 

or indirectly as service external labor coming from the economic sector or larger scale 

outside the system boundary (IL).   

The economic inputs can be classified into renewable parts (FR + LR) and non-renewable 

parts (FN + LN) where F = FN + FR and L = LN + LR. The emergy input from source i is 

defined as Emi and the available energy of the product j is defined as Enj. In Equations 

(2.3) –(2.7), different emergy indicators were defined with respect to the four variables; 

R, N, F and L. The descriptions of each notation were summarized in Table II.6. Also, 

in this dissertation, the color code has been used to easily identify the categories of the 

input emergy; green color is for R, yellow color is for N, blue color is for F and 

turquoise is for L, as depicted in Figure II.3 and Figure II.5. 

UEV of the product(s), τ = 
∑ Emi

n
i=1

∑ Eni
n
i=1

 (2.3) 

Global Renewability, %Rglobal = 
R+FR+LR

R+N+F+L
 (2.4) 

Environmental Loading Ratio, ELR = 
N+F+L

R
 (2.5) 

Emergy Yield Ratio, EYR = 
R+N+F+L

F+L
 (2.6) 

Emergy Sustainability Index, ESI = 
EYR

ELR
 (2.7) 

The global renewability in equation (2.4), %Rglobal, is the indicator that is used to identify 

the fraction of resources used that comes from global renewable resources. While ELR, 

in Equation (2.5), is the ratio of local non-renewable and economic inputs emergy to 

local renewable emergy, which implies the ecosystem stress due to the processes within 

the system boundary. The value reflects the renewable fraction of the system in a 

different way from %Rglobal. The ELR value indicates only the locally renewable 
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resources that support the system while the %Rglobal also counts the renewable fraction 

from economic inputs. 

The emergy yield ratio (EYR), in Equation (2.6), is the ratio of the total emergy that 

drives the system to the economic inputs emergy, and measures the ability of the system 

to exploit the local resources. The value should be much higher than 1 otherwise the 

process will act as a consumer rather than a producer. Finally, the ratio between ELR 

and EYR is presented as ESI in Equation (2.7), the emergy sustainability indicator (ESI). 

In Equations (2.3) – (2.7), the sustainability in the ESI indicator was defined with respect 

to the four variables; R, N, F and L. The lowest possible value of ESI is zero. ESI value 

close to zero indicates the process produces negative yield to the society and creates 

large burden to environment. In the other hand, those greater than one indicates the 

process has high contribution to the economy without creating heavily loads to its 

environment (Brown and Ulgiati, 2004).  

By using emergy analysis, it provides us two perspectives for decision making; the 

economic growth and the environmental burden. For example, Figure II.8 presented the 

alternative ways to produce electricity from the well-known renewable sources 

including; solar power, hydro power, geothermal power and wind power. In Figure II.8a, 

the number on the y-axis represent the UEV, the amount of emergy or natural resource 

in term of solar energy required to produce 1 J of electricity. Here, we can see that one 

system can produce the same product, however use different amount of resources. 

Between these four power plants, wind and hydro power plant consumed minimum 

natural resources.   

Also, in term of ELR, we divided the emergy into the free renewable fraction (R) and 

the imported and non-renewable fraction (N + F + L), as shown in Figure II.8b. By doing 

this, we can see that these technologies are not completely renewable. They required 

some amount of non-renewable inputs in various portions as shown in this figure. What 

we need for an ideal technology is a lot amount of the renewable input. In the other side, 

the system with high dependent on external resource (F + L) than local resource (R + N) 
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will be less self-sufficient (Figure II.8c). The ideal system should require only small 

amount of external resources with regard to the production process. If not, the system 

would act as a consumer not a producer.  

 

 

 

 

 

Figure II.8. Three sustainable dimensions of four power production processes from 

emergy analysis including; (a) emergy per unit of power production (b) environmental 

burden (c) economic growth 

 

 

a 

 

 

b 
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2.3.4. Track-Summing Method 

For a general system with only one product and no feedback stream, the emergy can be 

obtained by transforming all inputs into solar energy flow and summing these up to 

obtain the emergy of the product. If the input UEVs are known, the given energy inputs 

can be converted to emergy by multiplying them with the relevant UEVs. Moreover, the 

UEV of a product stream can be used to express the emergy required along the 

transformation process. However, the systems with higher complexity require more 

particular computational methods such as the ‘Track Summing Method’ (Odum, 1996), 

which is a well-known method for emergy analysis. 

The method was firstly developed by Tennenbaum (Tennenbaum, 1988). The emergy 

was evaluated by tracing the emergy input flows to every pathway until the path reaches 

the end of its contribution. The source emergy contributed to the product is calculated 

by summing the emergy through every possible pathway from that source to the 

product. Therefore, pathways of the network were required to complete the emergy 

track-summing.  

Before we get into details about the emergy track-summing, I would like to introduce 

the emergy algebra which was used as a standard principle for emergy accounting. And 

I will explain about the emergy track-summing procedure in-detail again in Chapter III.  

 

 

 

2.3.5. Emergy Algebra 

As mentioned, emergy is different from energy or exergy. So, it does not follow the 

same rules of conservation as other energy-based approaches. The term emergy 

sometimes is considered as “energy memory” for the solar energy used up during a 

process and memorized into its output product(s). Thus, when dealt with complex 

system, the approach for calculating the emergy will relate to the emergy algebra which 

follows a logic of memorization and not of conservation. 
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As described in Brown and Herendeen (Brown and Herendeen, 1996) and Odum 

(Odum, 1996), the rules that applied to the algorithm include:  

(R1)  For the process with only one product output, the summation of source 

emergy to a process is assigned to the output stream (Figure II.9a). 

(R2) For the process with two or more products (i.e., co-products), the emergy 

assigned to the main product and by-products is equal to the summation 

of source emergy to the process (Figure II.9b). 

(R3) For the process with only one product output and the product splits, the 

assigned emergy to each 'leg' of the split is based on the fraction of the 

total energy flow on the pathway (Figure II.9c).  

(R4) Emergy cannot be counted twice within a system: 

(a) Emergy in a feedback stream cannot be double counted (Figure II.9d). 

(b) By-products, when reunited, cannot be summed. Only the emergy of the 

stream with maximum emergy flow is counted (Figure II.9e). 
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Figure II.9. Diagrams of energy flow, emergy flow and transformities to illustrate 

emergy rules including; (a) single-output system (b) system with by-products (c) single-
output system with splits (d) system with feedback stream (e) system with by-products. 

(Odum, 1996) 
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2.4. Novel Emergy Concepts 

Besides the general accounting method, there are particular cases for emergy 

accounting related to this work including; UEV of the unknown feed, UEV of the 

system with multiple products, UEV of the treated wastes and the emergy of human 

labor.  

2.4.1. UEV of the unknown feed 

 

Figure II.10. Diagram of Napier grass cultivation with feedback Napier stem. 

 

Basically, the UEV of the input can be obtained from the previous literatures. However, 

in this study, the UEV of Napier stem is unknown. Where Napier plantation stage 

requires initial Napier stem to plant the crop that lasts for 7 years (Section 4.2.1.1). Within 

this period of time, the UEV of output (Napier grass biomass) and input (initial Napier 

stem) were assumed to be equal. Iteration is often applied to deal with this issue (Morandi 

et al., 2016), but the procedure employed in this study was derived from the 

mathematical formula described below (Equation (2.8)).  

Let τNapier be the UEV of the Napier grass biomass; Em0, EmNapier,in and EmNapier,out be 

the emergy flow of all inputs (except initial Napier stem), initial Napier stem and total 

emergy flow to the Napier grass biomass, respectively; and MNapier,in and MNapier,out be 

the weight of initial Napier stem and Napier grass biomass, respectively. The emergy 

accounted to the output will be equal to the summation of all the inputs including the 

initial Napier stem (Em Napier,out = Em0 + Em Napier,in = Em0 + MNapier,inτNapier), while the total 

emergy to the output will equal the multiplication between the weight of product 

(MNapier,out) and UEV of the product (τNapier). Thus, Equation (2.8) was obtained. 
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    (2.8) 

 

2.4.2. Co-products Emergy 

In emergy analysis, total emergy driving the process allocates to each of the products 

equally (Brown and Herendeen, 1996). While this rule is applied, it is important to 

understand that one-product systems and multi-product systems cannot directly 

compare. When products cannot be produced independently in the process the emergy 

allocated to each product is equal to the total emergy inputs. According to the procedure, 

most multi-product systems often rely on higher emergy than one-product system, since 

they carried the emergy of the whole production process. For example, the combined 

heat and power process which produces electricity and steam as by-product has UEV of 

1.20 × 105 sej/Jelectricity (Sha and Hurme, 2012). While solar power generates the electricity 

with UEV only 8.92 × 104 sej/Jelectricity (Paoli et al., 2008). It may lead to misinterpretation 

if we compare the emergy of these products that were generated from these two 

processes. 

‘Joint’ and ‘Weighted average’ indicators were defined to help this comparison 

(Bastianoni and Marchettini, 2000). The joint production process is the process that 

produces two or more products simultaneously. From Figure II.11a, the joint UEV (τjoint) 

was calculated by the ratio of the total emergy needed for the co-production (Emxy) to 

the total energy of the outputs (Enx + Eny) as presented in Equation (2.9). 

The weighted average indicators can be evaluated from the weighted emergy fraction 

by the energy contents of the products that have the same quantity as the joint-

production products but produced by two or more independent ways (Figure II.11b). The 

weighted average UEV (τavg) was evaluated maintaining the same quantities of the 

outputs (Enx and Eny) as presented in Equation (2.10). 

The same procedure can be applied to other indicators, such as the EYR or ELR.  
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For example, the joint and weighted average UEV of biomass power (subscripts ‘e’) and 

steam (subscripts ‘s’) production were presented in Figure II.11a and Figure II.11b, 

respectively. Applying Equation (2.9), the joint UEV is obtained by 
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10×9.73 +  10×3.91

10×9.73 44
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Figure II.11. Diagrams for the definition of (a) joint UEV and (b) weighted average 

UEV (diagram on the right-hand side is an example of biomass power and steam 

production). 
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2.4.3. Emergy of the treated wastes 

The emergy analysis of waste treating processes is different from typical emergy 

studies. Mostly, emergy studies have focused on production systems, such as a 

biorefinery or power production, whereas in a waste treatment process (CO2 capture, for 

example) where the product is the ability of the product (service) to remove a waste (CO2 

from the flue gas) to the same degree with the lowest level of natural investment. 

Therefore, the UEV reflects the natural investment required to prevent discharging the 

waste to the environment, and not the natural investment for producing a product. The 

higher the UEV, the higher the level of natural resources was consumed by the process 

to treat such amount of wastes. Thus, the UEV can be used for comparing the efficiency 

of the treating process.  

 

2.4.4. Human labor in emergy accounting 

In emergy researches, emergy of human labor has always been a critical issue especially 

in the biomass agricultural field. Since human labor is the main input to the agricultural 

system and dominates the sustainability of the downstream processes. 

There are different procedures to include human resources into the emergy accounting. 

One of the conventional procedures is to use the emergy to money ratio (EMR) as the 

UEV for labor inputs in monetary units, where EMR is an indicator that expresses the 

quantity of emergy that supports the monetary value of the production or GDP of the 

country where the production takes place. It is measured in sej/US$ or another relevant 

currency. For example, the global average EMR can be obtained by dividing the global 

emergy budget of 1.05 × 1026 sej/y by the global money flow of 6.06 × 1013 US$/y (Kamp 

et al., 2016) to give an UEV as emergy per monetary value of 1.73 × 1012 sej/US$. 

Another approach for human labor accounting is to allocate the emergy budget per hour 

worked to each category using specific parameters. The refined method has been 

applied from that of (Kamp et al., 2016) considering the data for three production sectors 

in Thailand (agricultural, industry and services) for the year 2008 (Aemkulwat, 2010). 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_35
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_35
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_35
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_1


 

 

27 

The assumption involved is using a money-based distribution to indicate the emergy 

shared to people working in different levels of the production process. In Thailand, the 

emergy budget of 3.20 × 1024 sej/y in 2008 was distributed across the labor system based 

on %GDP distribution as follows; agriculture sector 8.8% (2.82 × 1023 sej/y), industrial 

sector 48% (1.54 × 1024 sej/y) and services 43.2% (1.38 × 1024 sej/y) (Aemkulwat, 2010).  

The hours worked by each production sector were calculated using the average working 

hours and population of people working in each production sector, where the hours 

worked by people in the agricultural, industrial and service sectors were 3.11 × 1010 h/y, 

1.71 × 1010 h/y and 3.29 × 1010 h/y, respectively. The ratios between the emergy  

distribution and hours worked by each sector gave UEVs for people working in the 

agricultural, industrial and service sectors of 9.06 × 1012 sej/h, 8.99 × 1013 sej/h and  

4.20 × 1013 sej/h, respectively, as fully described in Appendix B (note 1.11).  

Using EMR as human labor UEV or using man-hour UEV has distinct different 

advantages. The EMR is the expression of the average value of the whole nation, while 

the man-hour UEV is attempted to be the specific value of a sector sorted by level of 

income. In this study, both methods are applied. The direct labor input is considered  

a domestic labor, using man-hour UEV based on Thailand. Only the agricultural and 

industrial sectors are considered, since the labor involved farmers and industrial 

operators. For the indirect labor, which corresponded to external labor, the global 

average EMR is used as the labor UEV. The summary for labor UEV used in this study 

is shown in Table II.4.  

 

Table II.4. The human labor UEVs used in this study. 

 Level UEV Unit Appendix B 

Direct labor (DL) 
Agricultural sector 

Industrial sector 

9.06×1012 

8.99×1013 

sej/h 

sej/h 
Note 1.11 

Indirect labor (IL) Global average 1.73×1012 sej/$ Note 1.12 
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2.4.5. Emergy Algorithms 

In recent years, a number of emergy computational algorithms have been developed, 

including a computational algorithm for emergy flows and emergy paths by Le Corre 

and Truffet (Le Corre and Truffet, 2012, 2015), co-emergy analysis by Tennenbaum 

(Tennenbaum, 2015), and emergy computation of trophic networks by Zarbá (Zarbá and 

Brown, 2015). Le Corre and Truffet introduced an emergy computational algorithm 

which applied track-summing method and provided the original emergy algebra 

accounting (Le Corre and Truffet, 2012, 2015). However, in this paper, the important 

information for the algorithm such as emergy pathways was assumed to be known. The 

latter study of Le Corre and Truffet gave explanation about the detail of emergy paths 

computational algorithm using a recursive rule where the paths represent the sequel of 

assignations of the emergy source(s) to the intermediate processes within the system. 

According to Le Corre and Truffet, the problem of emergy computation is the search 

for an emergy path that requires a complicated mathematical framework that covers all 

emergy rules (Le Corre and Truffet, 2015). The work of Tennenbaum  provides a simple 

linear algebra approach that requires no emergy path finding (Tennenbaum, 2015). 

Tennenbaum defined the word co-emergy to represent the emergy from the upstream 

process(es) required to produce one downstream product. The obtained co-emergy was 

specific for only one target compartment and the co-emergy of one compartment's 

product will not be used to calculate the co-emergy of another's. The study was also 

shown that counting the recycle emergy through processes does not necessarily and lead 

to double counting of emergy. The computation approach is different from the original 

emergy algebra that Odum defined and the method is robust under aggregation. But it 

allows us to explicitly indicate the processes efficiency by using basic linear algebra.  

Zarbá and Brown pointed out the emergy feedback issue in the emergy algebra (Zarbá 

and Brown, 2015). The study attempted to estimate the effects of counting emergy 

feedback which were considered as double counting in the fourth rule in emergy 

algebra. The argument between including and not including feedback emergy into the 
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calculation stated that the emergy of recycling indicated the emergy required in the past 

and would not double count with the present emergy. This argument allows us to 

reconsider the emergy rules. However, counting feedback emergy in case where co-

products occurred may lead to the actual double counting. 

Table II.5. Researches related to emergy algorithm  

Method Short Description Drawbacks 

Track summing 

method  

(Tennenbaum, 1988) 

Original emergy 

accounting algorithm 

• Cannot deal with large systems 

• Only applicable for manual 

calculation 

Exact emergy 

computational  

(Le Corre, 2012) 

Applied Track 

summing method 

algorithm 

• Assume all emergy pathways 

known 

Emergy paths 

computation  

(Le Corre, 2012) 

Emergy pathways 

computation 

algorithm 

• Complicated and require large 

data memory 

• Have not yet applied to any 

software 

Emergy unit value 

computation  

(Collins, 2000) 
Eigenvectors method 

• Require manual pre-analyzed to 

build appropriate equations 
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Table II.6. Description of the notations 

Notations Descriptions 

Emi Emergy of source i (sej/y) 

Enj Energy flow of product j (J/y) 

UEV Unit emergy value (sej/J) 

τ UEV of the product(s) 

τjoint Joint UEV 

τavg Weighted average UEV 

%Rglobal Global renewability 

ELR Environmental loading ratio 

EYR Emergy yield ratio 

ESI Emergy sustainability index 

R Free natural resources as renewable resources  

FR 
Renewable portion of purchased energy and materials  

(excluded human labor) 

LR Renewable portion of human labor 

N Free natural resources as non-renewable resources 

F Purchased energy and materials (excluded human labor) 

L Human labor 

DL Direct human labor (farmers, workers) 

IL Indirect human labor (cost of e.g., materials, equipment) 

*Remark: note that this dissertation use UEV and  to represent the unit emergy value of input streams and product, 

respectively.  
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CHAPTER III: SYSTEMATIC TOOL FOR EMERGY ACCOUNTING 

 

This chapter described about an alternative approach for emergy computation base on 

original emergy algebra that was defined by Brown and Herendeen (Brown and 

Herendeen, 1996) and Odum (Odum, 1996). The novel of the development is that the 

developed algorithm can handle both individual products and co-products. The 

algorithm will (1) find all emergy pathways from the process network and (2) employ 

these pathways to evaluate and allocate the emergy to each node in the process network. 

The designed algorithm was developed under MATLAB environment.  

 

3.1. Emergy notions and important abbreviations  

All important abbreviations presented in this study applied from the Le Corre and 

Truffet definitions (Le Corre and Truffet, 2012) as shown below: 

Gk = (pSourcek, pIntek, pSinkk, Arcsk, Mk, Sk, Pathk) 

Where pSourcek is the set of sources of graph Gk 

 pIntek  is the set of intermediates of graph Gk 

 pSinkk  is the set of system outputs of graph Gk 

 Arcsk  is the set of arcs of graph Gk 

 Mk  is the matrix of weights of graph Gk 

 Sk  is the vector of assigned emergy sources of graph Gk 

 Pathk  is the set of all emergy paths of graph Gk 

 k  is the index of the system, k  1, ..., N 
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3.2.  Track-summing method 

Traditional emergy accounting method introduced by Odum (1996) (Odum, 1996) was 

track-summing method which was firstly developed by Tennenbaum (Tennenbaum, 

1988). In the track-summing method, the emergy was evaluated by tracing the emergy 

input flows to every pathway until the path reaches the end of its contribution. The 

source emergy contributed to the product is calculated by summing the emergy through 

every possible pathway from that source to the product. Therefore, pathways of the 

network were required to complete the emergy track-summing.  

An Energy Systems Language was used as the basis for creating emergy diagram to 

elaborate the relationship among processes within the system. There are three types of 

nodes, or elements, to describe the system: sources, intermediates, and outputs. Sources 

are the external resources supplied to the system. Intermediates represent internal 

processes in the system. Outputs are the products produced by the system. Each node is 

represented by an integer. Figure III.1 depicts symbols representing each node type used 

in construction of an emergy diagram for a system.  

 

Figure III.1. Symbols used in the diagrams 

Referring to Le Corre and Truffet (Le Corre and Truffet, 2012), Figure III.2 is an example 

of a system called ‘G1’ which is consisted of 2 input sources, 4 intermediates, and 1 

output. The system contains the network relation with split and co-product branching. 

The values displayed in emergy pathway diagram in Figure III.2b indicated the portion 

of emergy contributed to the output stream(s). These values indicate the fraction of 

emergy allocation in the system. For example, emergy from source 1 (node 1) flows to 

process 3 (node 3) with the allocation of 1. That is, all emergy from source 1 goes to 
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process 3. Then process 3 (node 3) produces two products as the co-product with an 

emergy allocation of 1 for each product stream. According to rule R2, the total emergy 

input to node 3 is assigned to each co-product equally, since they were produced 

together. While a single product produced from process 6 (node 6) was split into two 

streams with an emergy allocation of 4/5 and 1/5, respectively, based on its fraction of 

the total energy flow on each stream. 

Several possible emergy pathways from node 1 to output 7 of system G1 were presented 

in Figure III.3. Assuming the emergy sources (node 1 and node 2) are 400 sej and 100 

sej, respectively, the results of track summing were calculated as follows.  

Emergy from source 1 (node 1) to output 7 (node 7): 

a) 400 sej from node 1 flows to node 3, node 4, and then splits to 4/5 through 

node 6 and eventually output 7 with emergy distributed to 400 × 4/5 = 320 sej. 

b) 400 sej from node 1 flows to node 3, node 5 and then splits to 4/5 through 

node 6 and output 7 with emergy distributed to 400 × 4/5 = 320 sej. 

To evaluate the emergy flows of path a) and path b) to output 7, all emergy pathways 

will be evaluated and compared their values. Then, the maximum value among them 

will be selected (rule R4b). In this case, there are two pathways from node 1 to output 7 

and the maximum of their emergies to output 7 is 320 sej. 

Emergy from source 2 (node 2) to output 7: 

c) 100 sej from node 2 to node 4 and then splits to 4/5 through node 6 and ends 

at output 7 with emergy distributed to 100 × 4/5 = 80 sej. 

Finally, the emergy to output 7 will be equal to 320 sej + 80 sej = 400 sej. 

The solar transformities of each stream then can be calculated by dividing the emergy 

flow by the energy flow of that stream. For example, in this case, the UEV of product 

to output 7 will be equal to 400 sej/ 4 J = 100 sej/J.   
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Figure III.2. Diagrams of energy flow, emergy flow and transformities to illustrate 

emergy rules including; (a) single-output system (b) system with by-products (c) single-

output system with splits (d) system with feedback stream (e) system with by-products 

(illustrate rule 4b). 
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Figure III.3. Possible pathways from node 1 to output 7 of the system G1 

(a) path [1, 3][3, 4][4, 6][6, 7] (b) path [1, 3][3, 5][5, 6][6, 7] (c) path [2, 4][4, 6][6, 7] 

 

 

 

Figure III.4. Emergy flow diagram of a system G2 with 2 sources 5 intermediates and 

2 outputs 
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3.3.  Emergy path-finding algorithm 

To illustrate how the emergy path-finding algorithm work, in this dissertation, the 

algorithm was applied on two case studies. The system in the first case was adopted 

from Le Corre and Truffet (Le Corre and Truffet, 2012). It is called ‘G1’ which is a simple 

system consisting of 2 input sources, 4 intermediates, and 1 output, as shown in Figure 

III.2. Then, adopted from Odum (Odum, 1996) is the second system which is more 

complex. The system was consisting of 2 input sources, 5 intermediates and 2 outputs 

as shown in Figure III.4. It is called ‘G2’.   

According to the emergy pathway graph of the system G1, Figure III.2, the external 

energy sources are fed to the system and distributed among the processes (nodes) inside 

the system that are represented by intermediates. The relationships of each intermediate 

within the system can be described in a matrix form as shown in Table III.1, which is 

called matrix ‘M1’. Where 7×7 row and column of the matrix represents an upstream and 

downstream node of the system, respectively. For example, row no. 6 of the matrix 

represents node no. 6, or the 6th node in Figure III.2b. In this row, there are numbers 

shown in the 5th and 7th columns, and the rest are null. This shows that there are energy 

flows from the 6th node to the 5th and 7th nodes. The number shown in each cell 

represents the weighting factors or fraction of total energy flow distributed to each 

downstream node (the column). In this case, the fractions of the energy flow from the 6th 

node to the 5th and 7th nodes are 1/5 and 4/5, respectively. In addition, the columns and 

rows with zeros or null elements indicate that there is no connection, i.e., no energy flow, 

between those pairs. 

According to Table III.1, the information in the matrix ‘M1’ can also be arranged in terms 

of sets of the same kind of elements where the relevant nodes are the members in the 

set. In the system G1, the set of sources ‘pSource1’ is {1, 2} the set of output ‘pSink1’ is 

{7}; and the set of intermediates ‘pInte1’ is {3, 4, 5, 6}. Moreover, the summation of 

each row, which is greater than one, indicates where the co-products occurred. As 
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reported in the matrix ‘M1’, the row with a summation greater than one is row no. 3. This 

implies that the co-products take place at node no. 3, referring to arc [3, 4] and [3, 5]. 

Finally, the non-zero elements in the matrix ‘M1’ will be compiled as the set of arcs 

‘Arcs1’ {[1, 3], [2, 4], [3, 4], [3, 5], [4, 6], [5, 6], [6, 5], [6, 7]}. 

In this dissertation, the entire emergy pathway network has been created based on the 

Depth-First Search (DFS) method (Tarjan, 1972). The DFS algorithm will search and 

explore neighbor nodes along each branch as far as possible until the deepest node is 

reached. Then the search will track back to the last explored node where it is possible 

to visit a new branch. This method is depicted in Figure III.5 with different colors used 

to distinguish the steps and paths of the exploration. The DFS method was coded under 

a Matlab environment as described in the flow diagram shown in Figure III.6. By using 

the information of obtained from the matrix M, the process starts by selecting each arc 

in the set and searching for pathways from a source node to an output node of the 

system. The path obtained from each iteration step is stored as a subset in each cell of a 

matrix named ‘Path’ with the location (i, j), the ith row and jth column, that changes at 

the end of each loop. Finally, all pathways from individual sources are combined as a 

matrix called ‘Path{a}’, where ‘a’ indicates the source being used as a starting point. 

Table III.1. matrix ‘M1’ which represent the relations between intermediate processes 

within the system G1 

  1 2 3 4 5 6 7 

1 0 0 1 0 0 0 0 

2 0 0 0 1 0 0 0 

3 0 0 0 1 1 0 0 

4 0 0 0 0 0 1 0 

5 0 0 0 0 0 1 0 

6 0 0 0 0  1/5 0  4/5 

7 0 0 0 0 0 0 0 
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For example, in the DFS algorithm of the 1st source in system G1 shown in Figure III.5, 

the pathway search will start from node 1 for initial iteration. Node 1 is then marked as 

a visited node. Then, the search will move to the next neighbor of node 1, node 3. The 

edge between these nodes is an arc [1, 3], and the arc is then stored in cell row 1 and 

column 1 (for one arc in the path) in Path (1, 1). Nodes 1 and 3 will then be marked as 

already visited. After this, the 2nd iteration starts searching for unvisited neighbors of 

node 3, which are node 4 and node 5. The search will choose the lowest order in its 

branch first, which is node 4. The edge between these nodes will also be an arc [3, 4]. 

Concatenation can then be performed with the previous arc [1, 3] to get a path [1, 3][3, 

4], and this path will be stored in cell row 1, column 2 (for having 2 arcs in the path) in 

Path(1, 2). Next, node 3 and node 4 are marked as already visited. After this, the search 

continues until node 6 is reached in the 5th iteration and the path [1, 3][3, 4][4, 6][6, 5][5, 

6] is obtained. The path can then be stored in cell row 1, column 5 in Path(1, 5) after 

which node 6 can be marked as visited. In the 6th iteration, the code will continue 

searching for the neighbor of node 6, which is node 5 with an edge [6, 5]. After 

performing concatenation, the path [1, 3][3, 4][4, 6][6, 5][5, 6][6, 5] will be obtained, and 

node 6 will have been used twice as an inlet with the 4th and 6th arcs in this path. This 

means that double counting has occurred in this path. Therefore, the code will terminate 

the loop [6, 5][5, 6][6, 5] and return to the last explored node where it is possible to find 

a new branch other than the previous node 5.  

The unvisited neighbor of node 6 is output 7. The path after concatenation will be [1, 3] 

[3, 4][4, 6][6, 7] and stored in cell row 2, column 4 in Path(2, 4) (the row ‘i’ is expanded 

when the former path is terminated and the path is stored in the column next to where 

its parent root is stored. Since the parent root of this pathway [1, 3][3, 4][4, 6], is stored 

in column 3, the obtained path in this iteration is stored in the next column, column 4. 

As the output node is reached, the search will track back to the last explored node where 

it is possible to visit a new branch, which is node 3. The unvisited neighbor of node 3 
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is node 5. The search can continue until all nodes are marked as visited nodes. The set 

of paths for the 1st source in the system G1 is obtained as follows: 

 

With similar approach, one can obtain the set of paths for the 2nd source of the system 

G1 as follows: 

 

The algorithm described above was shown in Figure III.6. After introducing the matrix 

M1, the Matlab code (in Appendix A) will be used to diagnose the matrix M1 to obtain 

the sets of pathways from sources to outputs for each source, 1 and 2, and the result 

will be stored in Matrices Path1{1} and Path1{2}. 

 

 

Figure III.5. Depth First Search (DFS) algorithm of the 1st source in system G1  
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Figure III.6. Block diagram of path computation algorithm by MATLAB 
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3.4. Emergy accounting algorithm 

After obtaining emergy path Matrix Path1, the emergy accounting can be performed. 

This section will fully describe how to compute the values of emergy flows between the 

nodes in the system G1 by tracing back emergy flow from the target node to the sources. 

The proposed procedure is called track-summing method as introduced by Odum 

(Odum, 1996) and Tennenbaum (Tennenbaum, 1988). For a complex system with 

feedback and co-products, the calculation process needs close attention in order to avoid 

double counting emergy flows, which is a major concern on emergy accounting. In this 

section, the system G1 is used as an example to explain computation process within a 

system that has both feedback and co-products.  

Figure III.7 shows the computation process for determining an emergy flow based on 

the emergy rules developed with the Matlab code. Referring to the previous section, to 

evaluate the emergy flow to the output 7, as an example, we found that there are 3 

pathways that reach output 7 as the terminal node. These pathways are [1, 3][3, 4][4, 6] 

[6, 7], [1, 3][3, 5][5, 6][6, 7] and [2, 4][4, 6][6, 7]. These pathways can be depicted in Figure 

III.3. As stated in the aforementioned emergy rules, a simple pathway without 

feedbacks, co-products, and splits can be handled by rule no. 1. For example, in Figure 

III.3c, the emergy flow to node 6 is equal to total emergy from the input source 2. While 

the emergy flow from node 6 was split between node 5 and output 7, only 4/5 of total 

emergy was allocated to output 7 as defined by rule no. 2. Finally, the emergy flow to 

the output 7 accounts for the amount of emergy input from source 2 multiplied by the 

weight fraction of 4/5. In conclusion, the weighted fraction of emergy flow based on 

rules no. 1 and 2 can be rewritten as follows:  

 (3.13) 

( 1)([ ][ ] [ ]) ([ ])
k

j j k i

i j

EmWt A A A EmWt A
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When represents the emergy weighted fraction of the path 

from the upstream arc [Aj] to the downstream arc [Ak], for example, EmWt([2, 4][4, 6] 

[6, 7]) is equal to EmWt([2, 4]) × EmWt([4, 6]) × EmWt([6, 7]).  

The total emergy flow to output 7 can be evaluated by the summation of emergy flows 

from all possible pathways as shown in Figures 3.3a – 3.3c. However, we also found that 

the co-products occurred at node 3. As mentioned in emergy rule no. 4, each product 

stream will carry all the emergy input to the process. However, when the co-products 

recombine with the emergy flow out of the process, only the largest values of these 

flows will be counted. Thus, the emergy accounting of the total emergy flow to output 

7 can be derived as follow: 

Emergy1(output 7) = S1(1) × EmWt1([1, 3]) × max{EmWt1([3, 4][4, 6][6, 7],  

EmWt1([3, 5][5, 6][6, 7])} + S1(2) × EmWt1([2, 4][4, 6][6, 7]) 

where S1(1) and S1(2) are the vectors of assigned emergy sources (1) and (2) of graph G1. 

The equation here was created as described in Figure III.8. While this calculation can 

be evaluated under the Matlab environment expressed in Figure III.8. The sets of paths 

from source 1 and 2 represented by Path1{1} and Path1{2} was rearranged to produce 

P1{1} and P1{2}, which can be expressed as: 

 

 

Thus, the sequence of paths can be identified by concatenating the elements in the set 

P1, e.g., the concatenation of element P1{1}(1, 1) to element P1{1}(1, 5) will obtain the 

path [1, 3][3, 4][4, 6][6, 5][5, 6], while the concatenation of element P1{1}(1, 1) to element 

1([ ][ ] [ ])j j kEmWt A A A
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P1{1}(4, 4) obtains the path [1, 3][3, 5][5, 6][6, 7]. The Matlab code was developed to 

gather information from the furthest element and then move to the next furthest un-

visited element and so on. The rule of this code is that it must move from the “highest 

row”, first, and then to the “highest column” until all possible pathways were combined 

and the source is reached.  

 

Figure III.7. Block diagram of emergy computation algorithm by MATLAB 

 

Figure III.8. Emergy flowing to output 7 computational diagram 
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In this case, to work out the emergy flowing to the output 7 the code starts to search for 

the position of the element in P1{1}, where the arcs end with ‘output 7’. Thus, in the 

initial iteration, the code locates arcs [6, 7] in positions (2, 4) and (4, 4). The positions will 

be labeled as path 1 and path 2, respectively.  

Initial iteration:  

 

For 0th iteration, let the EmWt(0) equals to 1 and the positions of the element in the 

P1{1} matrix where the arcs end with output 7 are marked at (2, 4) and (4, 4). 

EmWt {1} = 

iteration EmWt(0) 

path 1 1 

path 2 1 

 

where EmWt{1} is the emergy weight fraction of source 1 to output 7 and path 1 and 2 

are [1, 3][3, 4][4, 6][6, 7] and [1, 3][3, 5][5, 6][6, 7], respectively. 

The 1st iteration will indicate the furthest position, which is the position (4, 4). The 

emergy weight fraction will be the product of the emergy weight fraction of previous 

iteration, (0 iteration), and that of element (4, 4) as follows: 

1st iteration:  

 

Current position of elements to output 7 (1st iteration) = (2, 4), (4, 4)   
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EmWt {1} = 

iteration EmWt(0) EmWt(1) 

path 1 1 1 

path 2 1 EmWt(0) × EmWt(P1{1}(4, 4)) = EmWt([6, 7])   

 

The 2nd iteration will search for the nearest neighbor element of (4, 4). Since there is no 

neighbor element in position (4, 3), the search will move to the upper row in the same 

column, column no.3, and then find the nearest neighbor element at position (3, 3). The 

emergy weight fraction will be the product of the emergy weight fraction of previous 

iteration, (1st iteration), and that of element (3, 3).  

2nd iteration: 

 

Current position of elements to output 7 (2nd iteration) = (2, 4), (3, 3)  

 

EmWt {1} = 

Iteration EmWt(2) 

path 1 1 

path 2 EmWt(1) × EmWt(P1{1}(3, 3)) = EmWt ([6, 7]) × EmWt ([5, 6])  

 

The 3rd iteration will search for the neighbor element of (3, 3) and then find the nearest 

element (3, 2). The emergy weight fraction will be the product of the emergy weight 

fraction of previous iteration, (2nd iteration), and that of element (3, 2). 
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3rd iteration: 

 

Current position of elements to output 7 (3rd iteration) = (2, 4), (3, 2)  

 

EmWt {1} = 

iteration EmWt(3) 

path 1 1 

path 2 

EmWt(2) × EmWt(P1{1}(3, 2)) = EmWt ([6, 7]) × EmWt ([5, 6]) 

× EmWt ([3, 5]) 

The 4th iteration will search for the neighbor element of (3, 2). Since there is no neighbor 

element in position (3, 1), the search moves to the upper row in column no.1 and then 

finds the nearest neighbor in coordinate (1, 1). 

4th iteration: 

 

Current position of elements to output 7 (4th iteration) = (2, 4), (1, 1)  

 

EmWt {1} = 

iteration EmWt(4) 

path 1 1 

path 2 

EmWt(3) × EmWt(P1{1}(1, 1)) = EmWt ([6, 7]) × EmWt ([5, 6]) 

× EmWt ([3, 5]) × EmWt ([1, 3])  
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In the 5th iteration, it was found that the next furthest coordinate is (2, 4) which belongs 

to the element of path 1. Thus, the code will move to element (2, 4) and hold the emergy 

weight fraction data of path 2 in the second column as shown below:  

5th iteration: 

 

Current position of elements to output 7 (5th iteration) = (2, 4), (1, 1)  

EmWt {1} = 

iteration EmWt(5) 

path 1 EmWt(4) × EmWt(P1{1}(2, 4)) =  EmWt ([6, 7]) 

path 2 EmWt ([6, 7]) × EmWt ([5, 6]) × EmWt ([3, 5]) × EmWt ([1, 3]) 

 

The 6th to 8th iteration are used to search for the next nearest elements which are (1, 3), 

(1, 2) and (1, 1), respectively. The results obtained are as follows: 

6th iteration: 

 

Current position of elements to output 7 (6th iteration) = (1, 3), (1, 1)  

 

EmWt {1} = 

iteration EmWt(6) 

path 1 EmWt(5) × EmWt(P1{1}(1, 3)) =  EmWt ([4, 6]) × EmWt ([6, 7]) 

path 2 EmWt ([1, 3]) × EmWt ([3, 5]) × EmWt ([5, 6]) × EmWt ([6, 7]) 
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7th iteration: 

 

Current position of elements to output 7 (7th iteration) = (1, 2), (1, 1)  

 

EmWt {1} = 

iteration EmWt(7) 

path 1 

EmWt(6) × EmWt(P1{1}(1, 2)) =   

EmWt ([3, 4]) × EmWt ([4, 6]) × EmWt ([6, 7]) 

path 2 EmWt ([1, 3]) × EmWt ([3, 5]) × EmWt ([5, 6]) × EmWt ([6, 7]) 

 

8th iteration: 

 

Current position of elements to output 7 (8th iteration) = (1, 1), (1, 1)  

 

EmWt {1} = 

iteration EmWt(8) 

path 1 
EmWt(7) × EmWt(P1{1}(1, 1)) =   

EmWt ([1, 3]) × EmWt ([3, 4]) × EmWt ([4, 6]) × EmWt ([6, 7]) 

path 2 EmWt ([1, 3]) × EmWt ([3, 5]) × EmWt ([5, 6]) × EmWt ([6, 7]) 

 

Finally, in the 8th iteration, it was found that path 1 and path 2 meet at the element  

(1, 1). Thus, the emergies of both paths have to be combined either by summing or by 

choosing the one with maximum flow based on events that occurred between split and 
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co-products. As previous mentioned, arc [3, 4] and [3, 5] were the arcs of the co-products 

flowing out of node 3. The emergy weight fraction of combined paths was equal to the 

maximum of EmWt values among these paths. Since the origin position (1, 1) is reached, 

the code will terminate and the final emergy weight fraction from source 1 to output 7 

will be equal to: 

EmWt(8)(path 1)  = EmWt ([1, 3]) × EmWt ([3, 4]) × EmWt ([4, 6]) × EmWt ([6, 7])  

= 1 × 1 × 1 × 4/5 = 4/5 

EmWt(8)(path 2)  = EmWt ([1, 3]) × EmWt ([3, 5]) × EmWt ([5, 6]) × EmWt ([6, 7])  

= 1 × 1 × 1 × 4/5 = 4/5 

EmWt {1} = 
iteration EmWtfinal 

final max{EmWt(8) (path 1), EmWt(8) (path 2)}  = 4/5 = 4/5 

 

As the vector S1 is {400 100} in a unit of sej, the emergy from source 1 to output 7 will 

be equal to: 

Emergy{1}(output 7) = S1(1) × EmWt {1} = 400 × 4/5 = 320 sej   

With source 2, there is only one pathway [2, 4][4, 6][6, 7]. With the same approach, the 

emergy weight fraction for the source 2 can be obtained as follows:  

Initial to 3rd iteration:  

 

 

EmWt {2} = 

iteration EmWt(0) EmWt(1) EmWt(2) 

path 1 1 

EmWt(0) × 

EmWt(P1{2}(2, 3)) 

= EmWt ([6, 7]) 

EmWt(1) × EmWt(P1{2}(1, 2)) 

= EmWt ([4, 6]) × EmWt ([6, 7]) 
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EmWt {2} = 

iteration EmWt(3) 

path 1 

EmWt(2) × EmWt(P1{2}(1, 1))  

= EmWt ([2, 4]) × EmWt ([4, 6]) ×  

EmWt ([6, 7]) 

 

The final emergy weight fraction from source 2 to output 7 will be equal to: 

EmWt {2} = 
iteration EmWtfinal 

final EmWt ([2, 4]) × EmWt ([4, 6]) × EmWt ([6, 7]) = 4/5 

 

The emergy from source 2 to output 7 will be equal to: 

Emergy{2}(output 7) = S1(2) × EmWt {2} = 100 × 4/5 = 80 sej   

Finally, the total emergy flowing from source 1 and source 2 to output 7 will be: 

 

  

    7  1  7( ) { ( ) (, 2  7) 320 80 400 }Emergy output Emergy output Emergy output sej    
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3.5. Emergy accounting of a process with higher complexity  

The system G2 as shown in Figure III.4 consists of 2 sources, 5 intermediates, and 2 

outputs with feedbacks, co-products and splits. The emergy flows from source 1 and 

source 2 act as the vector S2 {10,000 20,000} in a unit of sej. According to Table III.2, 

the set of sources is {1, 2}, the set of outputs is {8, 9}, and the set of intermediates is 

{3, 4, 5, 6, 7}.  

Table III.2. Matrix ‘M2’ which represent the relations between intermediate processes 

within the system G2 

  1 2 3 4 5 6 7 8 9 

1 0     0     3/10 7/10 0     0     0     0     0     

2 0     0     0     0     0     0     1     0     0     

3 0     0     0     0     1     0     0     0     0     

4 0     0     0     0     1     0     0     0     0     

5 0     0     0     0     0      1/2  1/2 0     1     

6 0     0     0     1     0     0      1/2  1/2 0     

7 0     0     1     0     0     0     0     0     0     

8 0     0     0     0     0     0     0     0     0     

9 0     0     0     0     0     0     0     0     0     

 

As reported in matrix M2, the row with summation greater than one is row no. 3. This 

implies that the co-products appeared at row no. 5 and row no. 6 elements including arcs 

[5, 6], [5, 7], [5, 9], [6, 4], [6, 7] and [6, 8]. Matrix Path2 can be rewritten by eliminating 

the non-terminal arcs in every component of matrix Path2 and store as matrix P2:  
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The set of emergy paths ending with output 9 were shown as follow: 

P2{1}([1, …, 9]) = {[1, 3][3, 5][5, 9], [1, 4][4, 5][5, 9]} 

P2{2}([2, …, 9])  = {[2, 7][7, 3][3, 5][5, 9]} 

Where the position of available paths from source 1 and source 2 to output 9 in matrix 

P2{1} are (10, 3), (5, 3) and P2{2} is (5, 4), respectively. The emergy weight fraction 

computation of pathways from source 1 to output 9 was as follows: 

Initial iteration:  

 

Current position of elements to node 9 (initial iteration) = (5, 3), (10, 3)   
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EmWt {1} = 

iteration EmWt(0) 

path 1 1 

path 2 1  

 

Where path 1 and path 2 are [1, 3][3, 5][5, 9] and [1, 4][4, 5][5, 9], respectively. The 1st 

iteration will start the calculation with the furthest element as element at coordinate  

(10, 3). 

1st iteration:  

 

Current position of elements to node 9 (1st iteration) = (5, 3), (10, 3)   

EmWt {1} = 

iteration EmWt(0) EmWt(1) 

path 1 1 1 

path 2 1 
EmWt(0) × EmWt(P2{1}(10, 3))  

= 1 × 1 = 1 

 

In the 2nd iteration, since there is no neighbor element in position (10, 2), the search for 

an element continued in column no.2, and the nearest neighbor was in coordinate (6, 2). 

Continuing to the 3rd iteration, the neighbor element was in coordinate (6, 1). The emergy 

weight fraction obtained from the 2nd and 3rd iteration is shown below: 

 

 

           
           
           
           
           

           
           
           
           

           

2

1,3 3,5 5,6 6,4 4,5

6,7

6,8

5,7 7,3

5,9

1
1,4 4,5 5,6 6,4

6,7 7,3 3,5

6,8

5,7 7,3 3,5

5,9

P

 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 



 

 

54 

2nd to 3rd iteration:  

 

Current position of elements to node 9 (2nd iteration) = (5, 3), (6, 2) 

Current position of elements to node 9 (3rd iteration) = (5, 3), (6, 1)  

EmWt {1} = 

iteration EmWt(1) EmWt(2) EmWt(3) 

path 1 1 1 1 

path 2 

1 EmWt(1) × 

EmWt(P2{1}(6, 2))  

= 1 × 1 = 1  

EmWt(2) × 

EmWt(P2{1}(6, 1))  

= 1 × 7/10 = 7/10  

The 4th iteration searched for the neighbor element of (6, 1), and the nearest element (5, 

3) of path 1 was found. Thus, the code moves to element (5, 3) and hold the emergy 

weight fraction data of path 2 in the second row of matrix EmWt {1}.  

4th iteration:  
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Current position of elements to node 9 (4th iteration) = (5, 3), (6, 1)   

EmWt {1} = 

iteration EmWt(2) EmWt(3) EmWt(4) 

path 1 

1 1 EmWt(3) × EmWt(P2{1}(5, 3))  

= 1 × 1 = 1 

path 2 1 7/10 7/10 

 

In the 5th iteration, as there is no neighbor element in position (5, 2), it searched for an 

element in column no.2 and found the nearest neighbor in coordinate (1, 2). Then the 6th 

iteration obtains coordinate (1, 1) as the adjacent element. The emergy weight fraction 

of 5th and 6th iteration is obtained as shown below. 

5th to 6th iteration:  

 

Current position of elements to node 9 (5th iteration) = (1, 2), (6, 1) 

Current position of elements to node 9 (6th iteration) = (1, 1), (6, 1)   

EmWt {1} = 

iteration EmWt(4) EmWt(5) EmWt(6) 

path 1 1 

EmWt(4) × 

EmWt(P2{1}(1, 2))  
= 1 × 1 = 1 

EmWt(3) × 

EmWt(P2{1}(1, 1))  
= 1 × 3/10 = 3/10 

path 2 7/10 7/10 7/10 
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Finally, the 7th iteration searched for the nearest element and found that both path 1 and 

path 2 meet the edge of the matrix at column 1. Thus, the emergy of both paths has to 

be either summed or the one with maximum flow must be chosen on events occurred 

between split and co-products. As the code indicates that, arcs [1, 3] and [1, 4] are not the 

arcs of co-products but splits (Section 2.3), the emergy weighted fraction of combined 

path will be equal to the summation of both EmWt values. While the edge positions 

reached (position (6, 1) and (1, 1)), the code will terminate and the final emergy weight 

fraction from source 1 to output 9 will be equal to: 

7th iteration:  

EmWt {1} = 
iteration EmWtfinal 

final 
 

 

Finally, the emergy from source 1 to output 9 will be equal to: 

Emergy{1}(output 9) = S2(1) × EmWt {1} = 10,000 × 1 = 10,000 sej 

The algorithm is applied to emergy calculation from source 2 to output 9 and the 

computational data are obtained; 

Initial to 4th iteration: 

 

EmWt {2} = 

iteration EmWt(0) EmWt(1) EmWt(2) 

path 1 1 

EmWt(0) × 

EmWt(P2{2}(5, 4))   

= 1 × 1 = 1 

EmWt(1) × 

EmWt(P2{2}(1, 3))   

= 1 × 1 = 1 

6 6( ) ( ) 1 ,{ ( ) ( )} 2   3 /10 7 /10 1EmWt path EmWt path   
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EmWt {2} = 

iteration EmWt(3) EmWtfinal 

path 1 

EmWt(2) ×  

EmWt(P2{2}(1, 2))   

= 1 × 1 = 1 

EmWt(3) ×  

EmWt(P2{2}(1, 1))   

= 1 × 1 = 1  

 

The emergy from source 2 to output 9 will be equal to: 

Emergy{2}(output 9) = S2(2) × EmWt {2} = 20,000 × 1 = 20,000 sej   

In conclusion, the total emergy flowing from source 1 and source 2 to output 9 will be: 

Emergy (output 9) =  

= 10,000 + 20,000 = 30,000 sej 

After emergy accounting algorithm was applied to all outputs and intermediates 

pathways in system G2, the results are shown in Figure III.9. It was found that the results 

of emergy accounting obtained from MATLAB code can predict emergy flow, in this 

case, precisely compared to track-summing method by manual calculation from the 

Odum (Odum, 1996) and Le Corre and Truffet algorithm (Le Corre and Truffet, 2012).  

 

 

   1 9 ,{ ( ) ( )}2 9Emergy output Emergy output
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Figure III.9. Emergy flowing to each node in system G2  

3.6. Including feedbacks or stream recycle into emergy algorithm 

According to Zarbá and Brown study, the study suggested that the emergy feedback or 

recycle should be considered in the emergy accounting (Zarbá and Brown, 2015). We 

would like to point out that we found some issues to be concerned when dealing with 

the system where co-product occurred. From Figure III.10, consider the emergy of 

system G2 (in Chapter 3) when emergy recycle was presented. It was found that when we 

included the feedback into the calculation, the emergy assigned to product 9 (120,000 

sej) was much higher than the total emergy sources (30,000 sej) which turned out 

unreasonable. It is necessary to understand more about emergy recycling where there is 

the co-product in the system. Thus, knowing the emergy pathways is still essential to 

describe the interaction and the possibility of how we can allocate the emergy within 

the system.  
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Figure III.10. Amount of emergy source contributing to each process (the emergy in 

normal text indicate the calculation from emergy algebra and the emergy in bold 

indicate the calculation concerning feedbacks. 
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CHAPTER IV: DESIGN AND IMPLEMENTATION  

OF EMERGY ANALYSIS 

 

In this chapter, the implementation of emergy-based sustainable decision was presented. 

The main topics includes; the implementation of emergy accounting in the three 

alternative Carbon-dioxide capture processes (Section 4.1) and the bio-based eco-

industrial park (Section 4.2). 

 

4.1. Three Alternative Carbon-dioxide Capture Processes 

It is widely acknowledged that fossil fuel levels are non-renewable and are depleting, 

whilst its use forms the main contribution to global warming. Thus, environmental 

degradation has become a serious global problem. Renewable energy sources, such as 

biomass, solar, wind and hydropower, which have been mooted as alternative energy 

supplies, still require further technical improvement to reduce their investment costs, 

which are currently higher than conventional fossil-fuel-based technologies (Sims et al., 

2003). Over the last few decades there have been a number of studies focused on bio-

based technology to reduce fossil fuel dependency by obtaining fuels, power, heat and 

value-added chemicals from renewable feedstocks. These could lower the environmental 

impacts and increase the economic development. Nevertheless, the current major energy 

source remains fossil fuels, and they are the primary source of carbon dioxide (CO2) 

emission. Although, the biorefinery can lower the net CO2 emission through its life 

cycle, capturing CO2 emission from co-combustion is still an important issue in 

alternative energy development. Within the present alternative technologies, CO2 capture 

plays an important role in progressing towards a low-CO2 emission society.  

Currently, an abundance of research studies have focused on CO2 capture techniques, 

such as the widely used chemical absorption (Hadri et al., 2015; Manzolini et al., 2015; 

Muhammad and GadelHak, 2015), solid sorbent adsorption (Lee et al., 2015; Plaza et al., 

2012; Valverde et al., 2013), membrane separation (Franz et al., 2014; Lu et al., 2014) and 
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other advanced techniques (Campanari et al., 2014; Iloeje et al., 2015; Rekha et al., 2016). 

Absorption of CO2 is performed by chemical or physical absorption. Chemical 

absorption is suitable for dilute CO2 sources, such as the flue gas from power plants, 

but it requires a large amount of heat for absorbent (solvent) regeneration and a fair 

amount of the absorbent is lost due to the acidic contents in the flue gas stream. Physical 

absorption requires less energy than chemical absorption and the properties of the 

physical sorbent make it less susceptible to the impurities in the flue gas. However, it 

requires a high-pressure operation, is subject to corrosion issues and is only suitable for 

high CO2 concentration sources. Nevertheless, adsorption is one of the promising 

technologies for CO2 capture due to its availability, low cost and high thermal stability. 

Membrane separation methods are also one of the new upcoming technologies and have 

the advantage of being space efficient and yield a high CO2 purity. However, the cost of 

the membrane is very high.  

From an economic viewpoint, the vacuum pressure swing adsorption was considered the 

best option compared to other techniques (Kuramochi et al., 2011), where increasing the 

flow rate of the absorbent solution gave a higher CO2 removal efficiency (Yincheng et al., 

2011). However, the large chemical consumption involved in the process may lead to a 

high level of toxic waste. Moreover, alkyl amine (chemical) absorption requires a large 

energy consumption for the solvent regeneration (Øi and Kvam, 2014). With respect to 

the other CO2 capture techniques, similar queries about the comparative advantages and 

disadvantages of each technique have also arisen. Thus, a proper assessment is needed to 

use as a guideline for decision making. 

In this study, emergy accounting was applied to quantify the resource utilization and to 

compare the process performance, in terms of sustainability, of three alternative carbon 

capture technologies, using representative examples from the literature. Currently these 

three processes are believed to be promising ways for CO2 capture. The results were then 

used to indicate the weak points of each process that could serve as guidelines for further 

improvement of each CO2 capture process. 
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4.1.1. Process Description 

 

Flue gas containing CO2 is the waste product generated from many systems, such as 

combustion chambers, power plants, gasification process and other production activities. 

This study was focused on the post-combustion CO2 capture and storage of a pulverized 

coal fired power plant system with a capacity of 400–550 MW. The system boundaries 

were scoped around the CO2 capture units, with flue gas as the main or sole input and 

clean air as the output of the process. Here, we have reviewed that the selected cases 

shared similar features with the other reported systems. The system boundaries for the 

MEA-based chemical absorption system, supported amine solid-based physical 

adsorption and two-stage polymeric membrane separation are depicted in Figure IV.1 

where the selected case studies all considered both CO2 capture and CO2 compression 

units. The system information needed for the emergy calculation is briefly explained in 

the following sections. 

 

 

 

 

Figure IV.1. System boundary of the CO2 capture processes 
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4.1.1.1. Chemical (MEA) Absorption of CO2 

 

Among various CO2 capture technologies, chemical absorption methods are the most 

common processes, since they are suitable for dealing with a large amount of flue gas. In 

this study, the information of CO2 capture using MEA as the sorbent was obtained from a 

previously studied 400 MW pulverized coal fired power plant (Desideri and Antonelli, 

2014; Singh et al., 2003b). The MEA-based CO2 capture process has been modeled in 

the literature using simulation software Hysys & Aspen Plus. In this process, the inlet 

flue gas with low CO2 concentration (13-15% wt) fed into the absorption column where 

CO2 absorption by MEA solvent was carried out. Continuously, the lean MEA solvent 

was then regenerated in a distillation column where its high purity CO2 was discharged 

from the solution and the rich MEA solvent was sent back into the absorption column. 

Additionally, besides absorption and regeneration column in the amine scrubber 

process, the process also required supplemental power supply system (the chosen 

technology was gas turbine combined cycles or GTCC) to provide additional power to 

the absorption process (including flue gas compression and CO2 compression system), 

but pump duties were not considered since the units operated at relatively low pressures 

(1–2 bar). To maintain the power output (400 MW), natural gas was used as a fuel for this 

power supply and also, required for boilers in the MEA regeneration column. In order 

to perform the emergy accounting, the data for CO2 capture and storage was calculated as 

follows: (i) The annual cost of cooling water was $2,869,812/y (unit cost $0.01/m3; (ii) 

makeup MEA consumption was 1.6 kg/ton CO2 produced (CO2 emissions totaled 

2,960,000 tons CO2 produced/y); (iii) the cost for additional chemical consumption was 

$7,000,000/y; (iv) total natural gas demand to auxiliary power supply section for the 

absorption process was 12,564,747 MMBtu/y; (v) installation and maintenance cost of 

the CO2 capture system was $19,082,053/y; (vi) total operating and maintenance cost of 

the CO2 capture system was $20,463,061/y; and (vii) CO2 removal capacity was 

1,923,685 tons/y. 
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4.1.1.2.Physical Adsorption of CO2 

 

Solid sorbent technology is another potential CO2 capture process, and it has been 

claimed to have a lower cost and energy consumption. Solid sorbent adsorption can 

handle a high flue gas capacity and so could be a competitor of the alkyl amine chemical 

absorption, while it reduces the drawbacks of the alkyl amine absorption system, 

including equipment corrosion, high energy consumption in the sorbent regeneration 

stage and the size of the required absorption tower (Kongkitisupchai and Gidaspow, 

2013). The feasibility of solid-based CO2 capture technology was investigated in a 

temperature swing adsorption system with supported amine as the solid sorbent, based 

upon treating the flue gas produced by a 400 MW coal-fired power plant, which was 

simulated from a1 kW pilot scale (Krutka and Sjostrom, 2011). The proposed system 

consisted of a co-current reactor as the adsorber, where CO2 in flue gas from a power plant 

was adsorbed onto the supported amine sorbent, and a fluidized-bed as the regenerator, 

where the solid sorbent released the adsorbed CO2 before recycling to the adsorption 

section. The CO2 capture required supplemental steam and electricity supply resulting 

in the net power output to be reduced from 433,778 kW to 343,324 kW due to the 

parasitic load was from CO2 capture, which accounted for 90,454 kW (costs 

$47,281,000/y). This value reflects the amount of steam and electricity required for the 

CO2 capture system where most electrical load consumed by the CO2 compressor (35% 

of total load). The calculation of the solid-based system (option B in (Krutka and Sjostrom, 

2011) without an exchanger network) was as follows: (i) make-up solid sorbent feed rate 

was 3.74 tons/d and cost $12,780,666/y; (ii) sodium hydroxide consumption for the 

chemical treatment cost $499.75/ton and totaled $21,707/y; (iii) additional chemical costs 

of lime and sulfuric acid in the feed were $242.56/ton and $160/ton, respectively, 

accounting for $67,126/y and $22,834/y, respectively; (iv) makeup water (unit cost 

$0.000378/gallon) for evaporation and blowdown totalled $81,060/y and $40,530/y, 

respectively; (v) natural gas consumption was $464,949/y (unit cost $7.41/MMBTU); (vi) 

leveled makeup power cost was $47,281,000/y (unit cost 7.02 ¢/kWh); (vii) material and 
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equipment cost of the adsorption process was $7.21 × 106 /y (based on a 20 y life-time 

assumption); (viii) labor for the startup plant was $9.04 × 106 /y; (ix) miscellaneous services 

cost was $5,066,228/y; and (x) the CO2 production rate was approximately 2,635,065 

tons/y. 

 

4.1.1.3.CO2 Removal by Membrane (two-stage polymeric) Separation 

 

In addition to chemical absorption, membrane-based separation is an alternative 

technology to capture CO2. Through solution-diffusion, CO2 in flue gas is diffused 

through a membrane layer using the pressure difference as the driving force. This system 

has no need for sorbent regeneration and can operate without a chemical input (Zhai and 

Rubin, 2012). However, the membrane stability is low under high temperatures and so 

heat exchangers are required to provide a stable operation. The calculation of the 

membrane separation, obtained from a feasibility analysis of a 550 MW coal-fired power 

plant, was as follows: (i) power consumption for CO2 capture was 31.1% of the gross 

electrical output (883.2 MW); (ii) additional capital cost of electricity for CO2 capture and 

storage was $57.6/MWh; (iii) process operator cost was $249,480/y; (iv) CO2 emission rate 

from the flue gas before CO2 capture was 0.812 kg/kWh; (v) the capacity of the membrane 

separation process was approximately 85%, giving a CO2 emission rate after CO2 capture 

of 0.122 kg/kWh.  
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4.1.2.Emergy analysis of the three alternative CO2 capture processes  

 

The results of emergy analysis are summarized in Table IV.1-Table IV.3, where the 

resources utilized from the upstream process that produced the flue gas were not taken 

into account. This is because the flue gas was not the product of the upstream process 

and those processes were not in the boundary system. Rather, the flue gas is the 

undesirable product generated from the process activities and so unlike in conventional 

systems, it is not a feedstock. Thus, the emergy value of the flue gas was zero. Also, in the 

case of the solid adsorption and membrane separation, the referenced data was the up-

scaled estimation from the pilot scale, since it was important to compare data from 

power plants of similar characteristics. By doing this the upstream processes will have 

no effects on the results. 

From Table IV.1, although the CO2 capture in the MEA absorption process was mainly 

dependent on the chemical solvents, including MEA and inhibitors, the chemical 

consumption accounted for only 2% of the total emergy consumption due to the 

regeneratable properties of the absorbent within the process. Since a large proportion of 

the MEA and chemicals were regenerated, the highest emergy consumption in the MEA 

absorption process was the natural gas (91% of total emergy consumption) used to power 

the steam boiler and heater. In addition, the cooling water, required for controlling the 

temperature in the regeneration reactor and to remove the heat produced by the two-stage 

compressor in the CO2 purification section, accounted for 4% of the total emergy 

consumption. The installation, maintenance materials and services of the CO2 capture 

section had only a small emergy distribution (4% of the total emergy consumption) 

compared to natural gas and cooling water consumption. The CO2 capture installation 

cost was mainly derived from the absorption column. The regeneration column and the 

rest of the costs were from the piping, heat exchangers, tanks and pumps. Thus, the main 

variable that dominates the MEA absorption process was the natural gas used to heat the 
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process. While the UEV of CO2 capture in the process was 1.06 × 1012 sej/kg CO2 as 

presented in Table IV.1.  

For the solid sorbent adsorption, the emergy analysis was carried out and the result is 

shown in Table IV.2. The major UEV contribution to the process was the electricity 

consumption, which accounted for 75% of the total emergy consumption in the process. In 

this case, natural gas was only used to provide supplementary energy, with the main 

energy supply being electricity. Steam was mainly employed to drive the sorbent 

regeneration process and support the adsorption reaction, since CO2 removal by a solid 

sorbent requires a certain amount of steam to complete the reaction effectively (Seo et al., 

2007). The supported amine sorbent in the current process can be regenerated thermally 

and so the sorbent and chemicals accounted for only 8% of the total emergy. The UEV 

of the CO2 capture by this solid sorbent was 1.09 × 1011 sej/kg CO2. In this case study, the 

thermal regeneration is applied to the supported amine sorbent. Although the solid 

sorbent can be regenerated by alternative procedures such as reduced pressure method 

which is easier to handle than thermal regeneration and could lower the heat consumption 

within the process (Kongkitisupchai and Gidaspow, 2013). However, we cannot 

conclude that the reduced pressure method is preferable in this case since we require 

the studies on the compatibility between amine-based solid sorbent and the reduced 

pressure regeneration procedure to confirm the assumption.  

The two-stage polymeric membrane-based CO2 capture system was operated by a 

complex reactor with high cost per kg of CO2 captured, the emergy analysis is shown in 

Table IV.3. The two main contributors to the UEV of the process were the installation 

materials used (7.04 × 1020 sej, 51% of the total emergy consumption) and the electricity 

consumption (6.66 × 1020 sej, 49% of the total emergy consumption). The electricity was 

mainly used to pressurize the flue gas for processing through the membrane, with no 

chemicals required in this separation process since the material and reactor design play 

significant role to its efficiency. The UEV of CO2 captured in this membrane separation 

was 2.79 × 1011 sej/kg CO2. In this study, the UEV derived from electricity was 8.92 × 104 
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sej/J, which was obtained from coal in a combined heat and power plant (conventional coal 

power plant) (Sha and Hurme, 2012). If the electricity could be obtained from renewable 

resources, such as solar or wind power, the sustainability of the membrane separation 

process would be higher. Figure IV.2a, b and c represent the emergy diagram 

summarizing the inputs and outputs of each process. 

 

 

 

 

Figure IV.2. Emergy diagram of the (a) MEA chemical absorption, (b) supported amine 

solid-based physical adsorption and (c) membrane separation processes for CO2 

removal from flue gas 
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4.1.3.Sensitivity analysis of the three alternative CO2 capture processes  
 

The sensitivity analysis of dominating factors that influenced the UEVs in each case are 

shown in Figure IV.3: amine absorption, natural gas consumption; solid-sorbent 

adsorption, power consumption; membrane separation, power consumption and 

installation material. We have simulated where emergy of these factors varied from 20% 

decreased to 20% increased (Table IV.4). The sensitivity indicates that when increase 20% 

of the dominating factors’ emergy the higher UEVs were obtained. The highest UEV 

was amine absorption case which was 18% higher than the base case. While reducing 

20% the dominating factors’ emergy leading to lower UEV, the lowest possible UEV was 

the solid-sorbent adsorption case which accounted for 1.1 × 1011 sej/CO2 captured. 

Therefore, there is no significant changes in the results since amine absorption and 

solid-sorbent adsorption were still the highest and lowest emergy consumption, 

respectively, in both modified cases. 

 

Figure IV.3. Sensitivity analysis of main factors  

for three carbon capture technologies related to UEV 

Table IV.4 Dominant factors in sensitivity analysis 

Case 
Dominant 

factors 

Annual rate UEV (× 1010 sej/kg CO2 removed) 

Base Case 
Reduced 

(20%) 
Increased 

(20%) Base Case 
Reduced 

(20%) 
Increased 

(20%) 

Amine absorption NG 1.86E+21 1.49E+21 2.24E+21 106.4 87.1 125.8 

Solid-sorbent Electricity 2.16E+20 1.73E+20 2.60E+20 10.9 9.2 10.9 

Membrane Installation mat. 7.04E+20 5.63E+20 8.45E+20 27.9 25.1 30.8 
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From the above results, the solid sorbent adsorption was the most efficient among the 

three-selected CO2 capture processes for removing CO2 from the flue gas stream. 

Moreover, the solid-based physical adsorption process was preferable to the liquid MEA 

chemical absorption since it required only non-toxic chemicals that were also 

regeneratable. From an economic viewpoint, the membrane-based separation process 

had the highest cost of CO2 capture (Table IV.5), but the emergy analysis indicated that 

the membrane separation consumed natural resources and it is more efficient than the 

MEA absorption. The monetary price of input steam, such as when produced by natural 

gas, underestimates its natural value, but the MEA absorption and membrane separation 

methods for CO2 removal can be enhanced to obtain a better result. 

 

Table IV.5. Cost of CO2 capture for each case study 

No. Item Annual cost ($/y) 
$/kg 

CO2 

UEV  

(sej/kg CO2) 

  Amine absorption       

1 Cooling water 2.87×106 

0.0552 2.05×1021 

2 Make up MEA 6.61×106 

3 Scrubber chemicals 7.00×106 

4 Natural gas 5.03×107 

5 Installation material 1.91×107 

6 Operating and maintenance 2.05×107 

 Total 1.07×108   

 Solid-based adsorption    

1 Solid sorbent 1.28×107 

0.0311 2.88×1020 

2 Sodium hydroxide 2.17×104 

3 Lime 6.71×104 

4 Sulfuric acid 2.28×104 

5 Makeup water 1.22×105 

6 Natural gas 4.65×105 

7 Electricity (PP feedback) 4.73×107 

8 Material and equipment cost 7.21×106 

9 Labor (for set up plant) 9.04×106 

10 Miscellaneous services 5.07×106 

 Total 8.21×107   

 Membrane separation    

1 Electricity 1.46×108 

0.1127 1.37×1021 2 Installation material 4.07×108 

3 Miscellaneous services 2.77×105 

 Total 5.53×108   
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4.2. Bio-based eco-industrial park  

 

4.2.1.Process Description 

To achieve sustainable bio-based industries, the biorefinery case studies were designed 

using Aspen Plus software to simulate an industrial symbiosis with the closed loop 

concept of materials and energy through reuse and recycle. The materials and energy in 

the process become more optimally used, and the waste generation is minimized. The 

system boundary were included the feedstock cultivation, where the data were obtained 

from the literature and published surveys in Thailand, and eight production processes 

of the biorefinery (Figure IV.4) in total of nine processes: (1) Napier grass crop 

production (or cultivation), (2) gasification, (3) combined heat and power plant (CHP), (4) 

syngas cleaning, (5) fuel synthesis, (6) hydroprocessing (HDP), (7) methanol synthesis 

process, (8) carbon dioxide capture and (9) waste water treatment. In this section, the 

crop production phase will be presented first, and followed by the biorefinery phase 

where Napier grasss will be converted into the bio-based products. 
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4.2.1.1.Crop production 

 

Napier grass cultivation data was collected and reported by researchers from Pakchong, 

Nakhon Ratchasima province in northeastern of Thailand in year 2013 (DEDE, 2013). 

Napier grass can be harvested 5–6 times per year. The first harvest takes place four 

months after planting and ratoons are harvested every other month for up to seven years. 

To maintain the crop yield during the 7 years, soil amendments and harrowing are 

required after every harvest and weeding are performed twice a year.  

Other general assumptions were as follows: (1) local renewable resource information 

was based on Thailand data including solar radiation, rain and geothermal which were 

taken from the Thai Meteorological Department (TMD, 2016); (2) evapotranspiration of 

Napier grass was evaluated using the FAO procedure and the Napier crop coefficient 

data from Thai Royal Irrigation Department which was equal to 5.70 mm/d or 2.08 × 

107 kg/(ha·y); (3) average soil loss from crops in Thailand is 25 t/(ha·y) (Pansak et al., 

2008); (4) organic matter in soil is 1.5% (Norsuwan et al., 2014) with the energy content 

14.6 GJ/t (Cohen et al., 2006); (5) replanting new crops required initial Napier stems about 

3,100 - 3,800 kg/ha; (6) initial Napier stems for cultivation were considered as an external 

input; (7) diesel fuel consumption rate for Napier grass growing and harvesting was 

estimated from data referred from (Morandi et al., 2016); (8) for Napier grass transporting 

the truck capacity and distance from cultivation field to the plant were approximately 3 

tons per trip and 56 km per trip, respectively. (9) data for all agricultural machinery was 

obtained from (Morandi et al., 2016); (10) all machines for Napier grass cultivation were 

assumed to have 20 years lifetime; (11) the fresh biomass (initial moisture 30%) was sun-

dried before transporting to the biorefinery site (after sun-dried moisture 15%); (12) 

Napier grass annual production rate (fresh Napier grass) is 70–80 t/(ha·y), which was 

hence assumed to be 75 t/(ha·y) (DEDE, 2013); (13) the energy content of Napier grass is 

18 MJ/kg (Flores et al., 2012). 
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4.2.1.2.  Biorefinery 

 

The biofuel production was developed using the Aspen Plus 8.6 simulation software. 

The main objective of this system is to reduce the dependence of imported inputs. 

Further, the chosen technologies were (1) potentially applicable and (2) using 

continuously regenerated raw materials.  

The biorefinery model was simulated to provide 3 main purposes; 1) chemical 

production which were methanol and 2 grades of liquid fuels: the naphtha-range (C5-C12) 

and diesel-range (>C12) qualities, 2) a combined heat and power plant to generate utilities 

within the system and; 3) waste treating unit (syngas cleaning, CO2 capture and waste 

water treatment) to capture acid gas, treat and recycle water within the process. Also, the 

by-product from waste treating units were obtained including concentrated CO2 and 

sulfur cake. The details of the whole process were described as follow. 

The first process in the biofuel production system was the gasification process, where 

the biomass is burnt with air and steam to produce syngas (Preciado et al., 2012). The 

proposed reactor model in this process was the steam blown dual fluidized bed gasifier, 

since this was claimed to give a higher efficiency than a conventional gasifier (Doherty 

et al., 2013). The syngas outlet stream composed of steam, H2, CO, CO2 and small 

amount of H2S. The hot (1,300 oC) gas produced in the gasifier was then sent through 

the CHP in the third process to extract the heat from the hot syngas stream. Also, the 

unconverted gas from further processes, such as HDP and methanol synthesis, was 

recovered back into the CHP where the gas and air combusted to provide more heat to 

the system. The steam that was generated, which carried a large amount of energy, was 

sent to the steam turbine to produce electricity. In this process, electricity and heat were 

produced simultaneously. Besides power, the CHP process produced steam under four 

conditions to support the whole system. These were medium temperature steam (250 oC, 

2.5 MPa), high temperature steam (500 oC, 2.5 MPa), medium pressure steam (200 oC, 

2.8 MPa) and high pressure steam (510 oC, 6.2 MPa). The heat and power generated were 
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primarily used within the system, while the remaining were considered as external 

products including; 7.9 MW electricity and 3.72 × 108 MJ high pressure steam/y.  

After the CHP process, the cold syngas stream (180 oC) went through the outlet to the 

gas cleaning process. In this process, the cold syngas was sent to the water scrubber to 

remove small particulates, such as fly ash, and was then delivered to the sour water-gas 

shift reactor to adjust the CO: H2 ratio at 2.1. The sour gas was then sent to the 

monoethanolamine (MEA) absorber to remove the acid gases (including CO2 and SO2). 

The cleaned syngas was then fed into the fourth stage wherein the refined gas was 

synthesized to liquid fuels through the Fischer-Tropsch process. The reactor was 

operated at 200 oC and 2.5 MPa, based on the NREL literature model (Swanson et al., 

2010). After the Fischer-Tropsch reaction, to obtain the liquid fuels with a high gasoline 

portion, the liquid product was treated with H2 in HDP. Finally, the liquid fuels within 

the naphtha-range (C5-C12) and diesel-range (>C12) qualities were obtained. The remaining 

unconverted syngas from the fuel synthesis was sent to the methanol synthesis process 

to produce methanol as a by-product. The methanol synthesis was developed using 

kinetic reaction model referred from De María study (De María et al., 2013).  

The assumptions for treatment of the wastes were based on the following literatures: (1) 

water condensate from the syngas production, which contained soluble volatile matter 

at less than 0.02% by mass and was treated and recycled to the CHP process for steam 

production. The emergy calculation data referred from Arbault (Arbault et al., 2013). (2) 

the flue gas from the CHP process which contained CO2 at about 980 ppm was sent to 

the treating unit for carbon capture process where a high CO2 concentration was 

obtained as a by-product. The system referred from literature (Desideri and Antonelli, 

2014) where the amine absorption was employed. Also some economic information for 

emergy accounting referred from Singh (Singh et al., 2003a). No detailed simulation was 

made for the waste treatment processes. 
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4.2.2.Emergy analysis  

 

Figure IV.5 depicts the process which is under investigation as described earlier. It is 

mainly composed of biomass cultivation section and biorefinery section. As shown in 

Figure IV.5, the biomass cultivation stage involved with three main input resources 

including free natural resources and imported resources from economy while in 

biorefinery stage required only imported resources from economy. The free natural 

resources are renewable resources (R) including solar, rain, geothermal heat and 

evapotranspiration and non-renewable resources (N) including organic matter in soil. 

The imported resources from economy or the external resources can be classified into 

two types, i.e., purchased energy and materials (F) and human labor (L). The labor  is the 

main parameters that distinguishes the emergy analysis from other assessments. Since 

human labor or manpower cannot be measured in energy or exergy Joule. The following 

emergy results will explain why human labor is the important factor to the agricultural 

system and how cultivation stage dominates the sustainability of the entire system.  

 

Figure IV.5. Emergy diagram of the system including biomass cultivation and 

biorefinery. 
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4.2.2.1.Emergy analysis of biomass cultivation 

As presented in Table IV.6 and Figure IV.6, the total emergy consumption of Napier 

grass cultivation was 6.39×1019 sej/yr with 2.21×1019 sej/yr or 35% of total emergy 

dominated by local natural resources (R and N) including evapotranspiration (2.12×1019 

sej/yr), geothermal heat (9.04×1017 sej/yr) and soil loss (3.03×1016 sej/yr).  The remainders 

are external resources (F and L) accounts for 4.17×1019 sej/yr or 65% of total emergy 

including irrigation water (1.03×1017 sej/yr), napier stems (4.18×1017 sej/yr), fertilizers 

(2.48×1018 sej/yr), diesel as a transportation fuel (1.91×1019 sej/yr), machinery (4.15×1015 

sej/yr), direct labor (1.35×1019 sej/yr) and indirect labor (6.17×1018 sej/yr). 

The major sources of emergy inputs to Napier cultivation were evapotranspiration 

which reflects the amount of water absorbed by Napier grass from natural resources 

followed by labor at 35% and 31% of the total emergy input, respectively. The direct on-

site labor had a high impact on the cultivation processes, due to its being rural farming. 

Also, the data from NEAD (NEAD, 2010; UND, 2011) reported that the renewability 

fraction in human resources in Thailand accounted for only 10%, a high direct labor 

input to the Napier grass cultivation process caused a low renewability to the biomass 

product.   

 

Figure IV.6. Emergy profile of Napier cultivation 
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** Note: Indirect labor reflects the labor cost occurring upstream in the supply chain 

associated with the studied system. For example, the Napier plantation required direct 

labor to plant and operate the machines. While the indirect labor, in this case, represents 

by the cost of machinery and tools as the upstream labor costs. Calculation detail of 

indirect labor for each process was shown in the Appendix A. 

Moreover, diesel as transportation fuel also played significant role in the cultivation 

section with the consumption accounted for 30% of total emergy consumption. Figure 

IV.7 illustrate numerical proportion of diesel consumption in Napier grass cultivation. 

The highest fuel consumption was biomass transportation. This mainly due to the 

assumption made on the distance between plantation site and the biorefinery site (which 

was 56 km). Thus, the significant factor affecting the growth of Napier grass consists of 

the natural resource, labor and diesel used with 35%, 31% and 30% emergy distribution, 

respectively. 

In Table IV.7, the present result showed that only 39% of emergy are renewable (%Rglobal), 

causing a high load to the environment, as presented in the ELR. The ELR of Napier 

cultivation was 1.89, which lies within the moderate impact to the environment range, 

according to (Brown and Ulgiati, 2004). While in terms of EYR, even the major source 

of the cultivation is the local resource which is 35% contribute to the system, it is still 

lower than the external or purchased resources. The ESI of the cultivation is 0.81. 

 

Figure IV.7. Distribution of diesel consumption in Napier cultivation 
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Table IV.7. Emergy indicators of Napier grass cultivation in Thailand. 
Item  Unit 

Total Emergy 6.39×1019 sej/y 

     Local resources (R+N), % from total 35%  

     Resources from outside (F), % from 

total 
35% 

 

     Labor (direct & indirect), % from total 31%  

UEV 1.35×104 sej/J 

%Rglobal 39%  

EYR = (R + N + F + L) / (F + L) 1.53  

ELR = (N + F + L) / R 1.89  

ESI = EYR / ELR 0.81  

 

The obtained emergy analysis of this study for Napier grass cultivation was compared 

with that previously reported in Table V.8 to indicate the potential of Napier grass from 

Thailand as a lignocellulosic bioenergy crop. In addition to Napier grass, waste from 

palm oil production is also a potential bioenergy feedstock in Thailand. As presented in 

Figure IV.8a, comparison between Napier grass and palm cultivation revealed that the 

UEV of Napier grass (1.35×104 sej/J) was lower than that for the oil palm (6.94×104 sej/J), 

also, the lowest one compared to other cultivation scenarios which means that less 

resources are used in the Napier grass cultivation to produce one joule of Napier grass. 

Moreover, in Figure IV.8b, the portions of renewable resources of Napier grass 

cultivation (39%Rglobal) was higher than that of the oil palm (28%Rglobal) which is 

preferable. In term of ELR, due to the renewability of the processes, Napier grass 

cultivation (ELR 1.89) generated the lower environmental load than oil palm (ELR 5.64) 

but higher than that of Miscanthus (ELR 0.05) and sugarcane (ELR 1.83). 

Also, Figure IV.8c indicates the portion of external resources and local resources 

consumed to represent the self-sufficient property of the systems and reflects it in term 

of EYR. The system with high dependent on external resource than local resource will 

be less self-sufficient. As presented in the emergy indicator values, the EYR for Napier 

grass cultivation was 1.53 (higher than 1), which means the process acts as a producer 
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more than a consumer. Nevertheless, the EYR of Napier grass was still lower than those 

of miscanthus (37.7), switchgrass (1.55) and sugarcane (1.72), since the process required 

much more imported and human resources as shown in Table IV.9. Finally, the ESI of 

Napier grass cultivation, which indicated the sustainability of the process from the 

perspective of EYR and ELR, was one of the suitable candidate compared to the 

alternative biomasses reported in Table IV.9.  

Figure IV.9 represents the emergy ternary diagram which was introduced in Almeida’s 

work (Almeida et al., 2004). The ternary diagram allows clear visualization of the actual 

contribution of the three parameters including N, R and F + L that govern the 

sustainability index (ESI). Line ESI equal to one (called equilibrium line) on the diagram 

locates where the system is balanced in terms of economic and environmental 

viewpoint. The coordinates below this line represent the systems with the main driving 

force is non-renewable or external resources. In this figure, the biomass from the 

previous studies are all below the equilibrium line except miscanthus. Also, the biomass 

appears to consume high resources from economy leading the deteriorating in self-

organization property.  

It is important to note that the input of labor may be calculated in different ways and 

includes more or less indirect labor. For comparison, when evaluated without labor 51% 

global renewability of Napier grass cultivation can be obtained with a lower ELR (1.00), 

a higher EYR (2.00) and ESI (2.00). However, comparison of the resource use for the 

cultivation of biomass by collating UEVs from different studies may be misleading due 

to the different assumptions and contexts of each study. For example, some literature 

values did not consider the indirect labor (Coppola et al., 2009; Morandi et al., 2016; 

Pereira and Ortega, 2010), some did not take into account the renewability of the 

economic inputs (Lin and Sagisaka, 2012) and some did not describe their assumptions 

relating to labor accounting, which was the main emergy input into their system (Goh 

and Lee, 2010; Pereira and Ortega, 2010). For those reasons, recalculation on the same 

basis is required as attempted in Table V.8. 
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Figure IV.8. Emergy analysis of biomass cultivation (a) UEV of each biomass  

(b) local and external emergy distributions (c) renewable and non-renewable emergy 

distributions (d) ESI of each biomass cultivation 

 

Figure IV.9. Eight biomass cultivations with the aim of  

emergetic ternary diagrams (Almeida et al., 2004) 

(b) (a) 

(d) (c) 
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4.2.2.2.Emergy analysis of the Napier-based biorefinery 

 

The Napier-based biorefinery system in this study was modeled based on technologies 

as previously mentioned that operated using material and energy carriers produced 

within the system as the first priority. In this way, we reduced the dependence of 

economic inputs and the system acted as partly self-sufficient.  

From Figure IV.10, the gasification process requires steam as the gasifying medium to 

obtain the desirable gas product with suitable H2 to C ratio as described in Section 

4.2.1.2. Also, in case of syngas cleaning process, the solvent regeneration section 

consumed large amount of steam. Both gasification and syngas cleaning required a large 

quantity of steam to drive the process. With no heat integration, the system will require 

large magnitude of steam emergy. However, the proposed biorefinery has the CHP unit 

which extracts heat and converted them into steam and power to support the entire 

system. In addition, the wastewater treatment unit provided recycled water to the system 

that could reduce the otherwise high amount of fresh water input to the system by almost 

20 t/h accounting for 1.56 × 1017 sej/y. Therefore, by using the material and energy 

integration concept, a 27% lower emergy consumption was obtained. Consequently, in 

emergy viewpoint, the dependence on externally resources was diminished by 

integrated system.  

The products obtained from the biorefinery were including; methanol 7,603 kg/h, 

electricity, high-pressure steam 5,969 kg/h and liquid fuels 1,921 kg/h (grades C5-C12 

and C12+). The other products, such as ash, concentrated CO2 and sulfur cake, were 

considered as by-products and not taken into account in the UEV of the system since the 

references used to compare with our study might also have by-products that could not 

be directly compared with our case. Also, these by-products accounted for only small 

amount of the energy among all output products. 
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As mentioned in Chapter 2, system boundary is the important issue in emergy analysis, 

especially when dealing with large and complicated systems such as biorefinery. The 

biorefinery can be considered as a lumped model as shown in Figure IV.11a or an 

aggregated model as shown in Figure IV.11b. Each of the scale provides distinct emergy 

perspective. The lumped model will consider the system as a black box and all emergy 

inputs will directly allocate to the product output. While in the aggregated model the 

emergy will consider each intermediate process and interaction flow inside the 

biorefinery individually via emergy algebra. Therefore, the emergy algorithm 

developed in Chapter III is necessary for the aggregated model. 

Figure IV.11. System boundary of the biorefinery  

(a) lumped model (b) aggregated model 
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From Table IV.9-Table IV.15, the emergy analysis of the aggregated model was 

presented including; gasification, combined heat and power (CHP), syngas cleaning, 

fuel synthesis, hydroprocessing (HDP), methanol synthesis and waste treating 

processes. The total emergy distributed to each process accounts for 6.95×1019 sej/y 

(37%R), 7.89×1019 sej/y (34%R), 8.33×1019 sej/y (33%R), 9.94×1019 sej/y (28%R), 3.72×1019 

sej/y (26%R), 7.69×1019 sej/y (26%R) and 4.71×1018 sej/y (0.7%R).  

According to the results, the emergy contributing to these processes are mainly from 

the upstreams product and feedback streams; 92% of emergy to gasification was from 

Napier grass and steam fedback from CHP, 88% of emergy to CHP was from hot syngas 

from gasification process and steam fedback from CHP, 94% of emergy to syngas 

cleaning was from cold syngas from gasification process and steam fedback from CHP, 

83% of emergy to fuel synthesis was cleaned syngas from syngas cleaning and steam 

fedback from CHP, 89% of emergy to HDP was gas and liquid products from fuel 

synthesis and 86% of emergy to methanol synthesis was unconverted gas from fuel 

synthesis and steam fedback from CHP. 

It is important to note that each emergy contributed to the processes, was calculated 

followed the emergy algebra (Section 2.3.5), where the emergy from upstream processes 

allocates to each downstream process based on its exergy fraction on the pathway. The 

emergy from Table IV.9-Table IV.15 was summarized to the emergy diagram in Figure 

IV.12. And all emergy diagrams were combined into one complete emergy diagram for 

the whole biorefinery as shown in Table IV.16. 
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Figure IV.12. Emergy diagram of the aggregated model (a) gasification (b) CHP  

(c) syngas cleaning (d) fuel synthesis (e) HDP (f) methanol synthesis 

 

(a) 

(b) 
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Figure IV.12. (cont.) Emergy diagram of the aggregated model (a) gasification  

(b) CHP (c) syngas cleaning (d) fuel synthesis (e) HDP (f) methanol synthesis 
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Figure IV.14. Emergy profile for each process from field to biorefinery plant gate. 

The emergy profile of the biorefinery, depicted in Figure IV.14, showed that the emergy 

distributed to each process is equally proportioned. This phenomenon occurs when 

material and energy within the complex systems interacts with each other. The entire 

system will share the equal amount of emergy. Except the HDP, which rather seems to 

be the independent process in the system since only small amount of material and 

energy of the HDP are shared and circulated within the system. 

The UEV of each process output represents the amount of emergy required to the 

process per one Joule of product output as expressed by the light blue shaded in Figure 

IV.14. Since the emergy of the upstream and downstream processes are related. For 

example, the biorefinery processes will receive all emergy from the biomass cultivation. 

Thus, the UEV of the following processes, such as gasification, tends to be larger when 

the order of process higher as presented in Figure IV.14. The difference in the height of 

the cultivation and gasification will be the emergy increment due to the gasification 

process alone. Therefore, cultivation has the lowest UEV since it is the lowest order of 

process. While HDP and Methanol Synthesis, the highest order of processes, have the 

highest UEV as the processes accumulated the upstream emergy into their products.  

By considering the biorefinery as the lumped system, the feedback emergy inside the 

process was neglected and we can focus on only the external resources that dominate 

the system. As presented in Table IV.16, the total emergy input to the entire system was 
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1.3×1020 sej/y. When considering from the resource point of view, it contains 2.2×1019 

sej/y (or 17%) of R, 3.0×1016 sej/y (or 0.02%) of N, 1.2×1018 sej/y (or 1%) of FR, 5.4×1019 

sej/y (or 41%) of FN, 6.1×1018 sej/y (or 5%) of LR and 4.7×1019 sej/y (or 36%) of LN. 

However, when considering from the process-oriented point of view, the total emergy 

composed of  6.4×1019 sej/y (or 49%) from cultivation, 3.6×1018 sej/y (or 3%) from 

gasification, 3.8×1018 sej/y (or 3%) from CHP, 2.2×1019 sej/y (or 17%) from syngas 

cleaning, 1.7×1019 sej/y (or 13%) from fuel synthesis, 4.6×1018 sej/y (or 3%) from HDP, 

1.1×1019 sej/y (or 8%) from methanol synthesis, 4.8×1018 sej/y (or 4%) from CO2 capture 

and 4.6×1016 sej/y (or 0.04%) from water treating. Moreover, the heat and power 

integration inside the biorefinery can reduce the amount of economic inputs by 3.45 × 

1010 J/y (steam) and 8.40 × 109 J/y (electricity), which accounted for 4.25 × 1019 sej/y (in 

case where steam and electricity were imported from a biomass CHP process refered 

from Sha’s work (Sha and Hurme, 2012)). 

The emergy contribution showed that the cultivation stage dominates the emergy 

consumption of the entire process, followed by the chemical production processes 

(including gasification, fuel synthesis, HDP and methanol synthesis), waste treatment 

units and CHP, respectively. While the highest resource consumption in the biorefinery 

was syngas cleaning and fuel synthesis. Recalling the result from Table IV.12, the main 

input to fuel synthesis was labor and purchased resources from cobalt catalyst, 

respectively. While in syngas cleaning, labor and the installation material were the main 

input to the process.  

The emergy contribution of Napier-based biorefinery was compared with that 

previously reported as shown in Figure IV.15. The emergy profile of the crop-based 

biodiesel production cases results refered from Ren’s work (Ren et al., 2013). From the 

figure, it was cleary found that the cultivation stage dominates the emergy consumption 

of the biorefinery in all cases. The result also found that if we utilize the energy more 

efficient, the trend will shift into lower emergy domination in the biorefinery stage 

(Figure IV.15d and e). 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_71
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Figure IV.15. The comparison of the biorefinery emergy contribution (a) Rapeseed-

based biodiesel production (b) Soybean biodiesel production (c) Sunflower-based 

biodiesel production (d) Napier-based biorefinery before and (e) after energy integration 

Biomass cultivation       

Bio-oil production 

Bio-fuel production 
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The emergy indicators of the biorefinery, including global renewability, EYR, ELR and 

ESI, were calculated under the simulation information obtained from theoretical 

assumptions (Table IV.17). Global renewability of the biorefinery system accounted for 

23% of the total emergy input, which is quite low due to large fraction of non-renewable 

materials consumed by the agricultural process and most were consumed by the bio-

based production system, such as makeup MEA for syngas cleaning and cobalt catalyst 

for fuel synthesis. While most resources consumed are external resources leading to 

lower EYR value (from 1.53 in cultivation phase to 1.21). Due to the low EYR from the 

upstream production system, an industrial system that always demands import 

resources as the main input would continuously lower the EYR value and increase the 

ELR value (accounted for 14%) of the whole system since the import resources are 

considered as the parameter that caused the principal load to the environment. Finally, 

the obtained ESI of the Napier-based biorefinery was 0.25. In addition, to achieve higher 

sustainability, the optimization of chemical consumption is required. From emergy 

analysis, we found that it is possible to increase ESI up to 10 percent if 50 percent of 

MEA can be recovered in gas cleaning process. 
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From Figure IV.16a, the emergy per unit of product or UEV was considered as a joint 

production system (Section 2.4.2.) which was calculated by dividing the total emergy 

input (1.30×1020 sej/y) and the total energy of the products (3.96×1015 J/y). From Table 

IV.17, the UEV for the biorefinery, was 3.29 × 104 sej/J and 1.94 × 104 sej/J when 

including and not including the labor, respectively. The UEV indicates that the system 

consumed natural resources about 33 thousand solar emergy to produce each joule of 

products. As the diversity of products created by the system has a different ability to do 

work, the joint UEV may not be an appropriate value to apply in further studies. On the 

other hand, it can be used to compare the biorefinery with single process that produces 

an equal quantity and quality of the same products, as previously suggested (Bastianoni 

and Marchettini, 2000). These authors defined a weighted average UEV (Equation (2.10), 

Section 2.4.2), where the UEV of the product is obtained from an independent process 

(Figure IV.16b).  

Table IV.17. Emergy indicators of the system from cultivation to biorefinery. 
Item    Unit 

Joint UEV of the products with L 3.29×104 sej/J 

Joint UEV of the products without L 1.94×104 sej/J 

Global Renewability (%Rglobal)  23%  

EYR of the system = (R + N + F + L) / (F + L) 1.21  

ELR of the system = (N + F + L) / R 4.88  

ESI of the system = EYR / ELR  0.25   

 

A number of alternative ways to produce electricity, steam, liquid fuels and alcohol are 

presented in Table IV.18. Among the given options, the best route to produce the target 

products (the lowest weighted average UEV) is by producing methanol from willow, 

heat and power from biomass CHP, additional power from wind power (since the power 

to heat ratio of biomass CHP is insufficient) and bio-diesel from rapeseed. In the best 

scenario from Table IV.18, the weighted average UEV (8.74×104 sej/J) is 2.7 times higher 

than the present study (3.29×104 sej/J). Meaning that, the biorefinery has utilized, in 

emergy terms, the resources more efficiently than that of the existing independent 

production process.  

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_6
file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_6


 

 

107 

 

 

 

 

Figure IV.16. Alternative pathways to produce the target products:  

(a) the joint production system and (b) the alternative independent production system. 
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Table IV.18. Alternative pathways to produce the target products. 

  

Country 

source 
UEV (sej/J) Ref. 

Bio-alcohol    

Methanol from willow Sweden 6.06×104 (Cavalett and Rydberg, 2011) 

Methanol from wood Italy 2.66×105 (Pimentel and Patzek, 2008) 

Steam and power co-
production 

 

  

Biomass CHP process 1 Finland 1.62×104 (Sha et al., 2011) 

Biomass CHP process 2 Finland 3.44×104 (Sha and Hurme, 2012) 

Biomass CHP process 3 Denmark 2.31×105 (Kamp and Østergård, 2013) 

Power    

Wood power plant USA 6.72×104 (Odum, 1996) 

CSP powerplant China 6.39×104 (Zhang et al., 2012) 

Solar power plant Italy 8.92×104 (Paoli et al., 2008) 

Wind power 1 China 1.74×104 (Yang et al., 2013) 

Wind power 2 Italy 6.21×104 (Brown and Ulgiati, 2002) 

Geothermal power plant Italy 1.47×105 (Brown and Ulgiati, 2002) 

Hydro power plant 1 Italy 6.23×104 (Brown and Ulgiati, 2002) 

Hydro power plant 2 Tibet 1.56×105 (Zhang et al., 2016) 

Hydro power plant 3 Brazil 8.28×104 (Tassinari et al., 2016) 

Liquid fuels    

Macroalgae oil 1 Italy 2.64×107 (Bastianoni et al., 2008) 

Macroalgae oil 2 Brazil 3.51×105 
(da Cruz and do Nascimento, 

2012) 
Bio-diesel from soy bean Brazil 3.90×105 (Cavalett and Ortega, 2010) 

Bio-diesel from palm oil Thailand 2.14×105 
(Nimmanterdwong et al., 

2015) 

Weighted average UEV of the 

best scenario* 
 

8.74×104  

*Methanol from willow, heat and power from biomass CHP process 1, additional 

power from Chinese wind power and bio-diesel from palm oil 

CSP = concentrating solar power 
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4.3. Alternative scenario for the eco-industrial park 

After the emergy analysis was done, we can see the issues or the factor that driving 

each process. In this section, the alternative scenario is proposed to provide the example 

for the implementation of emergy assessment to the industrial production development. 

 

4.3.1.Alternative scenarios for Napier grass crop production 

According to the emergy analysis in Section 4.2.2.2, the cultivation stage has critical 

impact to the emergy of the entire system. To improve the sustainability of Napier grass 

cultivation, the dependence on economic inputs could be reduced by promoting long 

term productivity with eco-efficient alternatives such as using biofuel driven 

machineries, and lower pollution levels on the farm (Maier et al., 2016). This would 

provide the higher utilization of local resources and lower the dependence on external 

resources (De Jong et al., 2010). Non-renewable inputs, such as diesel, could be replaced 

by other fuels, or partially substituted by renewable inputs, to reduce the reliance on 

fossil fuels. Some might suggest to use machinery instead of human labor to reduce the 

labor emergy input. However, the use of machinery would need to take into account the 

indirect labor and fuel consumption. Thus, two scenarios were simulated to predict the 

possibility of those proposed suggestions; (1) use tractors for weed removal (higher 

machinery but lower direct labor input) and build the biorefinery plant close to the 

cultivation site (within 10 km distance); (2) extend scenario (1) by using biodiesel instead 

of conventional diesel. 

The results (Table IV.19) revealed improved processes in many aspects. For the first 

case, the UEV was reduced 1.45-fold to 9.30 × 103 sej/J, %Rglobal increased 1.4-fold to 

55%, EYR increased 1.31-fold to 2.01, ELR was reduced 1.91-fold to 0.99 and the ESI 

was improved 1.95-fold to 2.04. In the second case, using biodiesel instead of 

conventional diesel fuel did not improve %Rglobal, since the biodiesel production process 

was highly dependent on external resources and most were non-renewable resources 

(17%) (Nimmanterdwong et al., 2015). For this reason, the ESI of this scenario in Table 

file:///D:/Cloud/Dropbox/Dropbox/PhD%20thesis/by%20topics/New%20rearrange/reevised3/Ch1%20to%206-Add%20content.docx%23_ENREF_46
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IV.19 also showed that, with current biodiesel production process, the substitution of 

diesel with biodiesel was not a good alternative (higher UEV but higher %Rglobal). Thus, 

we propose model (1) over model (2), since it has a higher sustainability indicator and in 

addition, a lower UEV. 

Table IV.19. Two alternative models for improving Napier grass cultivation in 

Thailand. 
 Base case 

Proposed 

model 1* 
Proposed 

model 2** 

Total Emergy (sej/y) 6.39×1019 4.40×1019 4.81×1019 

     Local resources (R+N), % from total 35% 50% 46% 

     Resources from outside (F), % from total 35% 25% 31% 

     Labor (direct & indirect), % from total 31% 25% 23% 

UEV (sej/J) 1.35×104 9.30×103 1.02×104 

%Rglobal 39% 55% 55% 

EYR = (R + N + F + L) / (F + L) 1.53 2.01 1.86 

ELR = (N + F + L) / R 1.89 0.99 1.17 

ESI = EYR / ELR 0.81 2.04 1.58 

* Using tractors for weed removal, build biorefinery plant close (< 10 km) to the cultivation site 

** Using biodiesel instead of diesel, tractors for weed removal, build biorefinery plant close  

(< 10 km) to the cultivation site 

 

4.3.2.Alternative scenarios for the eco-industrial park 

The biorefinery has been designed to maximize the utilization of material and energy 

as proposed. The two scenarios with and without material and energy integration has 

already been discussed in Section 4.2.2.2. In this section, we found that the sustainability 

of the proposed model can be improved after the changed in cultivation stage. The 

alternative case was designed by the implementation of Napier grass cultivation 

proposed model 1 and replacing MEA absorption with solid sobent CO2 capture in 

Section 4.1.  

By applying the solid sorbent method which is the best scenario among the selected 

CO2 capture processes, the emergy can be reduced up to 4.19×1018 sej/y (3% of total 

emergy reduced). The renewability was increased from 23% to 27% leading the ELR 

lower from 4.88 to 3.79. Moreover, the lower external emergy input raise EYR up from 

1.21 to 1.26. Consequently, with these improvements, the ESI of this scenario can be 

fold up to 0.33. 
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Table IV.20. Emergy indicators of the modified system from cultivation to 

biorefinery. 
Item   Base Case Alternative Case Unit 

Joint UEV of the products with L 3.29×104 2.70×104 sej/J 

Joint UEV of the products without L 1.94×104 1.58×104 sej/J 

Global Renewability (%Rglobal) 23% 27%  

EYR of the system = (R + N + F + L) / (F + L) 1.21 1.26  

ELR of the system = (N + F + L) / R 4.88 3.79  

ESI of the system = EYR / ELR 0.25 0.33   

*The alternative case was design with the implement of Napier grass cultivation proposed 

model 1 and replacing MEA absorption with solid sobent CO2 capture.  
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CHAPTER V: EXERGY ANALYSIS  

OF NAPIER-BASED BIOREFINERY 

 

 

5.1. Exergy Definition 

According to its definition, Exergy was defined to describe the potential energy capable 

of doing work and being degraded in the process. The availability or exergy refers to 

the total mechanical physical and chemical exergy potential from environmental state 

to the operating state. The environmental state, theoretically, is the state where 

thermodynamic equilibrium occurred where there is no usable energy (exergy) 

produced. However, in realistic there is no such theoretically thermodynamic 

equilibrium (fully reversible) since it against the second law of thermodynamics. From 

those reason, in reality, the exergy of environmental is not null. From those reason, there 

has been a compromise in the exergy formulation that an ambient environment 

condition (air at 298.15 K and 1 atm) is acceptable as a reference state. In this Chapter, 

the subscript ‘ref’ and subscript ‘T, P’ indicate the properties of the reference state and 

operating state, respectively. As depicted in Figure V.1, the changes of exergy from 

operating state to the environmental state can be divided to physical and chemical 

exergy. 
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Figure V.1. Graphical presentation of exergy balance 

 

 

5.2. Physical Exergy 

 

The physical exergy is occurred when there was a difference of the system condition 

and the reference condition. In the biorefinery system the physical exergy of material 

streams was calculated using the following equations; 

   )HS(THHEx refP,HrefrefP,Hphy      (5.1) 

Where H and S are the enthalpy and entropy, respectively. While subscripts ‘T, P’ and 

‘ref’ are the operating condition and environmental condition (25oC, 1 atm), respectively. 

The enthalpy and entropy were obtained from Aspen plus simulation (Table V.1 - Table 

V.6). For example, the physical exergy of stream SYNGAS (1.01 bar 1,368 oC) from 

gasification process was calculated from: 

Exphy = (-5,330,000) – (-9,270,000) – 298.15(4,253 – (-2,318)) = 1,970,000 J/kg 
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5.3. Chemical Exergy 

 

Once the physical exergy was calculated, the standard chemical exergy of all 

components was evaluated as follow (de Oliveira Junior, 2012). 

A) (component g + i)(element Exn = A) (component Ex o

f

o

iichem    (5.2) 

j))(element Sn( Tref - j)(element Hn = A) (component g- o

ii

o

jj

o

f  (5.3) 

Where Exo, go
f,, H

o and So are exergy, gibbs free energy of formation, enthalpy and 

entropy at standard state. In Equations (2.2) - 3, component A formed by various elements 

and the exergy of component A can be indirectly evaluated from the exergy balance of 

the formation reaction. Thus, ni represents the stoichiometric coefficient of elements 

stated in formation reaction except component A, in Equation (2.2) while, in Equation 

3, nj represents all elements related to the formation reaction. 

For example, the standard chemical exergy of pentane (C5H12) was calculated as follow: 

C5H12 + 8 O2  6 H2O + 5 CO2 

go
f,ref (C5H12) = Ho

C5H12 + 8 Ho
O2 – 6 Ho

H2O – 5 Ho
CO2 – 298.15 (So

C5H12 + 8 So
O2  

   – 6 So
H2O – 5 So

CO2)  

= (–146,440 kJ/kmol) + 8 (0 kJ/kmol) – 6 (–241,811 kJ/kmol) – 5 (–393,486  

   kJ/kmol) – 298.15 K (349 kJ/kmol.K + 8 × 205 kJ/kmol.K – 6 × 189  

   kJ/kmol.K – 5 × 213.7 kJ/kmol.K)  

= – 3,334,989 kJ/kmol 

Exchem (C5H12) = – 8 Exo
O2 + 6 Exo

H2O + 5 Exo
CO2 + go

f,ref (C5H12)  

= – 8 × 3,974 kJ/kmol + 6 × 9,494 kJ/kmol + 5 × 19,867 kJ/kmol  

   + 3,334,989 kJ/kmol 

= 3,459,496 kJ/kmol 

Finally, the chemical exergy of mixed gas stream SYNGAS from gasification process 

(composition by mole; 37.0% H2O, 18.6% CO, 33.4% H2, 7.0% CO2, 3.4% N2, 0.015% CL2, 

0.013% H2S and 0.5% NH3) was calculated: 
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 k) (componentExx = Ex o

kkchem    (5.4) 

Where k indicates all relevant mixed components in the gas product. 

Exchem = 0.37 × Exo
H2O + 0.186 × Exo

CO + 0.334 × Exo
H2 + 0.07 × Exo

CO2 + 0.034 × 

   Exo
N2 + 0.00015 × Exo

CL2 + 0.00013 × Exo
H2S + 0.00508 × Exo

NH3  

= 0.37 × 3,120 kJ/kmol + 0.186 × 274,710 kJ/kmol + 0.334 × 236,000 kJ/kmol  

   + 0.07 × 20,140 kJ/kmol + 0.034 × 720 kJ/kmol + 0.00015 × 123,600 kJ/kmol  

   + 0.00013 × 812,000 kJ/kmol + 0.00508 × 341,250 kJ/kmol  

= 134,288.4 kJ/kmol 

 

5.4. Chemical Exergy of Biomass 

Chemical exergy of biomass is a particular case where the calculation was based on the 

composition within the biomass. The study was done on evaluate chemical exergy of 

biomass (Saidur et al., 2012).  

 

Exchem (biomass) = β (C + LwZw) + EchwZw                  (5.5) 

 
)Z/0.304(Z-1

)Z/(Z045.0)Z/Z(788.01)Z/Z(250.0)Z/0.216(Z1.041
 = 

CO

CHCHCOCH

2

2222


    (5.6) 

Where the enthalpy of phase change for water was shown by Lw which was equal to 

2,440 kJ/kg and chemical exergy of water (Echw) was 50 kJ/kg. C represents the net 

calorific value of the biomass. Z represents the mass fraction of elements H2, C, O2 and 

water in the biomass, respectively. In this study, the net calorific value of the biomass 

was referred from Boie’s equation as shown in the following equation (Sheng and 

Azevedo, 2005). 

 

 C (Btu/lb) = 151.2 Zc + 499.77 ZH + 45.0 ZS – 47.7 ZO + 27.0 ZN            (5.7) 

From the ultimate analysis of Napier grass, β was equal to 1.138, C was 7,670.6 Btu/lb 

(or 17,841.8 kJ/kg) and the chemical exergy of Napier grass was 20,683.2 kJ/kg. 
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5.5. Exergy calculation 

The process flow diagram and the stream table of the biorefinery system developed 

using the Aspen Plus 8.6 simulation software was reported in Appendix C. The proposed 

biorefinery model includes; (1) gasification, (2) combined heat and power plant (CHP), 

(3) syngas cleaning, (4) fuel synthesis, (5) hydroprocessing (HDP) and (6) methanol 

synthesis process. From the simulation results, the exergies of all six processes were 

evaluated as presented in Table V.1- Table V.6.  

For the gasification process, biomass with exergy flow 1.7×108 J/y is burnt to produce 

1.2×108 J/y of syngas product. For the CHP, the hot syngas from gasification is the main 

exergy input to this process. After the extracting the heat from the hot syngas, the cold 

syngas left the process with exergy accounted for 9.6×107 J/y. Also, the unconverted gas 

from HDP with exergy of 1.7×107 J/y was feed to the gas turbine in the CHP to obtain 

sufficient amount of steam. In addition, the hot flue gas from gasification also provided 

heat to the CHP and left with the exergy 7.1×106 J/y. These amounts of heat (4.3×107 J/y 

from hot syngas, hot flue gas, unconverted gas) provide sufficient steam and power (total 

exergy 3.5×107 J/y) to support the entire system. For the syngas cleaning, the main 

exergy input was cold flue gas and steam (1.5×107 J/y) from the CHP. After removed the 

sour gases, the cleaned syngas was sent to the fuel synthesis with the amount of exergy 

9.5×107 J/y. For the fuel synthesis, the cleaned syngas from syngas cleaning was 

converted into liquid product (2.5×107 J/y) via Fisher-Tropsh process. By-product gases 

from fuel synthesis including unconverted gas (5.8×107 J/y) and H2 (3.1×106 J/y) were 

sent to the methanol synthesis and HDP, respectively.  
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5.6. Exergy analysis of napier-based biorefinery 

The exergy analysis of the napier-based biorefinery was presented in Figure V.2. In the 

gasification section, about 30% of exergy loss occurred due to the combustion reaction 

where the gasifier produces syngas from biomass, air and steam. About 6% of exergy output 

from the gasification section is the flue gas stream, the by-product from syngas production. 

The exergetic efficiency of the gasification is 64% similar to the related literature (Ptasinski 

et al., 2007). In the CHP section, the wasted heat from hot flue gas was recovered and used 

to produce steam supplying the system. Not only the wasted heat that was recovered in the 

CHP section, but also the heat from hot syngas which has enough exergy to produce 10 

MW electricity and almost 50% of total steam supported the entire system. The rest of the 

heat required for steam consumption came from wasted heat recovery and the combustion 

of unconverted gas from HDP and methanol synthesis sections. Next section is the syngas 

cleaning process. This process consumed the largest amount of steam in the regeneration of 

the absorption solvent. About 60% of steam generated from CHP was consumed in this 

process. The fuel synthesis and HDP required only small amount of exergy input from 

electricity and steam since the heat was recovered within the process. The last section, the 

methanol synthesis, required steam in distillation columns to obtain a high purity of 

methanol. Also, about 20% of exergy outputs was unconverted gas which was sent to the 

CHP to produce steam that will be feedback to the processes. Finally, when considered the 

exergy of biomass as the input and exergies of liquid fuels, methanol and electricity as the 

outputs, the exergetic efficiency of the proposed biorefinery is equal to 46%. Table V.8 and 

Figure V.3 show the summary of the exergy analysis of all process in the biorefinery. 

Table V.8. Exergy analysis of biorefinery  

Section 
 Exergyin 

(J/s) 
 Exergyout 

(J/s) * 
Exergetic 

efficiency 
Dominating factors 

Gasification 183,868,027 117,568,395 64% Combustion reaction 

CHP 160,819,560 120,186,297 75% 
Combustion chamber,  

steam turbines 

Syngas cleaning 111,856,395 95,128,738 85% MEA regeneration column 

Fuel synthesis 95,840,289 86,623,954 90% Fisher-Tropsh reactor 

HDP 28,846,026 25,183,723 87% Hydro-processing reactor 

Methanol synthesis 59,971,839 45,773,300 76% Distillation columns 
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Figure V.3. Exergy input to output ratios of intermediate processes  

within the biorefinery 

 

5.7. Relation between Emergy and Exergy Analysis 

 

Exergy analysis has its origin from the thermodynamics, whereas emergy analysis 

origins from the systems ecology. Exergy and emergy analysis related to each other 

since both method considered that each kind of energy has different ability to do work. 

When a process produces a single product, the cost of the product can be simply 

obtained from the ratio between the production costs and the production rate. While in 

case where a process produces multiple products, for example CHP, heat and power are 

produced simultaneously. In this case, the cost allocates to each product should be 

proportionally related to their exergies than energy. 

Figure V.3 depicts the exergy input to output ratio which represents the exergetic 

efficiency of the process. The high value means high exergy loss occurred or the process 

has low exergetic efficiency. The result indicates that high exergy loss occurred in the 

gasification process. Meaning that the exergy efficiency was decrease when the process 

involved with thermal decomposition in the gasification section. 

Comparing with emergy, the cumulative exergy input to output was used to represent 

the exergy used along the transformation process as shown in Figure V.4. From the 
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figure, the cumulative exergy input to output ratio shows in the yellow bar. In each bar, 

all exergies from upstream processes were allocated to the downstream process.  

In emergy aspect, the UEV was presented in the blue shade background. The trends 

showed that the UEV of the upstream and downstream processes are related in the 

sequential way. The higher order of process has higher UEV because when the order of 

process is higher, the larger amount of resources are consumed and lower quantity of 

the product are generated. Therefore, the fuel synthesis has higher UEV than syngas 

cleaning, CHP and gasification, respectively. However, the different result was found 

in the HDP and methanol synthesis. Because they operate in the same sequential as the 

parallel processes. And the product from fuel synthesis was split into two streams and 

fed to HDP and methanol synthesis, respectively. According to emergy’s rule, the 

emergy will be assigned to each stream based on their energy fraction. Thus, the reason 

why UEV of the product from HDP was higher than the one from methanol synthesis 

is that it required higher emergy input to produce the products than the methanol 

synthesis. In addition, the gasification is the upstream process, thus the emergy allocated 

to this section is the lowest. The emergy increment from the upstream-process 

represents the amount of emergy input top-up to that process. The higher increment 

reflects the higher emergy input to the process.  

We can see that the resource used in term of exergy has the same trend as in emergy 

analysis. However, it is important to notice that the UEV from emergy analysis has so 

much more value than the exergy. Because emergy considers more parameters or 

broader view than exergy, one of those is human labor. The emergy analysis can indicate 

that the higher order of down-stream processes would require more materials, heat and 

manpower inputs due to the emergy covered from the up-stream products. Which makes 

emergy analysis properly accounts for the globality of the energy and resource flows 

supporting complex systems. For the exergy analysis, it is found to provide the more 

exact and insightful assessment for thermodynamic features.  After all, both exergy and 

emergy analysis are directly related to each other. The high efficient system in term of 
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exergy will reflect the lower emergy consumption leading to high self-sufficient and, 

finally, high sustainability. 

 

 

Figure V.4. Cumulative Exergy/Emergy input to output ratios of intermediate 

processes within the biorefinery 
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CHAPTER VI: CONCLUSION AND RECOMMENDATIONS 

 

In this study, emergy assessment was used as a tool for evaluating biorefinery based on 

biomass resources. According to the objectives, the works done here consist of 3 

categories; First is the emergy algorithm development, second is the implementation of 

emergy into 2 industrial systems. One is the existing waste treating processes that is 

CO2 capture and second is the proposed model of bio-based eco-industrial park. Finally, 

the result from emergy analysis will be compared with the conventional exergy analysis 

to indicate the different aspects from those two procedures. The result provided insight 

into the evaluated system in terms of efficiency and environmental impacts. The values 

indicated whether the evaluated system is optimally employed.   

In Chapter III, the computational algorithm to find the emergy distributed to each 

intermediate process inside the complex system was designed by using a simple 

algorithm, like in “Snakes and Ladders” board game. The rule is to search for the furthest 

position of possible paths stored in matrix Path; then trace back until the source is 

reached. While the paths unite, the rule no. 2 and no. 4.2 will be applied, respectively, to 

identify paths, i.e., whether splits or co-product occur. As shown by the comparison 

between emergy calculation data from the MATLAB program and Odum (Odum, 1996), 

it was found that the developed code can perform the emergy balance precisely even in 

a complex system with feedbacks, co-products and splits.  

In Chapter IV, the implementation of emergy-based sustainable decision was presented. 

The overall results revealed that the bio-based products are not a completely renewable. 

They depend mostly on non-renewable resources in both biomass cultivation and 

biorefinery stages. In the Napier grass cultivation process, the dominating emergy input 

is evapotranspiration, diesel consumption and human labor, respectively. Even though 

there was no agreement for human labor accounting methods, different assumptions 

among present emergy literatures have been made. Therefore, it is important to perform 

emergy evaluation either with or without human labor input to clarify the range of 

product UEV for the further studies.  
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The diesel fuel for biomass cultivation and transportation also dominated the ESI. 

Additionally, replacing this fossil fuel with alternative fuels cannot directly solve the 

problem. It would put the situation into a dilemma regarding the high indirect fossil fuel 

consumption behind the production process.   

In most industrial production processes, all emergy inputs other than biomass were 

considered as external resources (except for some cases for example; geothermal power 

plant, wind power plant, etc.). Those are often produced from non-renewable resources, 

which made the system to have a low EYR and to create a high burden to the 

environment. Our proposed biorefinery model, that attempts to promote the 

sustainability of the existing system, can achieve a higher efficiency in terms of 

resources utilization than the conventional production systems currently in existence. 

Nonetheless, the ESI of the whole system is still too low and requires further 

improvement. As suggested in the green engineering concept (Allenby and Richards, 

1994), besides maximizing resource efficiency, renewable resources should replace non-

renewable ones as much as possible. 

In Chapter V, the exergy analysis of the proposed biorefinery was presented. The results 

showed that the highest exergy loss occurred in the gasification section. The exergy 

input to output ratio was used to compare with the UEV from emergy analysis. The 

comparison indicated that the exergy and emergy analysis give the different tendency 

due to their differences in concepts. The exergy analysis provides an insight view in 

thermal efficiency of the processes while the emergy analysis gives the globality of the 

resource flows supporting the systems.   

 

Promises and Problems in emergy analysis 

The emergy methodology for sustainability assessment has advantages in that it can 

reveal the importance of free environmental services and resources. However, the 

limitations of emergy analysis were found. 

Due to globalization, societies utilize resources globally. For example, electricity might 

be imported from neighboring countries that is produced by wind or hydropower. 
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According to the conventional definition of ESI, only the local renewable emergy is 

counted in the renewable fraction for calculating the sustainable index. Thus, to be more 

accurate, the global renewable resources should be recognized in the ESI. This would 

provide broader perspective to the sustainability of the processes which required a large 

portion of external inputs but were partially renewable.  

However, as emergy analysis related to the behavior of self-organized systems, valuing 

ecological goods and services, using a mathematical approach to deal with such system 

is a huge challenge. Many issues have not been settled such as argued in Section 3.6 in 

this dissertation. Besides the main objectives, the author attempts to clarify many of the 

common misconceptions about emergy and inform the community of emergy 

practitioners about the aspects that need to be communicated better or improved. 

 

Suggestions and recommendations for the future work 

As the last chapter reached, there are numerous challenges that still need to be improved. 

To suggest for the future work, the ideas have been listed as follows. 

1) The improvement of the proposed biorefinery:  

The proposed model in this dissertation was simulated based on the 

conventional systems that are currently in existence. In stead of the proposed 

model, there are recent technologies that would improve the sustainability of 

the system, however, required tools to measure their feasibility in term of 

economic and environmental. Also, creating the pathways of biomass utilization 

and analyzing the sustainability of those options would be valuable for the 

sustainable development. 

2) The issues on emergy analysis: 

As we discussed a lot about the issues on emergy analysis, there is no objection 

about the importance of improving emergy analysis. The sustainability indicator 

or ESI should relate more to global renewability. And more important, the 

guidelines for emergy analysis should be corrected and clarified the actual 

meaning of emergy evaluation. 
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Appendix A  
EMERGY ALGEBRA MATLAB CODE 

MAIN MFILE: 
filename1 = 'SumM.xlsx'; 
send=500; %itelation no. 
SourceP=find(sum(M,1)==0); 
pSource = setdiff(SourceP,SubsPosition);  
nSource = numel(pSource); 
S=1*ones(1,nSource); 
for hh=1:nSource 
    Sou=S(hh); %emergy of source hh 
    Cs=pSource(hh); %source hh 
    cosplitposition 

    pathfinder 

    Pathz{hh}=Path; 
    RRz{hh}=RR; 
    TFz{hh}=tf; 
    WFz{hh}=wf; 
    Rz{hh}=R; 
    Itel=0; 
    for kk=1:nPathG 
        Arc=Pa{kk}; 
        EmCal1  

        EmWt(Arc(1),Arc(2))=EmWtX;  
        EmWtY=EmWt;  
        if sx<send 
            Itel2=1; 
        else 
            Itel2=0; 
        end 
        Itel=Itel+Itel2; 
    end 
     
    if Itel==kk 
        IsItelationDone='yes' 
    else 
        IsItelationDone='No' 
    end 
        if ISMn==1 
        EmWt(Dsou,:)=EmWt(end,:); 
        EmWt(end,:)=[]; 
        EmWt(:,end)=[]; 
    end 
     
    EmergyS{hh}=S(hh)*EmWt; 
     
end 

 for t=1:numel(EmergyS) 
    if t==1 
        EmergyFinal=EmergyS{t}; 
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    else 
        EmergyFinal=EmergyFinal+EmergyS{t}; 
    end 
end 

  
 

 

SUB-MFILE 1: 
cosplitposition.m 

Sz=size(M); 
zSqu=zeros(Sz(1)+1); 
zCol=zeros(Sz(1),1); 
zRow=zeros(1,Sz(1)+1); 
Dsou=Cs;  
nC=numel(find(M(Cs,:)>0)); 
if nC==1 
    ISMn=0; %indicates if source send to >1 sink for further Em 
flow calculations 

    Mn=M; 
else %if source send to >1 sink insert additional block to 'M' 
    ISMn=1; %indicates if source send to >1 sink for further Em 
flow calculations 

    zSqu(1:end-1,1:end-1)=M; 
    Mn = zSqu; 
    Mn(end,:)=Mn(Dsou,:); 
    Mn(Dsou,:)=0; 
    Mn(Dsou,end)=1; 
end 

P=sum(Mn,2); %sum. of each row 
PP=find(sum(Mn~=0,2)>1); %find x-axis position of non-zero elements 
(split/co-prod.) 
PN=find(sum(Mn~=0,2)<1); %find x-axis position of non-zero elements (one 
product/sinks) 
CoPx=find(P>1.01); %find x-axis position of co-products 
SpPx=setdiff(PP,CoPx); %find x-axis position of splits 
 CoPy=find(Mn(CoPx,:)>0); %find y-axis position of co-products 
 co=1; 
for cp0=1:numel(CoPx) 
    CoPy=find(Mn(CoPx(cp0),:)>0); 
    for cp1=1:numel(CoPy) 
        copro(co,1)=CoPx(cp0); 
        copro(co,2)=CoPy(cp1); 
        co=co+1; 
    end 
end 

   SpPy=find(Mn(SpPx,:)>0); %find y-axis position of splits 
 sp=1; 
for cp0=1:numel(SpPx) 
    SpPy=find(Mn(SpPx(cp0),:)>0); 
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    for cp1=1:numel(SpPy) 
        split(sp,1)=SpPx(cp0); 
        split(sp,2)=SpPy(cp1); 
        sp=sp+1; 
    end 
end 

Sz=size(Mn); 
Em=zeros(Sz(1)); 
EmWt=zeros(Sz(1)); 
W1=zeros(Sz(1)); 
W2=zeros(Sz(1)); 
PCopro=copro; %3 
PSplit=split; %10 
Py=sum(Mn,1); %sum. of each col 
SiPx=find(P==0); 
SiPy=find(Py~=0); 
PSink=intersect(SiPx,SiPy); 
nSink=numel(PSink); 
SUB-MFILE 2: 
Pathfinder.m 
 

RR=[]; 
R=[]; 
T=[]; 
Path=[]; 
nPRRz=0; 
PRRz=[]; 
 

[X,Y,v]=find(Mn>0); %find X,Y position of non-zero elements 
PathG=[X Y]; 
nPathG=numel(X); 
for ii=1:nPathG 
    Pa{ii}=[X(ii) Y(ii)]; %Pa = Arcs 
end 

%Cnew 
C=find(X==pSource(hh)); 
f=1; 
g=1; 
h=1; 
aa=0; 
Q=Pa{C}; 
RR{g,h}=Q; 
h=h+1; 
path1 

nRR=numel(RR); 
[nRRx nRRy]=size(RR); 
tf=zeros(nRRx,nRRy); 
wf=zeros(nRRx,nRRy); 
R=zeros(nRRx,nRRy); 
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u=1; 
for tt=1:nRR 
    T=isempty(RR{tt}); 
    if T==0 
        Path{u,1}=RR{tt}; 
        u=u+1; 
        tf(tt)=1; 
        wf(tt)=Mn(RR{tt}(end-1),RR{tt}(end)); 
        Rco=ismember([RR{tt}(end-1) RR{tt}(end)],PCopro,'rows'); 
        Rsp=ismember([RR{tt}(end-1) RR{tt}(end)],PSplit,'rows'); 
        R(tt)=3*Rco+10*Rsp; 
    else 
        tf(tt)=0; 
        wf(tt)=0; 
        R(tt)=0; 
    end 
end 

  
 

 

 

 

 

 

 

 

 

 

 

SUB-MFILE 3: 
Path1.m 
 

Cs=Q(end); 
Re=frepcheck(RR{g,h-1},Cs); %check repeat path 
%position of paths to sinks 
if numel(intersect(PSink,Cs))>0 
    nPRRz=nPRRz+1; 
    PRRz{nPRRz}=[g,h-1]; 
end 

if Re>0 

    g=g+1;  
else  
    C=find(X==Cs);  
    nC=numel(C); 
    if nC==0 
        g=g+1;  
    elseif nC==1 
        Q=Pa{C};  
        RR{g,h}=vertcat(RR{g,h-1},Q); 
        h=h+1; 
        path1 

    else %nC>1; co- or split 
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        aa=aa+1;  
        Qs{aa}=[g h-1];  
        nCx(aa)=nC;  
        for jj=1:nC 
            QQ{aa,jj}=Pa{C(jj)};  
        end 
        for kk=1:nC+1  
            if kk>nC 
                aa=aa-1;  
            else 
                Q=QQ{aa,kk};  
                Qss=RR{Qs{aa}(1),Qs{aa}(2)};  
                h=Qs{aa}(2)+1;  
                RR{g,h}=vertcat(Qss,Q);  
                h=h+1; 
                path1 

                nC=nCx(aa); 
            end 
        end 
    end 
end 

         
 

 

SUB-MFILE 4: 
frepcheck.m 

function Re=frepcheck(mat,Cs) 
nmat=numel(mat(:,1)); 
for ii=1:nmat 
    X(ii)=mat(ii,1); 
end 

Re=intersect(X,Cs); 
 

  
 

 

SUB-MFILE 4: 
EmCal1.m 

RRz1=RRz{hh}; 
TFz1=TFz{hh}; 
WFz1=WFz{hh}; 
Rz1=Rz{hh}; 
[nRRx nRRy]=size(RRz1); %{1} 
ttf=zeros(nRRx,nRRy); 
B=find(TFz1==1); %{1} 
[Bx By]=find(TFz1==1); %{1} 
nB=numel(B); 
  
 for ll=1:nB 
     RRend{ll}=RRz1{B(ll)}(end,:); %{1} 
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     ttf(B(ll)) = isequal(Arc,RRend{ll}); 
 end 
[BBx BBy]=find(ttf==1); 
BB=[BBx BBy]; 
nBB=numel(BBx); 
if nBB~=0 
%%%%%% 
s=1; 
st=[BBx BBy]; 
stx=BBx; 
sty=BBy; 
wfe=ones(nBB,1);  
for w=1:nBB 
    wfe(w,1)=WFz1(st(w,1),st(w,2)); 
end 

s=s+1; 
ss=1; 
ssend=send; 
while ss<ssend 

    ss=ss+1; 
m=find(stx==max(stx)); 
mm=[stx(m) sty(m)]; 
m=m(find(sty(m)==max(sty(m)))); 
mm=[stx(m) sty(m)]; 
  
if numel(m)>1 
    [ml,~,mn]=unique(mm,'rows'); 
    if max(mn)>1  
        sty(m,:)=sty(m,:)-1; 
        sA=Bx(find(By==sty(m,:))); 
        sB=stx(m,:); 
        stx(m,:)=max(sA(sB>=sA)); 
        st(m,:)=[stx(m,:) sty(m)]; 
        wfe(:,s)=wfe(:,s-1); 
        wfe(m,s)=wfe(m,s)*WFz1(st(m,1),st(m,2));  
        s=s+1; 
    elseif max(mn)==1 
        if Rz1(ml(1),ml(2)+1)==10  
            wfe(:,s)=wfe(:,s-1); 
            wfe(m(1),s)=wfe(m(1),s)+wfe(m(2),s); 
            for mo=1:numel(m)-1 
                om=numel(m)-mo+1; 
                stx(m(om))=[]; 
                sty(m(om))=[]; 
                st(m(om),:)=[]; 
                wfe(m(om),:)=[]; 
            end 
            s=s+1; 
        elseif Rz1(ml(1),ml(2)+1)==3 %'{1}' 
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            wfe(:,s)=wfe(:,s-1); 
            wfe(m(1),s)=max(wfe(m(1),s),wfe(m(2),s)); 
            wfe(m(1),s-1)=wfe(m(1),s); 
            for mo=1:numel(m)-1 
                om=numel(m)-mo+1; 
                stx(m(om))=[]; 
                sty(m(om))=[]; 
                st(m(om),:)=[]; 
                wfe(m(om),:)=[]; 
            end 
        end 
         
    end 
     
else 

    if stx+sty==2 
        sx=ss; 
        ss=ssend; 
    else 
    sty(m,:)=sty(m,:)-1; 
    sA=Bx(find(By==sty(m,:))); 
    sB=stx(m,:); 
    stx(m,:)=max(sA(sB>=sA)); 
    st(m,:)=[stx(m,:) sty(m)]; 
    wfe(:,s)=wfe(:,s-1); 
    wfe(m,s)=wfe(m,s)*WFz1(st(m,1),st(m,2));  
    s=s+1; 
    end 
end 

  
  
end 

  
EmWtX=wfe(end); 
  
else 

    EmWtX=0; 
    sx=0; 
end 
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Appendix B  
DETAILS OF EMERGY ACCOUNTING 
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Note from Table IV.5. 

*Data from Note 2 to 7 were from ASPEN PLUS simulation. 
2 Gasification process (A100)  

2.1 Reactants     

  1) Biomass 30,000 kg/h   

  2) Air  51,988 kg/h   

  Utilities     

  1) LP and MT steam from CHP  2.76×1010 J/h   

2.2 Installation materials (data from ASPEN ECONOMICS)  Cost per y

  

       Purchased Equipment 1,312,100 $/20 y  65,605 $/y 

       Piping   83,699.4 $/20 y  4,185 $/y 

       Instrumentation  371,221  $/20 y  18,561 $/y 

       Electrical   730,095  $/20 y  36,505 $/y 

       Other   1,187,745 $/20 y  59,387 $/y 

   Total    3,684,861 $/20 y  184,243 $/y 

2.3 Labor cost (data from ASPEN ECONOMICS)     

  Direct labor man-hour basis  

  Operator LV1   

        Operators per shift   2 person 

        Operating Hours per Period  8,766  

        LV1 man-hours   17,532 hrs/yr 

        Operator LV2   8,766 hrs/yr 

  Operator LV3    

   Operators per shift  1  

   Operating Hours per Period 8,766  

   LV3 man-hours   8,766 hrs/yr 

   Total    35,064 hrs/yr 

 

2.4 Indirect labor     

  Project indirect costs 1,000,104   $   

  Project lifetime        20    y   

        50,005 $/y   

2.5 Product(s)     

  1) Syngas 42,278 kg/h   

 

Note from Table IV.6. 

3 CHP process 

 3.1 Reactants  

  1) Syngas 42,278 kg/h   

  2) Air 33,488 kg/h  

  Utilities 

  1) Water (for steam production) 28,970 kg/h 

  water treated from water treating unit 19,397 kg/h 

  Makeup water (for steam production) 9,573 kg/h  

 3.2 Installation materials (data from ASPEN ECONOMICS) Cost per y 
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  Purchased Equipment 3,731,400 $/20 y 186,570 $/y 

  Piping 2,026,440 $/20 y 101,322 $/y 

  Instrumentation 356,389 $/20 y 17,819 $/y 

  Electrical 728,779 $/20 y 36,438 $/y 

  Insulation 88567.1 $/20 y 4,428 $/y
  Other 2,084,013 $/20 y 104,201 $/y
  Total  9,015,589 $/20 y 450,779 $/y 

 3.3 Labor cost (data from ASPEN ECONOMICS)    

  Direct labor man-hour basis     

  Operator LV1     

   Operators per shift 1 person 

   Operating Hours per Period 8,766  

   LV1 man-hours 8,766 hrs/yr 

  Operator LV2 8,766 hrs/yr 

  Operator LV3     

   Operators per shift 1  

   Operating Hours per Period 8,766  

   LV3 man-hours 8,766 hrs/yr 

   Total 26,298 hrs/yr  

 3.4 Indirect labor    

  Project indirect costs 7,162,090 $  

  Project lifetime 20 y  

   358,104 $/y  

 3.5 Product(s)    

  1) Electricity (total) 10,806 kW = 3.89×1010 J/h 

  Consumed by       

       Syngas cleaning process 7.86×108 J/h     

       Fuel synthesis process 3.53×109 J/h     

       Methanol synthesis 7.06×109 J/h     

  Total electricity consumption 8.29×109 J/h     

  Electricity (Net) 3.06×1010 J/h     

  2) Steam (HP steam 510 oC; 62bar) 2.65×106 J/s 

  3) Steam (MP steam 200 oC; 28bar)  7.67×106 J/s 

  4) Steam (MT steam 250 oC; 25bar) 1.35×107 J/s (all used up) 
 

 

Note from Table IV.7. 
4 Gas cleaning process 

4.1 Reactants     

 1) Copper-zinc catalyt 8 $/lb   

 Applied on first operation year and then every thee years115,000$ for 3-y replacement 

 Cost of catalyst each year = 38,333 $/y*considered as indirect labor 

 Amount of catalyst each year = 4,792 lb/y or 2,173 kg/y 

 The UEV calculation     

 UEV of Copper = 7.43×1013 sej/kg   

 UEV of Zinc = 5.46×1013 sej/kg   
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 Assume that copper-zinc catalyt UEV equal to the avg. between copper and zinc 

UEVs   

 UEV of Copper-zinc catalyst = 6.44×1013 sej/kg   

 2) Syngas (Cooled) 42,278 kg/h   

 3) Oxygen 91 kg/h   

 4) Makeup MEA 3 kg/h   

 5) MT steam from CHP 4.55×1010 J/h   

 Utilities     

 1) Cooling water 282 kg/h   

 2) Electricity from A200 8.76×108 J/h 

4.2 Installation materials (data from ASPEN ECONOMICS)  Cost per y  

      Purchased equipment 839,900 $/20 y  41,995 $/y 

      Piping 579,431 $/20 y  28,972 $/y 

      Steel 77,049 $/20 y  3,852 $/y 

      Instrumentation 746,770 $/20 y  37,338 $/y 

      Electrical 737,995 $/20 y  36,900 $/y 

      Insulation 141,706 $/20 y  7,085 $/y 

      Other 2,424,059 $/20 y  121,203 $/y 

  Total cost 5,546,910 $/20 y  277,345 $/y 

4.3 Labor cost (data from ASPEN ECONOMICS)     

 Direct labor man-hour basis     

 Operator LV1     

  Operators per shift 2 person 

  Operating Hours per Period 8,766  

  LV1 man-hours 17,532 hrs/yr 

 Operator LV2 8,766 hrs/yr 

 Operator LV3     

  Operators per shift 2  

  Operating Hours per Period 8,766  

  LV3 man-hours 17,532 hrs/yr 

  Total 43,830 hrs/yr 

4.4 Indirect labor     

  Project indirect costs 5,348,170 $   

  Project lifetime 20 y   

  Accounted for 267,408 $/y   

  Total indirect labor 305,742 $/y   

 

 

 

Note from Table IV.8. 
 

5 Fuel synthesis process 

5.1 Reactants     

 1) Cobalt catalyst 15 $/lb   

Applied on first operation year and then every thee years  

$7,687,000 for 3-y replacement  

 Cost of catalyst each year = 2,562,333 $/y *considered as indirect labor 
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 Amount of catalyst each year = 170,822lb/y or 77,484 kg/y   

 1) Syngas (Cleaned) 42,278 kg/h   

 2) MT steam from CHP 2.21×109 J/h   

 Utilities     

 1) Electricity from A200 3.53×108 J/h 

5.2 Installation materials (data from ASPEN ECONOMICS)  Cost per y  

      Purchased equipment 928,500 $/20 y 46,425 $/y 

      Piping 282,709 $/20 y 14,135 $/y 

      Steel 32,098 $/20 y 1,605 $/y 

      Instrumentation 529,939 $/20 y 26,497 $/y 

      Electrical 707,055 $/20 y 35,353 $/y 

      Insulation 53,083 $/20 y 2,654 $/y 

      Other 1,869,179 $/20 y 93,459 $/y 

 Total cost 4,402,564 $/20 y 220,128 $/y 

5.3 Labor cost (data from ASPEN ECONOMICS)     

 Direct labor man-hour basis     

 Operator LV1     

  Operators per shift 2 person 

  Operating Hours per Period 8,766  

  LV1 man-hours 17,532 hrs/yr 

 Operator LV2 8,766 hrs/yr 

 Operator LV3     

  Operators per shift 2  

  Operating Hours per Period 8,766  

  LV3 man-hours 17,532 hrs/yr 

  Total 43,830 hrs/yr    

5.4 Indirect labor     

 Project indirect costs 4,527,360 $   

 Project lifetime 20 y   

 Accounted for 226,368 $/y   

 Total indirect labor 2,788,701 $/y   

5.5 Product(s)     

 1) Hydrogen (to HDP) 92 kg/h   

 2) Liquid fuel (to HDP) 1,962 kg/h   

 3) Gas products (to methanol synthesis) 13,749 kg/h  

 

 

Note from Table IV.9. 
 

6 Hydroprocessing process (HDP) 
6.1 Reactants     

 1) Hydrogen 92 kg/h   

 2) Liquid fuel 1,962 kg/h   

6.2 Installation materials (data from ASPEN ECONOMICS)  Cost per y  

      Purchased equipment 733,000 $/20 y 36,650 $/y 

      Piping 104,301 $/20 y 5,215 $/y 

      Steel 36,290 $/20 y 1,814 $/y 
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      Instrumentation 390,707 $/20 y 19,535 $/y 

      Electrical 529,154 $/20 y 26,458 $/y 

      Insulation 53,330 $/20 y 2,666 $/y 

      Other 1,305,217 $/20 y 65,261 $/y 

 Total cost 3,151,999 $/20 y 157,600 $/y 

6.3 Labor cost (data from ASPEN ECONOMICS)     

 Direct labor man-hour basis     

 Operator LV1     

  Operators per shift 2 person 

  Operating Hours per Period 8,766  

  LV1 man-hours 17,532 hrs/yr 

 Operator LV2 8,766 hrs/yr 

 Operator LV3     

  Operators per shift 2  

  Operating Hours per Period 8,766  

  LV3 man-hours 17,532 hrs/yr 

  Total 43,830 hrs/yr   

6.4 Indirect labor     

 Project indirect costs 3,958,150 $   

 Project lifetime 20 y   

   197,908 $/y   

6.5 Product(s)     

 1) Liquid fuels (2 grades) 1,920 kg/h 

 2) Fuel gas (to A200) 134 kg/h   

 LHV of liquid fuels calculated from Aspen plus   Amount(kg/h) % 

      C5-C12 47,439 kJ/kg 1,011 53% 

      C12+ 46,956 kJ/kg 910 47% 

      average LHV 37,710 kJ/kg  

 

 

Note from Table IV.10. 
 

7 Methanol synthesis 

7.1 Reactants     

 1) Fuel gas 134 kg/h   

 2) MT steam  8.38×108 J/h   

 Utilities     

 1) Cooling water 1.67×109 kg/h  

7.2 Installation materials (data from ASPEN ECONOMICS)  Cost per y  

      Purchased equipment 7,538,100 $/20 y 376,905 $/y 

      Piping 889,865 $/20 y 44,493 $/y 

      Steel 44,244 $/20 y 2,212 $/y 

      Instrumentation 1,218,150 $/20 y 60,907 $/y 

      Electrical 867,830 $/20 y 43,391 $/y 

      Insulation 120,460 $/20 y 6,023 $/y 

      Other 4,826,443 $/20 y 241,322 $/y 

 Total cost  15,505,092 $/20 y 775,255 $/y 
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7.3 Labor cost (data from ASPEN ECONOMICS)     

 Direct labor man-hour basis     

 Operator LV1     

  Operators per shift  4 person 

  Operating Hours per Period  8,766  

  LV1 man-hours  35,064 hrs/yr 

 Operator LV2  8,766 hrs/yr 

 Operator LV3     

  Operators per shift  4  

  Operating Hours per Period  8,766  

  LV3 man-hours  35,064 hrs/yr 

   Total 78,894 hrs/yr 

7.4 Indirect labor     

 Project indirect costs 22,492,600 $   

 Project lifetime 20 y   

  1,124,630 $/y   

7.5 Product(s)     

 1) Methanol 7,603 kg/h   

     (energy content = 30.29 MJ/kg) 2.30×1011 J/h   

 

Note from Table IV.11. 
 

8 Waste water treatment process 

Calculation data refered from (Arbault et al., 2013) which was assumed that the organic 

matter from the process has the same concentration as the reference's.   

  

*Waste water produced in this study =20,418 kg ww/h = 1.79×108  kg ww/y 

assume 95% water recovered 19,397 kg treated water/h    

  Amount Units   

  

 Capacity 3.71×107 m3 

8.1 Electricity 1.91×107 kWh 3.32×1011 J/y 

8.2 Activated carbon 1.52×105 kg 733.3 kg/y 

8.3 Regenerated activated carbon 9.78×104 kg 471.8 kg/y 

8.4 Acrylic acid 6.07×103 kg 29.3 kg/y 

8.5 Al2SO4 8.79×105 kg 4,240.6 kg/y 

8.6 Cl2 gas 4.91×104 kg 236.9 kg/y 

8.7 Lime 2.63×105 kg 1,268.8 kg/y 

8.8 H3PO4, 85% 3.06×103 kg 14.8 kg/y 

8.9 Caustic soda 4.09×105 kg 1,973.2 kg/y 

8.10  H2SO4 2.43×105 kg 1,172.3 kg/y 

 Labor and services (S)  

8.11 Purchased inputs and labor 2.00×106 Euro 1.08×104 $/y 

8.12 Material transport (truck) 5.37×103 tkm 25.9  tkm/y 
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Appendix C  
SIMULATION RESULTS: PROCESS FLOW DIAGRAM 
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SIMULATION RESULTS: STREAM TABLE 
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Table C.4. (cont.) Stream table of fuelsynthesis 

 Units SYNGAS01 
W-

WATER2 

Temperature C 47 70 

Pressure bar 1 26 

Mass Flows kg/hr 13,750 3,389 

Average MW  15 18 

Mole Flows kmol/hr 943 188 

H2O kmol/hr 0 188 

CO kmol/hr 239 0 

H2 kmol/hr 535 0 

CO2 kmol/hr 73 0 

N2 kmol/hr 87 0 

CL2 kmol/hr 0 0 

CH4 kmol/hr 2 0 

C2H6 kmol/hr 2 0 

C3 kmol/hr 2 0 

C4 kmol/hr 2 0 

C5 kmol/hr 0 0 

C6 kmol/hr 0 0 

C7 kmol/hr 0 0 

C8 kmol/hr 0 0 

C9 kmol/hr 0 0 

C10 kmol/hr 0 0 
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Table C.6. (cont.) Stream table of methanol synthesis 

 Units VENT01 VENT02 W-WATER3 

Temperature C 40 51 98 

Pressure bar 107 110 1 

Mass Flows kg/hr 1,711 4,276 157 

Average MW  26 26 18 

Mole Flows kmol/hr 67 165 9 

H2O kmol/hr 0 0 8 

CO kmol/hr 9 22 0 

H2 kmol/hr 15 38 0 

CO2 kmol/hr 14 36 0 

O2 kmol/hr 0 0 0 

N2 kmol/hr 25 62 0 

AR kmol/hr 0 0 0 

CL2 kmol/hr 0 0 0 

SO2 kmol/hr 0 0 0 

SO3 kmol/hr 0 0 0 

NO2 kmol/hr 0 0 0 

H2S kmol/hr 0 0 0 

NH3 kmol/hr 0 0 0 

MEA kmol/hr 0 0 0 

METHANOL kmol/hr 0 1 0 

CH4 kmol/hr 1 2 0 

C2H6 kmol/hr 1 2 0 

C2H4 kmol/hr 0 0 0 

C2H2 kmol/hr 0 0 0 

C3 kmol/hr 1 1 0 

C4 kmol/hr 0 1 0 
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