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SYNOPSIS 

A general overview on biorefineries and cost estimation methods is presented to provide background 

knowledge needed to create software focused on comparing different biorefinery configurations. The 

software is implemented in Microsoft Excel 2003 and can account for the capital cost, operating cost 

and utility requirements of different process operations based on their operating scale. To facilitate 

consistency in estimating capital costs an equipment factored capital cost method is implemented 

based on the Guthrie method. Factors used determine the capital cost includes: 

 Purchased equipment cost 

 Materials of construction 

 Operating pressure 

 Time index factors  

The program also includes a custom search algorithm that cycles through the processes to give 

candidates, based on feasibility equations, of single product focused configurations that can be further 

customised for analysis. 

With the program’s focus on comparing alternatives hypothetical processes are created that give the 

same product but use different possessing routes and starting materials. The solver was used to 

calculate the candidate configurations and then manually configured to evaluate energy production 

from side products. The program’s functionality and purpose was then shown by altering costs to give 

results for a different techno-economic scenario. 
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Introduction 

Biorefining provides enormous opportunities from being more eco-friendly than fossil fuel sourced 

processes to being extremely versatile with both its feed materials and product ranges. A lot of effort 

and funding is currently going into research of biorefineries that have created a wide range of product 

and process configurations to consider for further development and implementation. 

 

The large variety of available options does create a problem when it comes to cost estimating and 

design and is worsened by the fact that some of the newly developed processes are unproven on an 

industrial scale. Some of the suggested feedstocks have fluctuating prices as they may depend on 

local growth rates and in some cases depend on food industry prices and demands. This complicates 

feasibility studies as different scenarios might prove more lucrative than others depending on the 

location.  

 

The project aim was to design a software package that can be used to quickly compare various 

processing routes search through a collection of available processes, starting materials and products 

to show which configurations would prove the more lucrative on a comparative scale for a given set of 

economic factors. As the information on biorefining processes might be incomplete and unproven the 

program would have to do higher level cost estimation and be able to compensate for or restrict the 

more unproven processes when selecting candidates. It should also be based on a common execution 

platform so that high cost licensing software would not be needed and allow the user to create his/her 

own processes from scratch or edit the candidate configurations.  

 

An overview of biorefining as a concept was done to get background knowledge on the kind of 

processes that would be required and the information that can easily be acquired on those processes. 

Cost estimating methods were then investigated to show what levels of estimates can realistically be 

achieved with the information on the processes at hand. Economic feasibility is also looked at as the 

program will need to have target objective functions to evaluate and compare the candidate process 

alternatives. 
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Chapter 1: Biorefining 

In this chapter a brief introduction to biorefining is given to show the diversity in available processes 

and where they currently stand in development. It also shows the type of processes involved in the 

different technologies to give an idea of how cost estimates of these processes can be approached, 

with respect to the method used and the information available on the equipment needed. It is not the 

purpose of this section to give a detailed account of the exact reactions and conversions of the 

processes as these would surely change with more development in the field 

 

According to the US Department of Energy (DOE) “a biorefinery is an overall concept of a processing 

plant where biomass feedstocks are converted and extracted into a spectrum of valuable products 

based on the petrochemical refinery” [Kamm, Gruber & Kamm, 2006: 19]. 

 

The National Renewable Energy Laboratory (NREL) defines a biorefinery as “a facility that integrates 

biomass conversion processes and equipment to produce fuels, power, and chemicals from biomass. 

The biorefinery concept is analogous to today’s petroleum refineries, which produce multiple fuels and 

products from petroleum. Industrial biorefineries have been identified as the most promising route to 

the creation of a new domestic bio-based industry” [Kamm et. al., 2006: 19]. 

 

Biorefining is the concept of processing renewable biomass feedstock into chemical products and 

energy. Unlike current commercial bioprocesses, that mainly focus on producing a single product and 

treating everything else obtained as a by-product, a biorefinery will try and use up all of the feedstock 

gaining as much use out of it as possible. The biorefinery concept is very much like a modern day 

fossil fuel refinery, producing a broad range of products while using as much of the starting material as 

it can.  

 

In 1878 a German chemist (A. Mitscherlich) fermented sugar, a waste product of the sulphite pulping 

process, and made glue from the waste liquor of a pulping plant. This shows that biorefining isn’t a 

new concept, though only recently has the term been coined [Kamm et. al., 2006: 8]. The reason so 

much attention has turned to it lately is because of increasing environmental awareness and the 

realisation that fossil fuel supplies will run out.  

 

When the word biorefining is heard the product most commonly thought of is biofuels. The largest  

current producer of bio-ethanol is Brazil, producing a total of 27,5 billion litres of bio-ethanol during the 
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2008/2009 harvests [UNICA, 2009]. The bio-ethanol is used extensively in their local industries, as a 

transport fuel and is exported around the world. Brazilian bio-ethanol investment started in 1920 and 

by 1930 government dictated the use of sugarcane. In 1974 oil import prices more than doubled and in 

1975 sugar prices fell, leading the government to start the Proalcool program at the end of 1975. 

Proalcool was the first step in their bio-ethanol success story as it further regulated sugarcane usage 

by setting quotas for bio-ethanol production from sugarcane and provided other incentives for 

sugarcane’s use as a bio-fuels feedstock. In 1979 another oil price hike had the government introduce 

tax exemptions for buyers of ethanol cars and increased their targeted bio-ethanol production to 14.38 

billion litres. In 1993 it became law to have ethanol blended into all gasoline sold in Brazil further 

promoting their bio-ethanol production. Currently the government control over sugarcane and its price 

setting established in the 1920’s has been relinquished and all associated market prices of sugar and 

bio-ethanol production is left to the makers thereof. Even so the bio-ethanol production in Brazil is still 

a profitable and sustainable one. The acceptance of ethanol as a transport fuel in Brazil has been 

extremely successful to the point where some manufacturers have made engines specifically for use 

with the ethanol blends available in Brazil. The total number of “flex-fuel” cars sold in 2008 accounted 

for 91% of all car sales in Brazil during 2008 [Martines-Filho, Burnquist & Vian, 2006]. 

 

While the use of fossil fuels creates an increase of carbon in the world’s carbon cycle (Figure 1) 

biorefining has the potential of being carbon neutral. Their products can also have direct green house 

gas emission reduction effects, as in the case of bio-ethanol where it has been shown that using 

ethanol in transport fuels reduce carbon emissions, even when used in a mixture (mixed with fossil 

fuels), by as much as 19% [Martines-Filho, 2006]. Bio-degradable bio-plastics, another potential 

product, have the obvious benefit to reduce plastic wastes. Some plants might be used to directly 

reduce CO2 emissions, as in the case of algae which use photosynthesis to turn CO2, sunlight and 

water into usable products. Current “wastes” that are rich in carbon and biomass all have the 

possibility of becoming feedstock furthering the contribution of biorefineries. 
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Figure 1 Representation of the carbon cycle 

[http://www.carbonrecycling.co.uk/assets/images/carbon_cycle.jpg, November 2010] 

 

1.1 Classification 
According to Van Ree and Annevelink [Van Ree & Annevelink, 2007] the current bio-based industries 

(maize mills, pulp- and ethanol plants) aren’t seen as complete biorefineries. Even so they are a good 

starting point for further development as they use methods for separating and processing biomass 

similar to the ones expected to be used in new biorefineries but still require more complete use of their 

feed materials and side streams. Some of these current day industries are so similar to the expected 

biorefinery concept that research has been done to upgrade them to biorefineries by adding some 

additional processes that makes further use of their side streams, for instance heat and power 

generation using the lignin by products [Marinova et. al., 2009], [Consonni, Katofsky and Larson, 

2009] . Currently one of the most advanced commercially operating biorefinery is owned and operated 
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by Borregaard in Norway [http://www.borregaard.com/eway/default.aspx, 15 December 2010]. It uses 

ligno-cellulosic feedstock (wood) to create speciality cellulose, lignin, vanillin (by modifying lignin) and 

sugars. 

 

The classification of biorefineries depends on their preferred feedstock and the main process routes 

involved. Theses classifications are as follows: 

 Two platform biorefineries 

 Ligno-cellulosic biorefineries 

 Whole crop biorefineries 

 Green biorefineries 

 Aquatic/Marine biorefineries 

 Thermo-chemical biorefineries 

 

1.1.1 Two platform biorefinery 

The “two platform” biorefinery can accommodate essentially any biomass type with high carbohydrate 

content. In this concept the feedstock is separated into a sugar platform chemical and the residues 

thereof (Figure 2). This is obtained through enzymatic-, acid- or catalytic hydrolysis to saccharify the 

biomass. 

  

The sugar side of the biorefinery has an immense range of possible products (Figure 3) with varied 

options of processes that can be used to get to those products. Screening of the products showed that 

the best candidates are high value products, as mass produced, low-value commodity products have 

too low production costs using conventional processes to compete against [Werpy & Peterson, 2004].  

 

For the syngas platform the best products (short term) are hydrogen and methanol as production of 

alcohols, aldehydes, mixed alcohols and Fischer-Tropsch products aren’t competitive with their fossil 

fuel derived counterparts at the current oil price [Werpy & Peterson, 2004]. Compared with coal, to 

create the same amount of fuel from wood would require almost 4 times the weight in wood at best, 

taking into account that natural wood is almost 50% (w/w) water and has a carbon content of around 

48% [Lamlom & Savidge 2003] while coal has 80-99%. For fermentation only 20% of oven dried wood 

is usable carbon that can be turned into ethanol fuel [Zerbe, 1991]. 
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Figure 2 Two-platform biorefinery [Kamm et. al., 2006: 32] 

 

 
Figure 3 Potential products from the sugar platform [Kamm et. al., 2006: 23] 
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1.1.2 Ligno-cellulosic feedstock biorefinery 

Ligno-cellulosic feedstock (LCF) biorefineries are good candidates for being one of the most promising 

types of biorefineries because of their favourable feedstock materials and product possibilities [Kamm 

et. al., 2006: 24]. Their feedstock can be any kind of plant based biomass from forestry and 

papermaking waste to agricultural waste like maize stover and straw. The reason for the LCF’s wide 

range of feedstock usage is that it separates the feedstock into its main components namely cellulose, 

hemi-cellulose and lignin (Figure 4). This allows for specialised reactions tailored to each of the 

components that can then produce a range of products from innovative bio-based chemicals and even 

traditional petrochemical based products (Figure 5). 

 

While the array of products that can be produced is extensive, the state of lignin processing as of 2007 

isn’t very efficient with respect to effective usage of lignin [Holladay et. al., 2007] as lignin is mostly 

used “as is” for fuel or as a binding agent in various applications. Processing of lignin could yield a lot 

of high value aromatics that could significantly boost the profitability of its use in a biorefinery but the 

techniques to do so still need considerable development.  

 

 
Figure 4 Ligno-cellulosic feedstock biorefinery [Kamm et. al., 2006: 25] 
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Figure 5 Potential products from a ligno-cellulosic feedstock biorefinery [Kamm et. al., 2006: 25] 

 

1.1.3 Whole crop biorefinery 

As the name suggests a whole crop biorefinery uses an entire harvested crop (rye, wheat or maize) 

along with all parts that would typically be seen as waste. For this reason the most common first step 

is to separate the “waste” straw (leaves, nodes, ears and chaff) from the grains (90:10 weight ratio, 

respectively) mechanically by dry milling it [Kamm et. al., 2006: 26]. Each of the components can then 

be processed in a different platform (Figure 6). 

 

The straw side can be separated in the same way as with an LCF biorefinery and processed 

accordingly. Another option for the straw is to convert it to syngas using gasification. The grain can be 

processed to products shown in Figure 7 using the processes shown in the figure. 
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Figure 6 Whole crop biorefinery overview (dry milling) [Kamm et. al., 2006: 27] 

 

 
Figure 7 Potential products from a whole crop biorefinery (dry milling) [Kamm et. al., 2006: 27] 
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An alternative to dry milling is wet milling, where the grain is swelled and pressed to release high-

value oils (Figure 8). The advantage of wet milling is that the production of the natural structures 

(starch, cellulose, oil and protein) are kept high while the resulting processes used are common 

[Kamm et. al., 2006: 28]. The products produced from wet-milling are some high-value pharmaceutical 

cosmetic chemicals (Figure 9) though the feedstock costs are quite high when compared to others. A 

major advantage is that this technology has been in use with maize as a feedstock since 1992 yielding 

primarily fuel alcohol, high fructose syrup, starch and dextrose amongst other products. 

 

 
Figure 8 Whole crop biorefinery (wet milling) [Kamm et. al., 2006: 28] 
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Figure 9 Potential products from whole crop biorefining (wet milling) [Kamm et. al., 2006: 29] 

1.1.4 Green biorefinery 

A green biorefinery uses “green” biomass (grasses, lucerne, clover and immature cereals) in a 

process called green fractionation to produce two main platforms, a press juice platform containing 

mostly liquids and a press cake platform with the remaining solids (Figure 10) [Kamm et. al., 2006: 

61]. Green fractionation is wet fractionation of green biomass and allows for the co-production of food 

and non-food products, a great benefit considering that a lot of the biomass used in various 

biorefineries could cut into their use as a food resource. The scalability of green biorefinery is also a 

big advantage, capable of processing a few tons per hour to 100 tons per hour of green biomass. 

Rapid production or preservation methods will have to be used with the primary products and the 

feedstock both of which various preservation methods have various effects on the composition of the 

materials. 
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Figure 10 Green biorefinery [Kamm et. al., 2006: 30] 

 

Numerous products can be obtained from either the press juice, also green juice, or the press cake 

(Figure 11). The press juice contains large quantities of proteins, lactic acid, vitamins, and dyes that 

can be separated out and processed further. The press cake mainly contains crude drugs, pigments 

and other organic compounds that are commonly pressed into pellets for various uses but containing 

high amounts of cellulose and lignin that can be processed further however it is not as accessible as 

that found in LCF biorefinery [Kamm et. al., 2006: 30]. 
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Figure 11 Potential products from a green biorefinery [Kamm et. al., 2006: 31] 

 

1.1.5 Aquatic/Marine biorefinery 

Aquatic/marine biorefineries (AMB) use either macro-algae (seaweeds) or micro-algae (diatoms, 

green- and golden algae as well as blue-green algae, cyanobacteria) either as a feedstock and/or for 

the processing of CO2 [Bowles, 2007]. The CO2 reduction potential of micro-algae has been known for 

some time and seaweeds have been exploited commercially with 8 Mt wet biomass being produced in 

2003 [Bowles, 2007]. Products from seaweeds include food, feed, chemicals, cosmetic- and 

pharmaceutical products mainly produced in Asian countries. On average seaweeds are more 

proficient at converting solar energy to biomass than land-based plants owing to their simpler cellular 

structure and easier access to CO2, sunlight and nutrients given the optimum conditions [Bowles, 

2007]. Algae also have the benefit of increasing a country’s biomass supply without the need to clear 

land. 
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Current uses of micro-algae are focused around supplemental and feed uses (Table 1).  Proposed 

micro-algae biorefineries fall in two main categories, in the one the algae are harvested and used as a 

biomass source (similar to what is currently done) while another option is to use modified algae that 

produce a specific product like ethanol that doesn’t need harvesting. Algae can be grown in open pond 

systems or in enclosed photobioreactors that are either transparent or use light fibres or tubes to carry 

sunlight to the algae. It has also been suggested to use heterotrophic algae, which use the carbon as 

an energy source as well as a carbon source, in conventional fermentors. On the one side open pond 

systems are very cheap while the photobioreactors require a higher capital cost, however the 

photobioreactors are much smaller, eliminate contamination and allow for precise control over 

conditions meaning better efficiencies.  

 

Production of bio-diesel from micro-algae has been investigated but it was found that competing prices 

from other bio-diesel sources were just too low (less than €1/kg) [Bowles et. al., 2007]. It has also 

been shown using the best assumed growth rates, most favourable selling prices and the most 

optimistic green house abatement that it will still be infeasible to produce only fuels from the micro-

algae though this could change with increased fossil fuel prices.  

 

Other proposed uses for aquatic biomass include electricity generation through co-firing, biomethane 

production through fermentation and liquid fuel generation through pyrolysis (bio-oil). But producing 

algae solely for these purposes would still not make it economically viable. More promise has been 

shown in its ability to capture CO2, possibly directly from the exhausts of industries and power plants, 

however screening is required for algae that can handle high CO2 saturation levels. In the same way 

algae can be used to process waste water, removing excess nutrients, xenobiotics and heavy metals. 

High-value products that can be obtained from algae include methane, iodine, algin, mannitol, 

polymers, high value oils, colourants, nanomaterials, new pharmeceuticals and cosmetics [Bowles, 

2007]. 
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Table 1 Current products of micro-algae [Bowles 2007] 

Species/group Product Application areas Prod. Facilities 
Spirulina (Arthrospira 
platensis)/ 
Cyanobacteria 

Phycocyanin, 
biomass 

Health food, 
cosmetics 

Open ponds, natural 
lakes 

Chlorella vulgaris/ 
Chlorophyta 

Biomass Health food, food 
supplement, feed 
surrogates 

Open ponds, basins, 
glass tube PBR 

Dunaliella salina/ 
Chlorophyta 

Carotenoids, 
β-carotene 

Health food, food 
supplement, feed 

Open ponds, lagoons 

Haematococcus 
pluvialis/ Chlorophyta 

Carotenoids, 
astaxanthin 

Health food, 
pharmaceuticals, 
feed additives 

Open ponds, PBR 

Odontella aurita/ 
Bacillariophyta 

Fatty acids Pharmaceuticals, 
cosmetics, baby 
food 

Open ponds 

Porphyridium 
cruentum/ 
Rhodophyta 

Polysacharides Pharmaceuticals, 
cosmetics, nutrition 

Tubular PBR 

Isochrysis galbana/ 
Chlorophyta 

Fatty acids Animal nutrition Open ponds, PBR 

Phaedactylum 
tricornutum/ 
Chlorophyta 

Lipids, fatty 
acids 

Nutrition, fuel 
production 

Open ponds, basins, 
PBR 

Lyngbya majuscule/ 
Cyanobacteria 

Immune 
modulators 

Pharmaceuticals, 
nutrition 

- 

Muriellopsis sp./ 
Chlorophyta 

Carotenoids, 
Lutein 

Health food, food 
supplement, feed 

Open ponds, PBR 

 

1.1.6 Thermo-chemical biorefinery 

A thermo-chemical biorefinery (TCB) relies on a series of different processes such as pyrolysis, 

torrefaction (a milder pyrolysis performed on biomass) and gasification to process biomass into 

different products (Figure 12). Even though all these processes work on more or less the same 

principles (elevated temperatures and pressure) each produces a different range of the products that 

can be taken off between the processes (Figure 13) in what is also called the staged catalytic 

biorefinery.  

 

An alternative option to having a TCB as a stand alone biorefinery is to incorporate it into a current 

petrochemical plant by using any biomass or biomass derived intermediates in the proposed TCB 

processes to supplement the use of petrochemical feedstock. Referred to as “green upgrading” this 

could be the first commercial use of the TCB [Van Ree & Annevelink, 2007]. 
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Figure 12 Thermo-chemical biorefinery [Van Ree & Annevelink, 2007] 

 

 
Figure 13 Staged catalytic biorefinery [Van Ree & Annevelink, 2007] 
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1.2 Processes and products 
An overview of the different categories of biorefineries with respect to the feed materials, processes 

and status is given in Table 2. Once the feedstock has been fractioned into their platform chemicals/ 

materials they are ready for further processing. The most common non mechanical types of processes 

that are used can be categorised as biochemical or thermo-chemical processes (Figure 14).  

 

The biochemical processes are a collection of processes derived from natural processes using 

enzymes, bacteria and yeasts. The possible products from biochemical processes are enormous and 

are mostly products from sugars, with the prime example being ethanol production. There are other 

high-value products as well, such as xylitol and furfural. Xylitol is a sugar alcohol made from the sugar 

xylose, which can only be found in plants, that has commercial application as a non-nutritive 

sweetener. Furfural is a sugar derived building block with a growing market where a wide range of 

new uses are being investigated [Werpy & Peterson, 2004].  

 

Thermo-chemical processes, as the name suggests, require elevated temperatures and so more 

energy. The products from these processes are very much like those obtained from petrochemical 

feed-stocks such as fuels. Thermo-chemical processes include pyrolysis (no air), gasification (partial 

air), liquefaction (no air, high pressure), Fischer-Tropsch and combustion (excess air).  

 

Table 2 Overview of biorefinery platforms [Van Ree & Annevelink, 2007] 
Concept Type of feedstock Predominant technology Phase of 

development 
Green Biorefineries(GBR) wt biomass: green grasses 

and green crops, such as 
lucerne and clover 

Pretreatment, pressing, 
fractionation, separation, 
digestion 

Pilot plant 
(and R&D) 

Whole Crop Biorefineries 
(WCBR) 

whole crop (including straw) 
cereals such as rye, wheat 
and maize 

Dry or wet milling, biochemical 
conversion 

Pilot plant 
(and Demo) 

Ligno-Cellulosic Feedstock 
Biorefineries (LCFBR) 

Lingo-cellulosic-rich biomass: 
e.g. straw, chaff, reed, 
miscanthus, wood 

Pretreatment, chemical & 
enzymatic hydrolysis, 
fermentation, separation 

R&D/Pilot 
plant (EC), 
Demo (US) 

Two Platform Concept 
Biorefineries (TPCBR) 

All types of biomass Combination of sugar platform 
(biochemical conversion) and 
syngas platform (thermo 
chemical conversion) 

Pilot plant 

Thermo Chemical 
Biorefineries (TCB 

All types of biomass Thermo-chemical conversion: 
torrefaction, pyrolysis, 
gasification, HTU, product 
separation, catalytic synthesis 

Pilot plant 
(R&D and 
Demo) 

Marine Biorefineries (MBR) Aquatic biomass: micro algae 
and macro algae (seaweed) 

Cell disruption, product 
extraction and separation 

R&D (and 
Pilot plant) 
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Figure 14 Common processes in biorefineries and their products [Demirbas, 2009] 

 

Depending on the residence time and temperature pyrolysis can produce charcoal, char, bio-oil, 

chemicals and gas. The bio oils obtained from pyrolysis are made up of a mixture of water, guaiacols, 

catecols, syringols, vanallins, furancaboxaldehydes, isoeugenol, pyrones, acetic acid, formic acid, 

other carboxylic acids, sugars and phenolics [Demirbas, 2009].  

 

Gasification is similar to pyrolysis except that some oxygen and air is added to allow for partial 

oxidation of the products (Figure 15). Apart from chemical products the gas from gasification is an 

efficient source to generate electricity from, either by producing steam or directly in a gas turbine or 

engine, the alternative being combustion of the biomass to produce steam. Synthetic gas (syngas), a 

mixture of hydrogen and carbon monoxide, is a very flexible platform chemical. Depending on the ratio 

of these and sometimes the addition of water many different hydrocarbons (liquids, gases and solids 

(waxes)) can be produced. The Fischer Tropsch process uses syngas to produce a wide range of 

products, all of which are currently produced in the petrochemical industry. 
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Figure 15 Products from the gasification processes. MHV and LHV are medium heating value and 

lower heating value ,respectively, referring to the energy content of the products [Demirbas, 2009] 

 

1.3 Biomass 
Feedstock to a biorefinery should be sustainable (renewable) meaning that unlike fossil fuels there 

shouldn’t come a time when it inevitably runs out. For this reason the prime feedstock for biorefineries 

is plant material. This biomass can be harvested or collected and then regrown, converting CO2 in the 

air into sugars, oils and other useful chemicals, thereby staying carbon “neutral”. Most of the 

suggested feed-stocks are already being used in various processes, e.g. woody biomass for pulp 

manufacture, sugarcane and maize for ethanol production and algae for their various uses. The leap 

to second and third generation biorefineries (Table 3) will be to fully utilise the non-food feedstock 

potential and fine tune the processes involved. A third-generation demonstration biorefinery has been 

commissioned but large integrated third-generation biorefineries are not expected to become 

established until 2020 [Demirbas 2010, 90]. 

 

Table 3 Classification of biorefineries based on heir generation technologies showing their 

feedstocks and products [Demirbas, 2010: 91] 

Generation Feedstocks Examples 
First-generation Sugar, Starch, vegetable oils or animal 

fats 
Bioalcohols, vegetable oil, biodiesel, 
biosyngas, biogas 

Second-generation Non-food crops, wheat straw, maize, 
wood, solid waste and energy crop 

Bioalcohols, bio-oil, bio-DMF, biohydrogen, 
bio-Fishcer-Tropsch diesel 

Third-generation Algea Vegetable oil, biodiesel 
Fourth-generation Vegetable oil, biodiesel Biogasoline 
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Apart from water, the main components of plant matter are cellulose, hemicellulose, starches, sugars, 

lignin and extractives. These components are present in all plant biomass and vary in composition 

depending on the exact plant, which is the reason for all the different types of biorefineries (Table 4).  

 

Hemicellulose (Figure 17) and cellulose (Figure 16) are sugar polymers that make up the cell walls of 

plants. Cellulose has a rigid, crystalline structure made of β bonded (1-4) glucose molecules in a 

straight chain that is extremely resistant to hydrolysis. Hemicellulose, a branched polymer, is made up 

of different sugar monomers, among them are xylose (predominantly), galactose, mannose and 

arabinose. While not as strong as cellulose, hemicellulose is easier to hydrolyse and has a wider 

range of sugars to offer. 

 

Table 4 Compositions of various plant matter. The makeup amount is generally made up of 

extractives and proteins [adapted from Demirbas 2009] 

Biomass sample Cellulose (%) Hemicellulose (%) Lignin (%) 
Apricot stone 22.4 20.8 51.4 
Beech wood 44.2 33.5 21.8 
Birchwood 40.0 25.7 15.7 
Hazelnut shell 25.2 28.2 42.1 
Legume straw 28.1 34.1 34.0 
Orchard grass 32.0 40.0 4.7 
Pine sawdust 43.8 25.2 26.4 
Rice straw 34.0 27.2 14.2 
Spruce wood 43.0 29.4 27.6 
Tea waste 31.2 22.8 40.3 
Tobacco stalk 21.3 32.9 30.2 

 

 

 
Figure 16 Cellulose structure 

 

Starch is made up of two polysaccharides, amylose (Figure 18) and amylopectin (Figure 19). Amylose 

is made of maltose and amylopectin of glucose, all linked with α-(1-4) bonds, though there are some 
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α-(1-6) bonds in the amylopectin causing branching. The hydrolysis of starch is quite easy and can be 

accomplished using proven enzymes. 

 

Lignin is a complex polymer with no set structure or pattern (Figure 20) that provides bonding between 

different layers in a plant. It is made up of various aromatics which, if they can be hydrolysed without 

being destroyed could be valuable products. The technologies required to do so are still not fully 

developed and requires considerable research before they could be used in industry. Lignin as a 

whole is currently used as a bonding agent, compressed into pellets as an energy source, or directly 

burned to provide heat and power. 

 

 
Figure 17 Hemicellulose structure 

 

 

 
Figure 18 Amylose  

 

Extractives generally make up a small part of a plant and consist of fats, waxes, resins, photosterols 

and non volatile hydrocarbons [Paperonweb]. Because they make up such a small part of the overall 

biomass they are largely ignored. 
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Figure 19 Amylopectin  

 

 
Figure 20 Lignin [Glazer & Nikaido, 1995: 340] 
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1.4 Biorefining in South Africa 
Biorefining was first investigated in South Africa as early as 1970 by the CSIR when alternate sources 

of petroleum-based fuels were of great interest (de Boer et al, 2003) but was abandoned after 1994 as 

an active area of research. With recent growing international focus on biorefining and utilization of 

biomass research in this field has seen a steady growth in South Africa.  

 

As far as biomass production goes South Africa is in a very good position to be a competitor in 

biorefining with its range of climates for diverse agriculture and its established forestry industries. In 

2005 South Africa was ranked 9th in the world for its maize (primary source of bio-ethanol production 

in the USA) production and 12th for its sugarcane (primary source of bio-ethanol in Brazil) production 

(http://www.fao.org/es/ess/top/commodity.html?lang=en&item=156&year=2005, 6th December 2010).  

 

The forestry industry in South Africa is well established since the government started a plantations 

after World War 1 and the expansion by the two leading paper manufacturers (Sappi and Mondi) 

(http://countrystudies.us/south-africa/67.htm, 6th December 2010) in 1980. Currently South Africa has 

1,2 million hectares of timber plantation producing a total of 18,5 million tons of wood used in a variety 

of industries, but primarily the production of paper and pulp, which has a lot of similarities with 

biorefining and would find adaptation to the biorefining industry fairly easy with their current operations 

in the biomass processing field. 

(http://www.forestry.co.za/uploads/File/industry_info/statistical_data/Timber%20Statistics%20Report%

202008_2009%20final.pdf, 6th December 2010).  

 

While both the agricultural and forestry industries are very good sources for biorefineries South Africa 

also has a few non-conventional sources for biomass. One of these is the “Working for Water” 

incentive, started in 2005, where alien plant material is removed to increase water flow throughout the 

country. It has been estimated that the plant material removed up to date under this incentive could 

supply the entire paper and pulp industry for a year (almost 11 million tons) and could be used as an 

alternative biomass source for biorefineries, at least until the “Working for Water” incentive comes to 

an end.  

(http://www.unep.org/training/programmes/Instructor%20Version/Part_3/readings/WfW_case.pdf , 4th 

December 2010) 

 

1.5 Considering the project 
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The overview of this chapter highlighted some important aspects for this project. Firstly there is the 

current state of biorefineries and the technologies they need. While there are a lot of options not only 

in the types of biorefineries available, that will mostly depend on the feedstocks and products required, 

but also the current state of their development. While some of the processes suggested for these 

plants are in common use, such as hydrolysis, others are still in their research phase, like the 

suggested algae plants. The project aim of being able to select different processes should therefore 

take the level of development of each process into account and be able to discern between these 

development stages.  

 

Secondly there is the information that is available on the processes. This depends a lot on the 

development process however someone with a good background in a field might be able to guess at 

the type of equipment needed for a certain process output as well as their capacities. Some of the 

processes might have similar operations, for instance gasification and torrefaction, but have different 

operating conditions that will result in different costs of the equipment as they may have different 

specifications. Unless costing information is available on each process step as a whole it would be 

better to make cost estimates on the equipment involved in each step. 

 

The product and feed costs can have a large effect on the feasibility of biorefineries, as is evident 

when considering the production of bio-fuels especially as they have to compete with fossil fuels 

whose prices are steadily increasing and can vary drastically depending on the current world 

economy. Feedstock prices as well are expected to vary as they will compete with other markets, and 

if biorefining becomes established should be expected to rise even more as there will be a greater 

demand for them. For the project this means that it will not be sufficient to assume a single price for 

products or feeds, but instead have inputs over the expected lifetime of the plant to reflect these 

possible changes. 
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Chapter 2: Process cost estimation 

This chapter gives an overview of cost estimation methods and the information required to estimate 

costs. It also serves to highlight the multitude of steps needed to get a final estimate and the time and 

effort it would take to recalculate it for multiple scenarios. As the focus of the project was not the 

gathering of factors and indexes to build a database but rather to create a program in which those 

values could be applied in a more organised and timely manner, limited examples are given of each. 

Methods of measuring feasibility of a process are also reviewed but again in a limited sense, as the 

user of the final program might look at a different set of values to determine a plant’s feasibility. 

 

Process cost estimations make up an extremely important part of design as it dictates which process 

candidates should be focused on for further investigation [Guthrie, 1969]. It is no small task and has 

become a specialisation in engineering to the point where organisations such as the Association for 

the Advancement in Cost Engineering International (AACEI) have been formed to provide guidance in 

this specific field [Dysert, 2003].  The costs associated with plant design can be significant making any 

alterations when choosing candidates for further investigation not just time consuming but costly as 

well. 

 

The two categories of cost estimations that are performed on a proposed process are capital 

investment estimates and operating costs estimates [Peters & Timmerhaus, 1991: 150]. The methods 

of estimation that can be used and their accuracy depend solely on the completeness of information 

on the process, or rather the level of detail of the design [Christensen & Dysert, 2005]. The detail of 

the design would be to what extent the designs have been completed on the process equipment, their 

layout, the groundwork needed, the buildings to be constructed, etc. 

 

2.1 Capital cost estimation 
Capital costs can be divided into the fixed capital cost and the working capital cost. The fixed capital 

cost is the complete construction cost of the plant with all its processing and handling equipment as 

well as its ground preparation and non-process structures and equipment (Figure 21). The working 

capital cost is the initial cost of resources, such as feedstock and catalyst, as well as money required 

for labour and services required to start operation of the plant. The working capital will usually be 

regained after the plant closes down and is generally around 5 to 30 percent of the fixed capital costs 

[Sinnott, 2005: 244]. 
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Figure 21 Simple representation of the fixed capital cost breakdown 

 

A complete fixed capital estimate should include [Sinnott, 2005: 244]: 

 Design and other engineering and construction supervision 

 All items of equipment and their installation 

 All piping, instrumentation and control systems 

 Buildings and structures 

 Auxiliary facilities, such as utilities, land and civil engineering work 

 

These costs can be expanded further and broken into direct and indirect costs. Direct costs are for 

materials, labour and equipment that are erected or performed on site while indirect costs are the 

“behind the scenes” costs such as design and engineering work, contractor’s fees and contingency 

allowance [Peters & Timmerhaus, 1991: 159].  Further breakdown of these costs and how they relate 

to each other is shown in Table 5. 

 

The fixed capital costs can be estimated to different degrees depending on the information and time 

available as well as the purpose of the estimate. The AACEI group the types of estimates primarily by 

their purpose (Table 6) while some other sources prefer to keep it simpler, only having 3 divisions 

[Peters & Timmerhaus, 1991: 160]: 

 Preliminary (approximate) estimate (±30%) 

Fixed Capital Cost 
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P
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 Authorisation (budgeting) estimate (±10-15%) 

 Detailed (quotation) estimate (±5-10%) 

 

Whichever classification method is used the types of estimates can loosely be fitted into one of three 

categories with respects to their methods: 

 Rapid order of magnitude estimates 

 Equipment factored estimates 

 Detailed design estimates 

 

Table 5 General breakdown of the capital investment required for a process plant with some 

expected ranges. ISBL (inside battery limits) refers to all processes and operations directly relating to 

the production process. [Douglas, 1988: 38] 

      % of FCI 
Total capital investment (TCI)  
 Fixed capital investment (FCI)  
  Direct costs 70-85% 
   Onsite (a.k.a. ISBL) 50-60% 
    Purchased equipment costs 20-40% 
    Purchased equipment installation costs 7.3-26% 
    Instrumentation and control 2.5-7% 
    Piping 3-15% 
    Electrical 2.5-9% 
   Offsite  
    Buildings 6-20% 
    Yard improvements 1.5-5% 
    Service facilities 8-35% 
    Land 1-2% 
  Indirect costs 15-30% 
   Engineering and supervision 4-21% 
   Construction expenses 4.8-22% 
   Contractor's fee 1.5-5% 
   Contingency 5-20% 
 Working capital 10-20% (TCI) 
 Start-up costs 8-10% 
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Table 6 AACEI estimation classifications. Preparation effort is a factor relative to total project 

cost, e.g. if a class 5 estimate is 0.05% of the project costs then a class 3 estimate can account for up 

to 0.5% of the costs [Dysert, 2003].  
Estimate 
class 

Project 
definition (% 
of complete) 

Purpose of 
estimate 

Estimate method Accuracy Range 
(variation in low and 
high ranges) 

Preparation effort 
(Index relative to 
project cost) 

Class 5 0-2 Screening Capacity-factored, 
parametric models 

L: -20 to -50%    
H: 30 to 100% 

1 

Class 4 1-15 Feasibility Equipment factored, 
parametric models 

L: -15 to -30%   
H: 20 to 50% 

2-4 

Class 3 10-40 Budget 
authorization or 
cost control 

Semi-detailed unit-cost 
estimation with assembly-
level line items 

L: -10 to -20%    
H: 10 to 30% 

3-10 

Class 2 30-70 Control of bid or 
tender 

Detailed unit-cost estimation 
with forced, detailed takeoff 

L: -5 to -15%    
H: 5 to 20% 

4-20 

Class 1 50-100 Check estimate, 
bid or tender 

Semi-detailed unit-cost 
estimation with detailed 
takeoff 

L: -3 to -10%    
H: 3 to 15% 

5-100 

 

1.1.7 Rapid order of magnitude estimates 

In the beginning of a design phase it is necessary to thin out the process candidates or to get a ball 

park figure of the order of magnitude for the costs of a process [Sinnott, 2005: 247]. During this stage 

it is possible that almost nothing is known about a process other than a very basic makeup of its main 

process equipment and reactions. 

 

One of the most common methods used here is the capacity scaling cost method. This type of 

estimation is based on historical data found either in company records or in publications and scales 

those costs to match the capacity of the new process or plant. The equation used looks as follows 

[Sinnott, 2005: 247]: 

 

 e

R

n
Rn Q

Q
CC 








  (1)  

Where: 

C = the cost 

Q = the capacity  

of the new (n) and reference (R) processes. 

e = an exponent, generally having a value of 0,6, that depends on the process. Values for e can be 

found in literature and other sources (e.g. Table A1) 
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The reference plant may have been built a considerable time ago and in a different country. In these 

cases there are appropriate indexes to convert it to current costs and locations. Location factors such 

as those shown in Table A2 can relate costs to or from a different location but it should be noted that 

they vary over time and if used should be as up to date as possible [Green & Perry, 1997: 9-27]. Time 

cost indexes relate costs from different time periods and are kept up to date and appear in journals 

and sometimes on certain costing websites. It should be noted that some of these indexes “reset” at 

the turn of a century (e.g. 1999-2000) meaning that they go back to the base value (usually 100, but it 

depends on the index). One such cost index is the “Chemical Engineering” plant cost index [Peters & 

Timmerhaus, 2005: 165]. Both these indexes are applied as a ratio using equation 2 [Sinnot, 2005: 

245]: 

 











R

n
Rn I

I
CC  (2)  

Where: 

C = capital cost 

I = the index  

of the new (n) and reference (R) processes. 

 

Other methods include the step counting method and using graphs. The step count method calculates 

the costs based on the process complexity by counting the amount of major process steps. A step 

count method as proposed by Bridgewater looks as follows [Sinnot, 2005: 250]: 

For plants with gas phase processes updated to 1998 

 

 615.014000NQC   (3)  

 

Where: 

C = the capital cost in pounds sterling 

N = the number of functional units 

Q = plant capacity in tonne per year  

1.1.8 Equipment factored estimates 

As the name suggests these types of estimates calculate the fixed capital costs based on the process 

equipment. To perform such an estimate the major equipment used in the process (any equipment 

with costs equal to or greater than a process pump) as well as rough estimates of their sizes or 
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workloads are needed depending on the process capacity [Dysert, 2003]. Some of these methods can 

take special materials of construction into account though it should be noted that they usually rely on 

the estimated equipment fabrication costs as if they are made of carbon steel [Green and Perry, 1997: 

9-68].  

Purchased equipment costs can be obtained from suppliers but generally are estimated when used in 

an equipment factored estimate as it is faster and can be scaled more easily [Douglas, 1988: 33]. The 

methods available to estimate these costs range from capacity factored estimates using equations 

based on variables such as in 0 to using graphical methods for specific equipment types as in Figure 

A1. It should be noted that these estimates sometimes calculate installed cost of the equipment and 

can differ drastically from the purchased or delivered cost and will create greater inaccuracies if used 

in an estimation method that adds the installation cost again [Douglas, 1988: 35]. If the equipment cost 

data is old it can be updated using cost indices such as the Marshall and Swift equipment cost index 

as in the case of the capacity factored estimates (equation 2) [Peters & Timmerhaus, 1991: 164]. 

 

The two categories of factored estimates are single-factored and multiple-factored estimates [Green & 

Perry, 1997: 9-68]. In single factored estimates the total sum of the process equipment cost is 

multiplied by a single factor to account for all direct and indirect field costs. Lang factors are single 

factor estimates that change depending on what type of process is to be built [Douglas, 1988: 251]: 

 )(LEC   (4)  

Where: 

C is the fixed capital cost 

E is total equipment cost 

L is the Lang factor: 

 For fluids process plant = 4.7 

 For mixed solids and fluids process plant = 3.6 

 For solids process plant = 3.1 

 

1.1.9 Multiple factor equipment estimates 

Multiple factored estimates expand the compounded factors of the Lang factor into its sub divisions 

and calculate each based on certain criteria. A good break up of these operations is given by the 

multiple-factored estimate method described by DR Woods (Table 7) as found in Perry’s Chemical 

Engineer’s Handbook. While not very different from the Lang factor method it does allow for some 
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customization and can give a very good indication of what range a more detailed multiple factored 

estimate will produce. 

 

Table 7 D.R. Woods factored estimate values for showing the breakdown of typical elements in 

a fixed capital cost estimate (Green & Perry, 1997: 9-70].  

Details 
Solids 

processing 
Solids-fluids 
processing 

Fluids 
processing 

Equipment, delivered (total) 1 1 1 
 Installed 0,19-0,23 0,39-0,43 0,76 
Piping 0,07-0,23 0,30-0,39 0,33 
Structural steel foundations, reinforced 
concrete 0 0 0,28 
Electrical 0,13-0,25 0,08-0,17 0,09 
Instruments 0,03-0,12 0,13 0,13 
Battery-limits building and services 0,33-0,50 0,26-0,35 0,45 
Excavation and site preparation 0,03-0,18 0,08-0,022  

Auxiliaries 0,14-0,30 0,48-0,55 
Included 
above 

 Total Physical Plant 2,37 2,97 3,04 
Field Expenses 0,10-0,12 0,35-0,43  
Engineering 0 0,35-0,43 0,41 
 Direct Plant costs 2,48 3,73 3,45 
Contractor's fees, overhead, profit 0,30-0,33 0,09-0,17 0,17 
Contingency 0,26 0,39 0,36 
 Total fixed-capital investment 3,06 4,27 3,98 

 

Multiple factor estimation methods such as those described by Peters and Timmerhause, Miller’s 

method and Guthrie’s method can give a more accurate result if used appropriately as they go into 

more detail and allow for greater configurability [Green & Perry, 1997: 9-68]. These methods take a 

closer look at the type of materials used in construction and apply a series of factors to get an 

estimate of the installed equipment cost with all its support structure, piping and instrumentation. Land 

development, buildings (both process and auxiliaries) as well as utilities are then estimated from the 

equipment costs and plant type using factors based on the installation cost of the equipment [Guthrie, 

1969]. Indirect costs can then be applied using more factors to give a complete fixed capital cost 

estimate. 

 

Miller’s method 

Equipment installation cost factors take into account materials and labour to set up and connect the 

process equipment, which can differ from one piece of equipment to the next, and forms the basis of 

an equipment factored estimate [Douglas, 1988: 33]. 
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Miller’s approach is to first calculate the average delivered equipment cost and then take that value 

through a series of factors that accounts for both materials and labour in single factors for each 

operation in the installation [Green & Perry, 1997: 9-68]. The factors used in each step of the 

installation cost estimate for Miller’s method is shown in Table A4. Miller’s method continues to 

calculate process building costs as well using more tables to give a final estimate of the direct costs. 

 

Guthrie’s method 

Guthrie on the other hand starts off by classifying each piece of equipment by its type and applies 

factors to each one individually while separating the costs of labour and materials [Guthrie, 1969]. A 

basic version of these factors is shown in Table A5 which depend on the carbon steel cost of the 

equipment and notably also includes the indirect costs associated with the piece of equipment. There 

are also costing factors to take special fabrication materials into account that can be added to the 

equipment factors shown or to relate it back to the carbon steel cost if needed (Table A6). The values 

in Table A6 are average cost values derived from the complete Guthrie method which were compiled 

from various sources and used graphical methods for most types of equipment, similar to that shown 

in Figure A1. It has been stated that because of Guthrie’s meticulous characterisation of the 

equipment installation costs it is more accurate than the Miller method [Baasel 1977:256]. Guthrie’s 

method is also a much more complete method as it does not just stop at direct costs but follows 

through to give estimates for both direct and indirect costs to give the complete fixed capital 

investment estimate [Guthrie, 1974]. 

 

In Peters and Timmerhaus [Peters & Timmerhaus, 1991] the method for estimating direct costs start 

off by calculating equipment costs using Guthrie’s method as in Table A3 and then adding installation 

costs based on ratios applied to the purchased costs [Table A7] derived from Guthrie’s findings. It then 

carries on to describe each subsection in more detail to give a better idea of what range of factors 

should be used depending on the process type and size, again from Guthrie’s method.  
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Offsite and indirect costs 

Offsite costs, sometimes called outside battery limits (OSBL), include the buildings, auxiliary facilities, 

yard improvements and land costs with all their sub categories that make up the rest of the plant’s 

infrastructure [Douglas, 1988: 38]. They are called offsite because they are separated from the main 

manufacturing area and its costs [Peters & Timmerhaus, 1991:167]. Offsite costs can vary 

considerably depending on whether it is for an expansion of an existing plant (10-100% of ISBL cost) 

[Sinnot & Towler, 2008: 300]. The main factor for the extreme variation in the offsite cost is mainly 

dependent on whether this is an expansion or a grassroots project. If a grass roots plant is to be built 

these offsite facilities do not exist at all, while for an expansion only some of them may need to be 

improved on [Sinnot & Towler, 2008: 300]. The expected offsite costs are shown in Table 8 to 16 

where it is clear to see to what extent they change when either grass roots or expansion construction 

is performed. Land cost account for around 1 to 2% of the fixed capital costs and depends on location 

[Peters & Timmerhaus, 1991: 176]. 

 

The ISBL and offsite costs together make up the direct costs of the fixed capital investment. The 

indirect costs subcategories (engineering, construction expenses, contingency and contractor’s fee) 

can be estimated from the direct costs or the fixed capital investment, either way they require the 

direct cost to be known [Peters & Timmerhaus, 1991: 175].  

 

Table 8 Building costs, including services, as a percentage of the total fixed capital cost [Peters 

& Timmerhaus, 1991: 175] 

Type of 
process plant 

New plant at 
new site 

New unit at 
existing site 

Expansion at an 
existing site 

Solid 18 1 4 
Solid-fluid 12 7 2 
Fluid 10 2-4 2 

 

Table 9 Yard improvement costs as a percentage of the total fixed capital costs [Peters & 

Timmerhaus, 1991: 176] 

Yard improvement Range (%) Typical value (%) 
Site clearing 0,4-1,2 0,8 
Roads and walks 0,2-1,2 0,6 
Railroads 0,3-0,9 0,6 
Fences 0,1-0,3 0,2 
Yard and fence lighting 0,1-0,3 0,2 
Parking areas 0,1-0,3 0,2 
Landscaping 0,1-0,2 0,1 
Other improvements 0,2-0,6 0,3 
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Construction expenses are the overhead costs of construction, such as equipment rental and 

temporary facilities and roads, which do not form part of the plant and gets removed after or during 

construction. Again this can be estimated as a percentage of the total fixed capital costs as in Table 

12 [Peters & Timmerhaus, 1991: 177]. 

 

Table 10 Service facility costs as a percentage of the total fixed capital costs [Peters & 

Timmerhaus, 1991: 177] 

Service Facility Range (%) Typical Value (%) 
Steam generation 2,6-6,0 3,0 
Steam distribution 0,2-2,0 1,0 
Water supply, cooling, and pumping 0,4-3,7 1,8 
Water treatment 0,5-2,1 1,3 
Water distribution 0,1-2,0 0,8 
Electric substation 0,9-2,6 1,3 
Electric distribution 0,4-2,1 1,0 
Gas supply and distribution 0,2-0,4 0,3 
Air compression and distribution 0,2-3,0 1,0 
Refrigeration including distribution 1,0-3,0 2,0 
Process waste disposal 0,6-2,4 1,5 
Sanitary waste disposal 0,2-0,6 0,4 
Communications 0,1-0,3 0,2 
Raw-material storage 0,3-3,2 0,5 
Finished-product storage 0,7-2,4 1,5 
Fire-protection system 0,3-1,0 0,5 
Safety installations 0,2-0,6 0,4 

 

Table 11 Engineering and supervision costs as a percentage of the total fixed capital cost [Peters 

& Timmerhaus, 1991: 178] 

Component Range (%) Typical value (%) 
Engineering 1,5-6 2,2 
Drafting 2,0-12,0 4,8 
Purchasing 0,2-0,5 0,3 
Accounting, construction and cost engineering 0,2-1,0 0,3 
Travel and living 0,1-1,0 0,3 
Reproductions and communications 0,2-0,5 0,2 
Total engineering and supervision (including 
overhead) 4,0-21,0 8,1 

 

The contractor’s fee and contingencies can be estimated either as a percentage of the fixed capital 

cost or direct costs. As a percentage of the direct costs these are 2 to 8 percent and 5 to 15 percent 

for contractor’s fee and contingencies respectively [Peters & Timmerhaus, 1991: 178]. 
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Table 12 Construction expenses as percentages of the total fixed capital cost [Peters & 

Timmerhaus, 1991: 178] 

Component Range (%) Typical value (%) 
Temporary construction and operations 1.0-3.0 1.7 
Construction tools and rental 1.0-3.0 1.5 
Home office personnel in field 0.2-2.0 0.4 
Field payroll 0.4-4.0 1.0 
Travel and living 0.1-0.8 0.3 
Taxes and insurance 1.0-2.0 1.2 
Start-up materials and labour 0.2-1.0 0.4 
Overhead 0.3-0.8 0.5 
Total construction expenses 4.2-16.6 7.0 

 

2.2 Detailed cost estimate 
This is the final and most detailed estimate that is used to set up contracts and agreements just before 

construction begins. A detailed cost estimate requires mostly complete engineering designs and plant 

layouts and takes the longest to perform of all estimation types. Unlike the factored method the 

equipment costs aren’t estimated but instead are requested from suppliers based on complete 

designs. Other direct costs are also calculated from a complete plant layout and design diagrams to 

give the most accurate results. Contractor fees, installation costs and other labour costs are calculated 

by taking into consideration even the amount of time it takes to fit each valve and lay each pipe, and 

multiplying that time with the labour charges [Baasel, 1977: 263]. This is an extremely time-consuming 

estimate and also very expensive and isn’t suited for process elimination or selection. 

 

2.3 Operating cost estimation 
Where the capital costs are once off costs to get the plant built operating costs are those required for 

the plant to stay operational. These can be broken into two categories, fixed operating costs (that are 

independent of the operating conditions) and variable operating costs (that depend on the process’s 

production rate) Sinnot & Towler, 2008: 302]. The associated operations and estimates for some are 

shown in Table 13.  

 

To make an estimate of the operating costs it would be required to know the fixed capital costs and 

also what the utility and feedstock (raw materials) requirements are for the process. The feedstock 

costs can be determined from literature or quoted from expected suppliers to give a better estimate 

[Peters & Timmerhaus, 1991: 197].  These costs can be multiplied by the feed rate and the annual 

operational hours to give an annual cost estimate. 
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Table 13 Break down of operating costs and factors for their estimates where applicable. Sub-

total C is also known as the “general expenses”  [Sinnot, 2005: 267] 

Variable costs   Typical Values 
1 Raw materials from flow-sheets 
2 Miscellaneous materials 10% of item (5) 
3 Utilities  from flow-sheet 
4 Shipping and packaging usually negligible 
  Sub-total A (1-4) 
Fixed costs   
5 Maintenance 5-10% of fixed capital 
6 Operating labour from manning estimates 
7 Laboratory costs 20-23% of item (6) 
8 Supervision 20% of item (6) 
9 Plant overheads 50% of item (6) 
10 Capital charges 10 % of fixed capital 
11 Insurance 1% of fixed capital 
12 Local taxes 2% of fixed capital 
13 Royalties 1% of fixed capital 
  Sub-Total B (5-13) 
  Direct production costs (A+B) 
14 Sales expense 

20-30% of the direct production cost 15 General overheads 
16 Research and development 
  Sub-total C (14-15) 
  Annual production cost = A + B + C  
Production cost by weight = Annual production cost ÷ Annual production rate 

 

Utility costs mainly depend on the fuel source and the location of the process plant as it will rely 

heavily on the local price of fuel and electricity [Peters & Timmerhaus: 202]. Factors such as those 

shown in Table 14 can be applied to the current fuel price to estimate the costs of utilities.  The exact 

cost of the primary energy sources (electricity, gas, fuel) can be obtained from their respective local 

company offices as it can vary greatly (for instance in 2009 the cost of electricity in South Africa was 

approximately half of the USA’s [Eskom Annual Report 2009/2010]). Utility costs usually amount to 

10%-20% of total product cost. 

 

The labour costs also require a degree of information of the process as the manning estimates are 

based on the processes used. With some knowledge of the process used in an operation it is possible 

to determine how many operators are required and from there calculate the annual number of 

man-hours needed based on the number of working days per year from data on similar processes. 

Similarly the required labour can be estimated from flow-sheets and designs. If no historical data on 

similar processes of a flow sheet is available, labour costs can be estimated from the production rate 
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of the process. The labour costs will vary depending on the location of the plant as different areas 

have different rates of pay requiring some knowledge of this for the planned plant location [Peters & 

Timmerhaus, 1991: 197]. 

 

 Supervision is the part of labour that oversees the operators and is therefore based on a percentage 

of the operating labour costs [Peters & Timmerhaus, 1991: 197]. Similarly plant overheads, that 

accounts for medical, cafeteria subsidies, holiday and pension, required for the labour force is a 

percentage of the operating labour costs [Peters & Timmerhaus, 1991: 205]. Laboratory costs account 

for the quality assurance and process monitoring costs that are performed in onsite labs and is again a 

factor based on the labour costs [Peters & Timmerhaus, 1991: 204]. 

 

Table 14 Utility price factors based on primary energy source [Douglas, 1988: 569]  

Utility Factor Price 
Fuel (oil or gas) 1 $4,00/106 Btu 
Steam   
600 psig at 750°F 1,3 $5,2/1000 lb 
Saturated steam   
600 psig 1,13 $4,52 
250 psig 0,93 $3,72 
150 psig 0,85 $3,4 
50 psig 0,7 $2,8 
15 psig 0,57 $2,28 

Electricity 1 $0,04/kwhr 
Cooling water 0,75 $0,03/1000 gal 

 

The capital charges are the incentive behind the capital investment, supplying the investors (or 

company) with a reward for the capital used. Depending on company policy and inflation this value 

could be different [Peters & Timmerhaus, 1991: 204]. 

 

2.4 Economic evaluation 
When comparing alternative processes for profitability it can be more complicated than merely looking 

for the one that makes a larger profit as factors like the net present value of money comes into play. 

There are methods to compare the return on investment as if it was an investment with interest while 

others treat it as an annual cash flow. There are simpler methods as well, for instance to simply look at 

the profits compared to the capital investment. Each has their merit and uses but also their 

disadvantages (Table 15).  
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The simplest way of looking at a plant’s profitability would be to compare its expected costs and profits 

over its life time: 

 cost  Capital -costs operating Total- costs feed Total  Sales Total  Profits   (5) 

This is extremely simple however and doesn’t reflect a plant’s true potential. Even if it does show a 

profit it doesn’t take into account, depreciation, inflation or the time value of money. 

 

Table 15 Some common evaluation methods with heir main advantages and disadvantages 

[Sinnot, 2005: 275] 
Criterion Abbreviation Units Main advantage Main shortcoming 
Investment - Currency Shows financial 

resources needed 
No indication of project 

performance 
Net future worth NFW Currency Simple. When plotted as 

cash-flow diagram, 
shows timing of 

investment 

Takes no account of the time 
value for money 

Pay-back time - Years Shows how soon 
investment will be 

recovered 

No information on later years 

Net present 
worth 

NRW Currency As for NFW but accounts 
for timing of cash flows 

Dependent on discount rate 
used 

Rate of return ROR Percentage Measures performance of 
capital 

Takes no account of timing of 
cash flows. Dependent on 

the definition of income 
(profit) and investment 

Discounted cash-
flow rate of 
return 

DCFRR Percentage Measures performance of 
capital allowing for timing 

of cash flows 

No indication of resources 
needed 

 

Depreciation is recognised by governments as a tax reduction incentive to take into account that the 

plant will have to be replaced some day and so money needs to be set aside for that occasion. This 

can vary from one country to another and even from one industry to the next, both in amount and the 

way it is calculated but will almost always exclude land costs and be based on the expected lifetime of 

the plant. The methods used to calculate the yearly depreciated value can be either a linear method or 

an exponential one that will mostly be up to the company to choose from. Other costs that can be 

recovered from the operation are working capital and a salvage value (typically 10% of the equipment 

purchase cost) [Douglas, 1988: 46]. 

  

There are several ways of looking at the returns; for instance a plant with half the lifetime but with the 

same profits as an alternative would obviously be chosen instead. Some of the simpler methods of 

evaluation are the return on investment (ROI) (equation 8) and the payback time methods (equation 

9). Both the ROI and payback time evaluations ignore the time value of money which is the change in 
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money’s worth after a certain time as it could have been invested (and inflation) but does describe the 

returns more accurately [Douglas, 1988: 55].  

 
investment capital Total
profits AnnualROI%   (6)  

 

 onDepreciati - Profits Annual
investment capital Total  mePayback ti   (7)  

 

Another way to show the worth of an investment, while taking into account the time value of money, is 

to use the discounted cash flow rate of return method (DCFRR). This method calculates the net cash 

flows at the end of each year to a present value based on an interest value so that it breaks even 

[Peters & Timmerhaus, 1991: 301]. The higher the calculated interest value, the more profitable the 

investment. To do a DCFRR requires calculating the costs and sales of each year. The net value at 

the end of each year is then multiplied by its depreciated value calculated as in equation 10 (slightly 

modified from Peters and Timmerhaus, 1991: 303) and added up over all the years and balanced to 

zero by changing the interest value. This method is generally done on spreadsheet software as it 

would otherwise be a time-consuming exercise as it is an iterative process. 

 1)1( 
 YI

NDCF  (8)  

Where 

DCF the discounted cash flow value (Rands) 

N the net cash flow (Rands) 

I the interest value (fraction) 

Y the year of the particular cash flow value 

 

Expected inflation values can also be applied to give more complex evaluations but it should be noted 

that when comparing different processes the effects of inflation cancel each other out if both are 

assumed to have the same lifespan [Douglas, 1988:49]. 

 

2.5 Considerations for the project 
Equipment factored estimates would provide a good starting point for a costing method for the project 

as it is more accurate than the rapid cost estimation methods but still fairly quick to perform as the 

main focus is on the process equipment. The overall equipment cost method used in Miller’s would not 
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suit the project well, as the aim is to have costs for the individual process steps that will be combined 

in different configurations on different sizes that will require a wide range of different costing factors 

over the size ranges. The Guthrie method on the other hand applies factors to individual process 

equipment making the factors dependent on the size of the specific equipment simplifying the 

decisions required by the user inputting the information and removing the vagueness in choosing the 

Miller factors.  

 

Applying the Guthrie methodology will also ensure that variances in costs will be kept to a minimum as 

it will require specific sizes, manufacturing materials and operating conditions of the equipment used. 

This sort of consistency will be extremely important in the project as the main goal is to compare 

alternatives. If one process is estimated in a slightly different manner or without assuming certain cost 

factors it would be meaningless to compare it to another estimate that does take all those costs into 

account. To ensure the consistent use of such a method, it will therefore be required to create a 

package that can calculate the costs of process steps based on the equipment used and their 

individual sizes, materials and expected operating conditions. This package will be used to create the 

capital cost information that will be used throughout the rest of the project. 
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Chapter 3: Program development 

This chapter deals with the development of the model and the implementation thereof into the chosen 

platform, Excel. The use of the program is explained through an example and testing is done using 

hypothetical process designs. Some of the scenario costs are changed to show how the program can 

be used to quickly review candidates in new scenarios. Further discussion involves methods for 

dealing with specific situations so that the processes can still be used in conjunction with the solver. 

 

3.1 Program objectives 
The main objective of the program is to give a quick feasibility assessment of biorefinery scenarios 

based on various techno-economic factors. These factors should include costs of feedstock and prices 

of products, as well as their availability and demand, respectively. The capital costs (capex) and 

operating costs (opex) of the processes should be easily changeable and should scale with the 

process size. Stored processes and chemicals should be kept in the program for future use and to 

serve as its own database. 

 

Apart from simply allowing different setups to be created the program should also be able to construct 

basic setups from the processes entered that prove the most feasible. The search algorithm should 

take all the variables entered into account and should scale the processes to give better feasibilities. 

Feedstock supply will also have to be taken into account as well as product demand. There should 

also be a way of compensating for new or unproven processes so that processes with different 

development levels can be compared. The candidates selected by the algorithm should serve as a 

starting point for further experimentation and evaluation and should not necessarily be the final word 

for process selection. 

 

Apart from the technical objectives the program should also be accessible without specialist software 

packages and the operation of it should be as basic as possible so that no programming knowledge 

will be required. To this end Microsoft Excel will be the target software for implementation of the 

program as most people are familiar with it and its spreadsheet layout is convenient for entering all the 

data that will be needed while allowing for easy modification. Excel also has Visual Basic functionality 

which allows for the implementation of the solver to indicate which configurations of processes would 

suit a specific scenario. 
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The target users for this program will need some knowledge of cost estimating and processes as the 

information required would be in the range of an equipment factored estimate. The reason this level of 

knowledge is chosen is because a lot of the processes involved in biorefining are modified or 

completely new processes that will typically require equipment lists to give reasonable cost estimates. 

 

The costing should also be done in a consistent manner to minimise variances in the comparisons of 

alternative setups. Apart from the main program which compares alternatives a costing tool should be 

included which will calculate installed equipment costs for a certain setup in the form of a polynomial 

expression. The equation given by the costing tool can then be used in the solver as the scaling capex 

equation for the given process. Factors for installed costs should include operating pressure, materials 

and the typical material and labour costs associated with installation. The scaling equation must also 

be compared to the added costs of the equipment pieces to show its accuracy over a selected size 

range. Equipment pieces and factors (such as time indexes) may also be added (or edited) to its 

database, in a similar way to the main program’s processes and chemicals database. 

 

3.2 Modeling 
The model has to account for different processes consuming and producing different chemicals that 

have associated capex, opex (excluding feed costs) and utility requirements. The chemicals used and 

produced will have associated market prices and limitations on the quantities that are available or can 

be produced. The total capex, opex, utility cost, feed cost and sales should be available to use in 

feasibility calculations. The plant lifetime should also be included as a variable. 

 

Model development 

As a first approach, a model was created (Crous & Greef, 2009) and briefly tested in GAMS, a general 

solving program. The main variables of the model were the flows between individual chemicals, 

relating each chemical to another as either a product or a feedstock based on how the processes used 

or created them. While this allowed for direct manipulation of the chemicals the model was flawed as it 

not only required an extra step in the program to calculate those relationships from the process-

chemical interactions, but also depended on rules that would ensure that when multi-product or -feed 

processes were used all the chemicals were created or used in the correct ratios. These rules made it 

extremely complicated to have more than one process that used or produced the same chemicals as 

another process.  
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The model used by Sahinidis and Liu in their publication [Liu & Sahinidis, 1997] was better suited as 

its main variables were the process sizes that are multiplied by a usage/production factor unique to 

each chemical for each process. This allows for multiple processes using the same chemicals without 

interfering with each other. Apart from that, their model had a similar set of variables and parameters 

as the one originally intended, as it basically had the same function, namely to estimate the feasibility 

of adding a process to an existing process plant. This new model was used and only slightly modified 

for use in the program. 

 

The model explained briefly 

In the model a process is a collection of process vessels that requires certain feed chemicals to 

produce some chemical product. These subdivisions should preferable use and create common 

industrial chemicals or mixtures that are used or created by other processes, can be purchased as a 

feed material or can be sold as a product. The process sizes are then multiplied by the interaction 

parameters for the various chemicals that have been added into the database to give a tons/hour 

value for the chemicals, either produced or consumed, depending on whether the parameter was 

positive or negative. The chemical flows are then added together, with a starting amount, to give a 

final flow rate of the chemical. At this stage there should be no negative flows, as that would mean 

there is a deficit of feed somewhere. The starting material quantities are multiplied by their costs to 

give the feed costs, the process sizes are multiplied by factors to give opex, capex and utility uses and 

excess flows (product) by sales price to give income. These values can then be used to show the 

feasibility of the current configuration of processes. The general flow of the model is shown in Figure 

22. 

 

One of the changes made to the original model was that the capex is a polynomial function, not a 

single factor to be multiplied by the process size. This nonlinearity is significant when it comes to the 

algorithm later on as non linearity is a major limiting factor when choosing a solver. The model does 

however concentrate the main variables to only process sizes that will simplify the algorithm 

considerably. 

 

Parameters 

The model parameters include minima and maxima for process sizes as well as for feed materials and 

products. The process size boundaries will depend primarily on the accuracy range of the capex 

equation, as the vessel sizes will reach a maximum at which point multiples of those vessels will be 

required. A second process can then be added that has multiple vessels, with its minimum size set to 
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its smaller counterpart’s maximum size. The starting materials maxima relate to the supply of the 

material while product maxima represent the market demand. 

 

 
Figure 22 Illustration of the basic flow of the model starting with the main input, process size and 

continuing to its final cost and sales values. While the chemical starting amount is in a way a starting 

variable it indirectly depends on the process sizes. 

 

Other parameters include the cost and utility factors of the processes as well as the expected yearly 

market values of the feed materials and products. A tech factor is also assigned to each process 

indicating the level of development still required, where a lower number (minimum zero) means it is a 

proven industry process with very little risk. This was added to compensate for newer processes in the 

algorithm so that a maximum level of uncertainty can be set. The list of parameters is as follows: 

RCCai, RCCbi  & RCCci 

These three parameters are the three capital cost factors for the second order equation 

relating process size to capital cost (fractions) 

ROCai, ROCbi  & ROCci 

i operating cost factor applied to process i’s size in the same way as the capital cost factors 

(fractions  

RECi energy coefficient relating energy requirement to process i’s size (MW.h) 

RMAi maximum size for process i (any positive number) 

RSi maximum size for process i (any positive number) 

RMIi minimum size for process i (any positive number) 

Uij feed or production rate of chemical j in process i at its standard size (tons/h) 

Process sizes 

Chemical starting 
amount 

Capex factors 

Opex factors 

Chemical interactions 
X 

Market prices 

Utility factors 

Market prices 

Capex 

Opex 

 
Utility cost 

 

Sales 

 
Feed cost 
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CSPjk market price for chemical j in year k (Rands/ton) 

CAVj maximum rate at which chemical j can be supplied to the process, used for chemicals that can 

be used as feed stocks (ton/h) 

ECFk cost of energy in year k (Rands/MW) 

RTFi the tech factor related to how developed process i is (0-10) 

CSMj indicates if chemical j is a suitable starting material (binary) 

 

Variables 

The main variable group in the model is the process sizes as all the other variables depend on it for 

their own calculations. The variables and their relation to each other are 

  
i

jijij CSAURSCR  (9)  

Where 

CRj is the excess chemical j that will be sold as a product (ton/h) 

RSi is the size of reactor I (fraction) 

CSAj is the feed rate of chemical j (tons/h) which is bound by 

 jj CAVCSA   (10)  

 

   
i

iiiiii RUCCcRSCCbRSCCaCAP 2
 (11)  

Where 

CAP is the total capital investment (Rands) 

 

  
i

ii ROCRSOPC  (12)  

Where 

OPC is the annual operating cost (excluding raw materials) (Rands/annum) 

 

  
kj

jjk CRCSCS
,

 (13)  

Where 

S is the total sales over the lifetime of the plant (Rands) 
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jk

jkj CSCCSAFC  (14)  

Where  

FC is the total feed cost over the lifetime of the plant (Rands/ton) 

 

In the solver there are three different equations used to compare setups. Each of these tests stores 

their own list of candidates that can later be recalled for further evaluation. The target equations to be 

maximised are: 

 CAPYOPCFCSMax   (15)  

This represents the total profits over the lifetime of the plant 

 

 
CAP

OPCFCS
Max


 11

 (16)  

This gives the ratio of the yearly profits to the capital costs based on the first year profits. The first year 

values are indicated with a subscript 1. 

 


i
i

i
i CSA

FC
CR
SMax  (17)  

This represents the increase in value of the feedstock to products on a mass basis 

 

3.3 Solver 
The solver is there to find good starting configurations for further investigations based on the 

processes and products that have been entered into it. It does not use usual optimisation procedures, 

like those found in GAMS and Lindo (two optimisation software packages) that rely on mathematical 

optimisation techniques, but instead use a custom algorithm to find complete process setups based on 

single products. By complete it is implied that all feed requirements are satisfied for the processes. 

This requires that all materials marked as negatives in the Uij that are used must either be a starting 

material or be produced by another process. 

 

Using the Excel solver isn’t an option as the process is very non linear with the polynomial capex 

equations. Along a process route the feasibility might drop drastically as saleable product is turned 

into an intermediate chemical that has no market value but the step thereafter might turn that 

intermediate chemical into a highly profitable product again. Linear solving methods, like the default 
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solver in Excel will not continue searching after the intermediate product but instead step back to the 

previous saleable product. The Excel solver also only gives a single answer ignoring alternate 

possibilities. 

The solver would have to look at all the possible products and build all possible routes to them to give 

any real usable candidates. It doesn’t need to be complex though as it is a fairly simple system. Only 

some processes can be linked to others as one produces a chemical the other consumes. The 

processes that are chosen are thus limited to the then current feed requirements and products at any 

given point during the algorithm. This concept formed the basis of the algorithm instead of using a 

mathematical optimisation approach.  

 

Basic algorithm steps 

The algorithm starts off by picking a starting material, being the first chemical in the list with a CSMj 

value of 1 (Figure 23). It would then pick the first process it finds that consumes that starting material 

and continue building the process route on that. Once all process possibilities have been exhausted it 

will pick the next process that uses the starting material and repeat the process until there are no more 

processes that use the current starting material. Once a starting material’s options are exhausted it 

would move on to the following chemical listed as a starting material and repeat the whole process. 

When building the process route the same logic is followed as with the starting material except instead 

of cycling through starting materials currently produced chemicals are chosen instead. Each addition 

in the route is handled in a new “loop” ensuring that each possible product and process is considered 

as the next step (Figure 24). There are however limitations put in place that any process or product 

already in the route cannot be used again. 

 

After each addition, the algorithm checks to ensure that all required feed materials to each process are 

supplied (Figure 25). If they are all satisfied the process is considered “complete” and after making 

sure it has not already been added to the candidates list the scaling equations are performed. The 

scaling equations calculate the relations of all the processes to each other based on their production 

and consumption rates and determine what the maximum allowable sizes, are based on the maximum 

starting material feed rates and the maximum process sizes. It then applies the maximum allowable 

sizes to each and determines all the other process variables accordingly. The maximum allowable size 

is assumed the most feasible because of the economy of scale. 
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After determination of the economic variables, three feasibility equations are used to find possible 

candidates. These candidates are then stored in a list that can later be recalled for further 

investigation. 

 

 
Figure 23 The starting loop for the process which sets the first chemicals and processes the 

solver will build upon 

 

 
Figure 24 The building loop which adds processes and chemicals to the main process route 
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Figure 25 The final loop which checks all feed requirements of the process and calculates 

process size relations 

 

For a more detailed programming-oriented explanation refer to Appendix 2. 

 

3.4 Costing tool 
The comparisons made between different process configurations will only be as good as the costing 

data it is based on. Apart from the accuracy of the costing equations used they may also be costing 
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information to different methods, for instance only purchased or installed equipment cost, direct costs, 

fixed cost or total investment cost. If any of the processes have costing estimated to a different level 

than the others it will be compared to, then any configuration with that process in it will give an 

inaccurate comparison against another. Consistency will therefore play a significant role in this 

program, as in any feasibility comparison between processes. 

 

The first step to follow for this program in creating a costing method would be to consider at what 

stage it will be used. Detailed cost estimate data is obviously out of the question as finding the scaling 

cost factors for process vessels to that degree would be immensely time-consuming and is performed 

after alternatives have been reduced considerably. The program is intended to be used as a tool to 

facilitate screening and elimination of alternative setups which would make it a class 4 or class 5 

estimate according to the AACEI (Table 6). That, together with the scaling equipment costs required 

for this program makes an equipment-factored estimate the ideal method for the costing tool.  

 

For an equipment-factored estimate the major process equipment as well as their sizes, materials and 

general operating conditions are required. Installed costs are then applied to give the installed 

equipment cost after which more factors can be applied to calculate the direct, indirect and total fixed 

costs. Looking at the costs after the total installed cost (on Table 5) there are 3 major categories that 

would need to be factored in to give a fixed cost estimate: offsite costs, indirect costs and working 

capital. The factors that will be applied to account for indirect costs and working capital can safely be 

assumed similar for all the processes, as they have more to do with contractors and labour costs than 

the individual process. The offsite costs on the other hand contain costs specific to the process, 

especially buildings and service facilities. The factor needed for the buildings can be assumed a direct 

linear factor that, depending on the percentage of the process vessels requiring buildings, it can be 

between 6-20%, regardless of whether the other processes in a configuration will need buildings or 

not, which can be accounted for with an “overall factor” in the costing tool. The service facilities will not 

be so simple. Service facilities’ costs scale non-linearly in the same way as process vessel sizes: the 

bigger their capacities (or service load, be it steam or electricity) the cheaper they become. This 

means that the factor applied to the costs overall to account for these facilities will depend on the total 

consumption or usage of those particular facilities. The costing tool can therefore not assign a factor 

for it as it will have to be handled by the main program instead, taking the entire configuration’s utilities 

into account. This can be accomplished by creating a separate process that would represent the 

auxiliaries and scale them to the total utility need which also allows for evaluation of onsite solids to 

power and steam generation. 
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Built-in Excel functions are used to generate the cost equation from the costs generated over the 

process range specified by the user. Equipment is assumed to scale linearly with the process size, as 

is the production chemical usage/production rate in the main program. The accuracy of the cost 

equation can be checked against the values that are generated over the range in the same graph that 

shows the cost equation (which will later be shown using an example).  

 

Costing tool formula 

The basic formula used by the costing tool is shown in Equation 20. The equipment purchased cost is 

scaled according to the set process size, which can be any positive real number. The purchased cost 

formulas for individual equipment pieces are stored in a list that can easily be edited by a user but 

should adhere to the basic scaling equation, as in Equation 2. All the factors applied to the purchased 

equipment cost can also be edited in a similar way but Equation 20 should be kept in mind so that 

values like 1,6 instead of 0,6 are used as they are to be multiplied with the purchased equipment cost.  

    )1( ffff IMPPCTTC  (18)  

Where 

TC is the total cost (Rands) 

Tf is the time index factor (using Marshall and Swift) 

PC is the purchased equipment cost (same format as in equation 2, included values from Green & 

Perry 1997) (Rands) 

Pf is a pressure factor (included values based on the vessel factors found in Guthrie 1974) 

(fraction) 

Mf is the materials factor, per equipment type (included values from Green & Perry 1997) 

(fraction) 

If is the installation factors, per equipment type (included values from Green & Perry 1997) 

(fraction) 

 

3.5 Example of data input and program use 
Before getting started on using the program it should be understood that the costing tool is a separate 

workbook from the main program. The solver program is there to create the capex expression used in 

the main program and does not interact dynamically with the main program. 
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To show the layout and how the program would be used, an example process will be added into the 

program. For this an example process will be assumed with the details shown in Table 16. 

 

Table 16 The specifics for an example process to show how the input works and the layout of the 

program looks 

Equipment Amount Size Material 
Storage tank 2 50m³ CS 
Jacketed Reactor 2 5m³ SS304 
Centrifuge 3 5m² CS 
Pump 3 20kW SS304 
     
Feed Quantity 
Woodchip 1 ton/h 
     
Product Quantity 
Cellulose sludge 0,4 ton/h 
Lignin sludge 0,4 ton/h 
     
Utilities Quantity 
Electricity 120 kw 
Steam (sat) 2 ton/h 
Labour R100000/year 

 

Costing Tool 

The first step is to obtain the process’s capex equation from the costing tool. Upon opening the page it 

would be advised to enable macros as that will allow the use of the reset function. The process 

equipment pieces are added using the drop down menus where available (Figure 26).  

 

 
Figure 26 The main page of the costing tool with the example process equipment selected and 

configured, showing one of the equipment selection drop-down menus open. 
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After an equipment piece is selected the standard size of the equipment must be assigned. The 

equipment standard sizes must all be in the correct relation to each other, i.e. if a the source data 

states that for a given process a 2m2 centrifuge is used with a 10m3 vertical vessel, those would be 

their respective standard sizes. Care should be taken that the equipment sizes do not overshoot 

minima or maxima, as shown in the column next to the sizes. If the sizes are not in range of the 

desired value or the specific equipment piece is not available then it can be added to the available 

equipment list if the cost scaling information is available.  

 

If an equipment piece were to be added to the list, then the sheet called “Items” would be opened and 

its name added to the list (Figure 27). The purchased cost scaling information will then be added in 

their appropriate columns as well as a short comment on its specifications. Note that the cost should 

be in 1000’s US$ at a Marshall and Swift index of 1000. The conversions to the preferred currency 

and correct time index are handled on the main page. 

 

 
Figure 27 The equipment costing page showing some of the processes already in the costing tool 

(from Green & Perry 1997). 

 

After selecting an equipment piece and selecting its standard size the materials, installation factors 

would have to be chosen from the drop down lists. These factors are all stored in the “Indexes” page 

and can be edited from there (Figure 28). The material factors are dependent on the type of 

equipment used. Material factors starting with “HE-“ are for heat exchangers and “P-“ for pumps. For 
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any other equipment pieces, or carbon steer on any equipment piece, the other values can be used. 

The installation factors are listed per equipment piece while the operating pressure factor is the 

absolute operating pressure of the vessel.  

 

 

Figure 28 The factors worksheet where the factors may be edited and new ones added. 

 

After selecting the appropriate factors the number of that specific equipment piece used in the process 

can be set in the “Number of” column. Once all the factors have been added correctly the 

manufacturing cost of a single piece of equipment will be shown under the “Manufacturing Cost” 

column and the total costs, including multiples and installation, will be shown under “Total Cost”. 

 

The next step is to assign the sizes to the overall process. The standard equipment sizes will be the 

ones used at the standard size of the processes, and will be scaled linearly to the minimum and 

maximums to calculated the capex expression. Care should be taken that the process boundary sizes 

will not cause the equipment sizes to overshoot their boundaries. After assigning the process sizes the 

year the process is being designed for should be applied, as this will change the costs to suit the 

matching Marshall and Swift factor. These factors can also be found in the “Indices” page. The overall 

factor is a final multiplier applied to the cost that can account for offsite and indirect costs. This value is 

entirely up to the user as this will be process and location specific. The final input required is the 

currency that will be used. These use exchange rates and would require reasonably constant 

updating, especially when there is a shift in exchange rates. 

 

Once all the desired inputs have been made the cost equation can be checked for accuracy and used 

in the main program (Figure 29). The equation and graph updates continually with all changes made 

and no input is required to have it take any inputs into account. If however the user’s Excel is set up to 

not auto-update on any changes F9 (function key 9) can be pressed and Excel will update all fields. 
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Figure 29 The equation figure from the costing tool. In this case the expected values and equation 

values matched perfectly (R²=1) 

Main program 

The main program is entirely reliant on macros and so requires the user to enable macros when using 

it. Upon opening the program the user is shown the main menu for the program from where it can be 

seen which pages need to be updated, as some of the later pages need data from the previous ones 

(Figure 30). The sequence of pages shown in this starting page should be updated in the same 

manner as breaking this sequence could result in errors, especially when creating the pages for the 

first time. Apart from the starting page there are five other pages: Chemicals, Processes, Interactions, 

Costing and Specs, and Setups. From here, if all the pages have been saved the solver can be 

initiated and its values will be stored and later recalled in the Setups page. The pages are generated 

automatically and require no configuration or editing, other than the required inputs. 

 

The “Chemicals” input page (Figure 31) is a simple page containing the chemical names, maxima 

(either availability or market demand) and to identify each as a starting material.  There should be no 

blanks between names as this will cause any chemicals after the blank name to be ignored. There 

should also be no multiples of a name as this might cause incorrect spreadsheet layouts and 

confusion. The names will be automatically sorted alphabetically once the later pages are updated. At 

the moment the Minimum flow rates for materials aren’t enforced during candidate selection and do 

not require a value, but the maxima are. If a starting material isn’t assigned a maximum it will not be 

considered during the solver’s candidate selection. If the “Starting material” field of a material is left 

empty it will be assumed that it isn’t a starting material so there is no need to fill the field for any non 

starting materials. 
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Figure 30 The starting page of the main program showing the chemicals and processes inputs 

complete and the others incomplete. 

 

 
Figure 31 The chemicals input page with the example process data added in. The woodchip is 

assumed a starting material with a maximum supply rate of 10 tons/hour. 

 

On the “Process” sheet the main parameters of the processes are added in appropriate columns 

together with a name for each process (Figure 32). As with the chemicals there should be no blanks 

between names and no multiples of a name. The first columns are for the size ranges which should be 

the same ones used in the costing tool, as the capex equation uses these values as the input.  

Thereafter follows the cost factors for opex and capex which are entered in a form (Figure 33) that will 

automatically pop-up once those columns are selected. The opex factor values should exclude energy 

cost and feed materials as they are calculated separately. A linear factor for energy use is included 
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instead that corresponds to the MW.h at the standard size entered for the process as does the steam 

requirement (in tons/hour). The “Tech factor” is to limit what processes the solver would look at and is 

intended to be used to give an indication of process’s current state of development. The higher the 

Tec factor the more development is required. 

 

 
Figure 32 The processes input page with the example process added in. The capex equation was 

obtained from the costing tool and is added into a popup form when the capex cell is clicked (Figure 

33) 

 

 
Figure 33 The pop up form to input the capex cost equation which appears whenever the capex 

cell of a process is clicked on 

The “Costing & Specs” page contains all the costs for the different chemicals and utility cost on a 

yearly basis (Figure 34). The expected operating time in years may also be set here as well as an 

interest rate as a percentage. This will change the final values in the final output page, not the solver 

as the solver ignores the effects of interest as it will cancel out during a comparison of processes. 

 

The final input page is the interactions table (Figure 35). The values entered here represent the 

processes consumption or production of chemicals on a tons/hour rate at the associated process’s 

standard size (as assigned in the “Processes” page) that will be scaled linearly with changes to the 

process size. 

 

The last page in the main program is not an input page but instead the output and calculations page 

(Figure 36). When the search algorithm has been used its stored values can be recalled here and 

edited or new configurations can be made from the start.  The editable values are the starting values 

of chemicals and the sizes of the processes with the outputs being the total costs of the individual 
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processes and starting materials as well as the profits from sales over the total lifespan of the plant 

(selected in the “Prices” page). The chemicals costs and profits will be the net present values over the 

plant lifespan with interest taken into account. 

 

 
Figure 34 The process page with the example chemicals added with assumed prices. The Values 

below each column represent the total cost over the lifetime of the plant per ton with and without 

interest applied which are used in the solver and output page. 

 

 
Figure 35 The chemical interactions page with the production and feed rates of the example 

process at its standard size already inserted. 
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Figure 36 The output page for the main program with the example process and all its costs and 

variables in place after only selecting the size, which was the minimum in this case. From the drop 

down box in the top left hand corner candidates from the algorithm can be loaded for analysis and 

editing. 

3.6 Suggested methods for advanced use 
Some configurations of processes could seem difficult to implement in the program though by applying 

certain techniques they can be accounted for in the costing page as well as handled in the solver.  

 

One such situation might arise when multiple materials, specifically starting materials, are converted to 

a single chemical type and then processed further, something which can happen quite frequently in 

biorefining as some of the starting materials have similar properties. The first method that can be used 

is to define a starting material type that will contain a mixture of those starting materials and create a 

process that converts it. This has the advantage that the cost of the material can be chosen 

beforehand to be of the optimum mixture but the maximum of such a material would have to take into 

account the maximum of the most limiting component. The second method that could be used is to 

define a process for each material that converts it to another placeholder material. A single process 

can then be created to process the placeholder material to the next intermediate or product. The 

processes assigned to each starting material can be customized to give a specific amount of the 

placeholder chemical based on its properties though it will only be able to account for a single 

component, for instance cellulose content. These two options do not take full advantage of the solver 

though as the solver will select the single most feasible starting material out of the selection. The third 

alternative is to create a single process that requires multiple feedstock materials in a specific ratio. 

This option has the advantage that it can be used with the solver and can take all the chemical 
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components into account as the products from this process will depend on the ratios of feedstock 

materials. It does however mean that more effort is required on the user side when creating the 

process to calculate the ratios of feeds and products. 

 

Another special case that may arise is the steam requirements of a setup. Instead of simply 

accounting for it with an increased energy requirement it can be kept separate with the supplied 

column in the processes sheet. This allows for later evaluation to decide if it would be better to 

generate the steam from waste materials in special boilers or to generate the steam from conventional 

fuels. At the moment the solver does not look at steam though it could be implemented during the final 

function once all the processes have been sized. Alternately steam use could be related to an energy 

use and added to the process’ energy requirements. 

 

3.7 Testing and discussion 
The software created as well as the model implemented had the main focus on comparing different 

process alternatives to make selections of different configurations based on economic scenarios. 

Ideally, testing would involve comparing two implemented processes to each other and see if the 

software would find the same comparisons. This information is unfortunately hard to find as private 

companies are understandably unwilling to part with such details. For this reason the testing of the 

software was limited to comparing hypothetical examples to each other. 

 

The examples were structured so that they would ultimately create the same products but used 

different routes and/or starting materials. The basic flow of the examples is shown in Figure 37 with 

the individual process steps indicated as A to E. These processes, their alternatives and costs (capital 

costs calculated in the costing tool) are shown in more detail in Appendix 3.  

 

The prices of the feed chemicals (woodchip and sugarcane), main product (ethanol) and energy were 

assumed to be the values in Table 17. They were increased on a yearly basis by 10% on the previous 

years while assuming an interest rate of 10%. Working days per year was fixed at 330. 

 

The data was then entered into the software created and the feasibility of the different configurations 

was evaluated to see if comparisons could be made between the processes. The main values 

investigated were for the total returns over the lifetime of the process, which was assumed to be 15 

years. The starting material and chemical costs used were roughly estimated from their current real 
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world costs, as was the energy costs. These costs were assumed to increase at a constant rate of 

10% while a constant inflation value of 8% was chosen, both chosen arbitrarily. 

 

 
Figure 37 The example processes with their corresponding products and feeds 

 

Table 17 1st year values of the starting materials, energy and ethanol product (*wet weights) 

Energy cost (Rand/MW.h) Ethanol (R/ton) Sugarcane (R/ton) Woodchips (R/ton) 
0.1 4000 200* 250* 

 

There were only two candidate results obtained from the solver as shown in Table 18. These results 

were then further investigated to give the values shown in Table 19 by taking the energy production 

into account, as the solver does not investigate further uses of side products (in this case the energy 

generation).  

 

Table 18 Results obtained from the solver 

1st Candidate   
Process Size 
D1 1,81 
E 2 
Total Return 504m Rand 
2nd Candidate   
Process Size 
A1 2 
C 1,6 
E 1,44 
Total Return 552m Rand 
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Table 19 Results after applying the energy production processes 

1st Candidate   
Process Size 
D1 1,81 
E 2 
B2 1,09 
Total Return 805m Rand 
2nd Candidate   
Process Size 
A1 2 
C 1,6 
E 1,44 
B1 1,6 
Total Return 560m Rand 

 

Because of the large capital investment required for the energy production facilities the cost of 

implementing them does have a significant effect on the profit over the process lifetime. To see what 

changes of certain economic factors would bring about the user would simply have to change the 

desired inputs in the appropriate pages and the changes to the current candidates can be viewed or 

new ones can be calculated. 

 

For instance, decreasing the capital cost of the energy generation facilities by a factor of 10 (easily 

done through the Capex form by setting the divider to 10) and an increase of energy cost to 1 R/MW.h 

yields better results for the second candidate, especially when adding the energy generation facilities. 

These changes could have been due to new technology and rising energy costs. Whatever the 

changes may have been the evaluation of the new circumstances were quick and easy to apply and 

equally convenient to evaluate. 

 

This sort of usability is exactly the kind of use the software was created for and as shown in this 

example is capable of performing its function very well. Once the information has been entered it can 

be manipulated in any way the user desires to show the comparisons between candidates for different 

economic scenarios while allowing the user to create processes configurations from scratch or using 

the solver to find good starting configurations for further investigation. 

 

Solver 

The solver was tested using fictional data amounting to 86 chemicals (of which there were 14 starting 

materials) and 68 processes and was able to complete the algorithm in less than 10 seconds on a 

simple dual core laptop with 4GB of RAM. The test candidates were verified by setting up the 
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proposed processes in the “Setups” worksheet and comparing the results to the computed values of 

the solver. Changing the selection in chemicals to which chemicals could be used as starting materials 

had the greatest impact on the computation time of the algorithm as it increased the amount of time 

the “Main” loop would stop at a chemical and look for process routes. 

 

At the end of this project the solver calculates process sizes so that there are no feed deficiencies in 

any of the processes used. It does not however look at multiple product routes, nor does it look for 

alternatives in energy or steam production from side products. A starting point for this development 

would be to implement a new module in between the “Gamma” and “Beta” functions (refer to Appendix 

2) as the “Gamma” function checks to make sure the current process does meet all feed requirements. 

It will however need to be run again as adding another product route might create more feedstock 

requirements in the process. This will however slow down the algorithm considerably as multiple 

feedstocks can give the same process tree, as is currently found, that the process will be repeated for. 

A method for determining which feedstocks have been accounted for should be implemented as well, 

which will stop the search for further process routes if it is taken into account during the “Gamma” 

function 

 

As for the energy and steam generation it would not only have to look at alternatives to creating this 

from side products, but also compare the costs of generating them from fuels and in the case of 

energy, purchasing it from the local supplier. This should also be introduced only after the “Gamma” 

function, as these calculations will take all side products into account. It will also require a new field in 

the chemicals worksheet that identifies them for possible energy generation uses, similarly to the 

current feedstock identifier. Two methods are suggested for this: 

 The first will be to then add another column to the chemicals worksheet with energy content for the 

desired fuel alternatives. This will allow for a single process assigned to steam and another to 

energy generation. This method won’t however take into account differences in densities, 

compositions and realistic feed rates.  

 The alternative is to assign a conversion process to each with a placeholder fuel. These options 

are similar to the options when multiple chemicals are to be used in the same process, but not 

necessarily together.  

The third option used in that case cannot be applied here, as the chances that all the fuel alternative 

chemicals will always be present is almost never guaranteed. The previous options can be 

implemented in the solver for this case though as all of the fuel alternative materials can be lumped 
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together using the first proposed method to give a total available energy content to be distributed for 

steam and energy use. 

 

The current process scaling in the solver relies on the cost of scale concept, where processes are 

increased to their maximum allowed sizes as the capex per product produced will be lower at this 

state. It might be that a case arises where this sort of sizing will prove unfeasible, especially in 

short-lived operations. Further numerical methods could be used to prevent this and could lead to 

different sized operations for different tests, giving a more accurate result for each one, though it might 

occur that a differently scaled setup will prove excellent for a payback time though be absolutely 

dismal when it comes to total return on investment. If scaling is thus applied it would be suggested to 

change the scaling to a time-independent test, for instance the total return on investment. 

 

The solver also does not take into account mixed chemicals to a process and although workarounds 

have been discussed and it might seem advantageous to implement a search method to weigh up 

different chemical mixtures to such a process certain problems with such an operation should be taken 

into account. Firstly those processes would have to be designated as such a multi-feed capable 

process, which is quite simple. Secondly the “Gamma” function would have to be modified to store 

backwards branches quite differently the moment such a process is encountered, as currently the 

processes are stringed together as linearly as possible, not taking into account where there are 

possible multiple processes that can produce the same chemical. Once such a junction is found the 

whole backwards branching leading up to that point would have to be scaled and changed until the 

optimum number of such processes can be found. When looking a the scaling costs in chapter 3 

though it is clear that in general when a process is smaller, it will cost more when compared to its 

output. If multiple branches leading to the same chemical are considered, it would thus turn out more 

expensive than using a single route up to that chemical. The only place it would therefore be useful is 

when multiple starting materials are mixed together to be used in a single process, for which 3 

solutions have already been proposed. Adding such a complicated solver would therefore reveal little 

benefit while adding a lot of processor time every time it is used. 
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Chapter 4: Conclusions 

Biorefining was reviewed with emphasis on the wide variety of processes and technologies currently 

under investigation while hinting at the development still needed to make it commonplace and 

economically feasible. The wide variety of feedstock options and possible processes adds to the 

already complicated task of choosing a biorefinery configuration highlighting the need for a method of 

quick evaluation of such configurations for different economic scenarios. 

 

Costing methods were then reviewed while concentrating on the equipment factored method as it 

allows for customization of individual processes based on their process equipment and can cope with 

change in scale, something the program in mind would have to take into account. The main factors 

involved in an equipment-factor method are noted to later be used in the costing tool as well as the 

feasibility evaluation methods and their equations. Guthrie’s equipment-factored method is chosen as 

a starting point for the program as it allows for greater customizability when it comes to individual 

process configurations. 

 

The program is then designed in two parts, a costing tool, which can be used to create the capex 

equation that scales with the process size, and the main costing workbook with a built-in solver to 

search for the most feasible candidates based on the stored information. Methods are proposed for 

dealing with specific situations such as multiple feedstocks leading to a common base material. The 

model used and the method the solver uses to search for candidates are explained briefly but further 

detail is given in Appendix 2 in case editing of the solver is required. 

 

As was shown, the program is capable of performing its intended task, of comparing alternative 

process configurations and investigating changes in both a technological and economic sense. The 

solver was also used and provided good starting configurations for the example processes used. 

 

For the solver the most significant improvements that can be made is in steam and energy generation 

from side materials and implementing multiple product route searches. Otherwise it performed very 

well solving large process (68) and chemical (85) problems within a short time (10 seconds). This 

particular problem setup of chemicals and processes is supplied on the accompanying CD-ROM for 

scrutiny. 
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Overall the project was a success as an incremental step towards creating a software package for use 

with feasibility investigations that can scale process sizes and allows for quick and easy changes to 

economic factors. It also requires a very small investment as it only needs Microsoft Excel to operate, 

which is a very accessible program that a lot of people are accustomed to using, meeting the initial 

requirements of the project. The program was also designed in a modular as possible a fashion to 

make any further improvements as easy as possible. 
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Appendix 1: Costing tables 

Table A1 Exponent values for capacity factored processes estimations [Dysert, 2005] 

Product Factor 
Acrolynitrile 0,60 
Butadiene 0,68 
Chlorine 0,45 
Ethanol 0,73 
Ethylene oxide 0,78 
Hydrochloric 
acid 0,68 
Hydrogen 
peroxide 0,75 
Methanol 0,60 
Nitric acid 0,60 
Phenol 0,75 
Polymerization 0,58 
Polypropylene 0,70 
Polyvinyl 
chloride 0,60 
Sulphuric acid 0,65 
Styrene 0,60 
Thermal 
cracking 0,70 
Urea 0,70 
Vinyl acetate 0,65 
Vinyl chloride 0,80 
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Table A2 Location cost indexes (Excerpt from Table 9-55 in Green & Perry, 1997: 9-72) 

Location Factor 
Australia 1,04 
Austria 0,85 
Belgium 0,70 
Canada 1,14 
Central Africa 1,51 
Denmark 0,85 
Finland 0,88 
Germany 0,76 
India (imported) 0,80 
India (indigenous) 0,25 
Ireland 0,70 
Japan 1,46 
South Africa 0,90 
South America 1,36 
USA 1,00 

 

Table A3 Equipment cost estimates based on capacities (excerpt from table 9-50 Green & Perry 

1997: 69) 

Item Description Size Unit $1,000 Size range Exp 
Agitator Top entry, open, FOB 7,5 kW 7 1,5-22,4 0,45 

Agitator 
Top entry, closed, 
FOB 8,5 kW 10,7 1,5-150 0,56 

Blower 

Centrifugal, 
27kN/m2,Del,Excl 
motor 4,72 sm3/s 67 0,5-71 0,6 

Crusher 
Cone, FOB, crusher 
only 74,6 kW 130 22,4-224 0,92 

Crusher Jaw, FOB, excl motor 7,5 kW 34 0,75-44,7 0,65 
Crusher Jaw, FOB, excl motor 74,6 kW 284 44,7-300 0,81 
Centrif. Pump C/S, FOB, excl motor 7,5 kW 1,6 0,37-30 0,3 
Centrif. Pump C/S, FOB, excl motor 74,6 kW 4,4 30-300 0,67 
Conveyor Belt C/S, FOB, excl motor 9,3 m2 6,7 5,6-18,6 0,5 
Conveyor 
screw C/S, Del, excl motot 540 

m/mm 
dia 10 390-780 0,46 

Centrifuge 
Automatic batch, 
horizontal, C/S, FOB 1,86 m2 100 0,65-7,43 0,65 

Compressor 

Reciprocating, <8000 
kN/m2, FOB,incl 
motor 224 kW 133 0,75-1490 0,84 
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Figure A1 Graphical equipment cost estimate of a shell and tube heat exchanger. Purchased cost 

= bare cost factor (from figure) x type factor x pressure factor [Sinnott, 2005: 254] 
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Table A4 Miller’s method installation factors for equipment based on the average cost of 

equipment in a process. The factors represent percentages of the purchased equipment cost. [excerpt 

from Table 9-51 in Green and Perry 1997: 9-70] 

Operation Characteristics 
Under 
$9000 

$9000 to 
$15000 

Field Erection High percentage of equipment involving high labour 23-18 21-17 
 Average (mild steel) equipment 18-12,5 17-11.5 

 
High percentage of corrosion materials and other 
high-unit-cost equipment involving little erection 12,5-7,5 11.5-6.7 

Equipment Foundations and 
support structures 

high: predominance of compressors or mild steel 
equipment requiring heavy foundations - - 

 Average: for mild steel fabricated-equipment solids - - 

 
Average: for predominance of alloy and other high-
unit-price fabricated equipment 7-3 8-3 

 Low: equipment more or less sitting on the floor 5-0 4-0 

 Piling or rock excavation 
Increase all above 
values by 25-100% 

Piping, including ductwork but 
excluding insulation 

High: gases and liquids, petrochemicals, plants with 
substantial ductwork 105-65 90-58 

 
Average for chemical plants:  liquids, electrolytic 
plants 65-33 58-27 

 Liquids and solids 33-13 27-10 
 Low: Solids 13-5 10-4 

Insulation of equipment only 
Very high: substantial mild steel equipment requiring 
lagging and very low temperatures 13-10 11.5-8.5 

 
High: substantial equipment requiring lagging and 
high temperatures (petrochemicals) 10,3-7,5 9-6.3 

 Average for chemical plants 7,8-3,4 6.5-2.6 
 Low 3,5-0 2.7-0 

Insulation of piping only 
Very high: Substantial mild steel piping requiring 
lagging and very low temperatures 22-16 19-13 

 
High: substantial piping requiring lagging and high 
temperatures (petrochemicals) 18-14 2.7-0 

 Average for chemical plants 16-12 19.13 
 Low 14-8 15.12 
All electrical except building, 
lighting and instrumentation Electrolytic plants, including rectification equipment - 55-42 
 Plants with mild steel equipment, heavy drives, solids 26-17 22.5-15 

 
Plants with allow or high-unit-cost equipment, 
chemical and petrochemical plants 18-9,5 15.5-8.5 

Instrumentation 
Substantial instrumentation, central control panels, 
petrochemical - 58-31 

 Miscellaneous chemical plants - 32-13 
 Little instrumentation, solids - 21-9 
Miscellaneous, including site preparation, painting and other items no accounted for 
above 6-1 6-1 
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Table A5 Simplified Guthrie’s installation factors for equipment derived from the graphic Guthrie 

method [excerpt from Table 9-56 in Green & Perry, 1997: 1972] 
Details Exchangers Vessels Pump 

and 
driver 

Compressor 
and driver 

Tanks 

Furnaces Shell and Tube Air cooled Vertical Horizontal 

FOB equipment 1 1 1 1 1 1 1 1 
Piping 0,18 0,46 0,18 0,61 0,42 0,3 0,21  

Concrete 0,1 0,05 0,02 0,1 0,06 0,04 0,12  
Steel  0,03  0,08     

Instruments 0,04 0,1 0,05 0,12 0,06 0,03 0,08  
Electrical 0,02 0,02 0,12 0,05 0,05 0,31 0,16  
Insulation  0,05  0,08 0,05 0,03 0,03  

Paint   0,01 0,01 0,01 0,01 0,01  
Total materials = M 1,34 1,71 1,38 2,05 1,65 1,72 1,61 1,2 

Erection and settling (L) 0,3 0,63 0,38 0,95 0,59 0,7 0,58 0,13 
X, excluding site preparation 

and auxiliaries (M + L) 
1,64 2,34 1,76 3 2,24 2,42 2,19 1,33 

Freight, insurance, taxes, 
engineering, home office, 

construction 

 0,08  0,08 0,08 0,08 0,08 0,08 

Overhead or field expense 0,6 0,95 0,7 1,12 0,92 0,97 0,97  

Total module factor 2,24 3,37 2,46 4,2 3,24 3,47 3,24 1,41 

 

Table A6 Fabrication cost factors for equipment based on materials used [Green & Perry, 1997: 

9-74] 

Material Pumps etc. Other eq. 
All carbon steel 1 1 
Stainless steel (Type 410) 1,43 2 
Stainless steel (Type 304) 1,7 2,8 
Stainless steel (Type 316) 1,8 2,9 
Stainless steel (Type 310) 2 3,33 
Rubber-lined steel 1,43 1,25 
Bronze 1,54  
Monel 3,33  
Material   Heat exchangers 
Carbon Steel (Shell & Tubes)  1 
CS shell, aluminium tubes  1,25 
CS shell, monel tubes  2,08 
CS shell, 304 stainless tubes  1,67 
304 staniless steel shell & tubes   2,86 

 

 
 
 



 

 75

Table A7 Installations costs as a percentage of purchase cost of equipment shown in Peter’s and 

Timmerhause based on Guthrie’s findings [Peters & Timmerhaus, 1991: 171] 

Equipment Installation cost (%) 
Centrifugal separators 20-60 
Compressors 30-60 
Dryers 25-60 
Evaporators 25-90 
Filters 65-80 
Heat exchangers 30-60 
Mechanical crystallizers 30-60 
Metal tanks 30-60 
Mixers 20-40 
Pumps 25-60 
Towers 60-90 
Vacuum crystallizers 40-70 
Wood tanks 30-60 
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Appendix 2:  User Manual 

1.  Worksheets 

For any worksheet “Start” to be updated correctly “Chemicals” and “Processes” need to be completed. 

Without these two done the other sheets will not update the names correctly as they rely on those two 

for the listings. When any of the other pages are updated they will also sort the pages they rely on 

alphabetically so that all the values “line up” making the interface used in the final page, “Setups”, a lot 

simpler. This does however mean that when a single chemical or process is added all the pages that 

depend on it will need updating. 

 

When a page (other than “Chemicals” or “Processes”) the chemicals and or process names used in 

the page is updated from the “Chemicals” and/or “Processes” pages and sorted alphabetically, both in 

the page being updated and in “Chemicals” and “Processes”. If a process or chemical name is 

changed either in the “Processes” or “Chemicals” page it will not be recognized anymore once the 

other pages are updated and will be removed and then added again under the new name, clearing all 

data entered for it under the previous name. The same would happen if the name is updated in one of 

the other pages, it would be compared to the original name still in “Chemicals” or “Processes” and be 

deleted. If a name is changed it is suggested to update it manually in all the other pages so that no 

data is lost. 

1.1 Start 

The starting page will be opened the moment the workbook is loaded and will show the current state 

of each of the other sheets. From here the sheets that require updating can be updated to take the 

new data from the earlier sheets into account. The algorithm can also be run from this page. 

1.2 Chemicals 

The chemicals page is the main input page for the chemical names, their maximums and minimums 

and if they are appropriate starting materials. The starting materials tab is on used during the 

algorithm but is extremely important as chemicals that are not assigned as starting materials will never 

be considered as the first step in any process branch. Thus, if no starting materials are defined the 

algorithm will not be able to build any setups. 
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1.3 Processes 

The processes page contains all the costing and utility requirements of the processes. The inputs and 

their units are as follows 

 Minimum, standard and maximum: Non dimensional size ranges for the process, will be used 

to calculate opex and capex 

 Capex scaling: A 2nd order polynomial that describes the capital cost curve of the process with 

relation to its size (as defined in min, standard and max). Output of equation should be 

R1000’s 

 Opex scaling: same as with the capex scaling equation except it describes the per annum opex 

(excluding utilities and feed materials cost) 

 Energy scaling: The amount of energy (MW.h) used by the process at its standard size 

 Tech factor: An index that indicates how developed the process is so that unwanted processes 

can be excluded from the algorithm. The scaling is up to the user but suggested ranges are 

o 1 is for industrially proven and commonly implemented 

 3 is for industrially proven but very rare 

 6 is for pilot plant proven 

 10 is for labscale/theoretical 

 Steam use: The tons per hour steam requirement of the process at its standard size 

 

The equations for capex and opex are entered in a popup form that appears the moment they are 

clicked on. Alternatively the values can be entered in the columns after “Steam use” 

 

1.4 Interactions 

The interactions page relates the chemical feed requirements and production rates of each process in 

ton per hour. The sizes entered correspond to the standard size of the processes (entered in the 

processes page) and are assumed to scale linearly with the process size. Adding a single chemical or 

process will require the update of this page and will be indicated in the start page that it is not 

complete.  

1.5 Costing and Specs 

In this page the cost of energy and cost of each chemical can be defined on a yearly basis. The time 

variables for the process is also entered here such as the expected life time and working days per 

year as well as the max tech factor of processes that can be used in the algorithm.  
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An interest rate can also be given, or the table for interest factors per year can be modified manually. 

It should be noted that the factors in the table are compounded. The interest values are used to 

calculate the net present values in the setups page 

There is one control button on the page to update the years. If new chemicals were added it is 

suggested to run update from the starting page. 

1.6 Setups 

Once all the other pages have been updated “Setups” can be updated and used to calculate the costs 

of any particular configuration of processes. The starting materials amounts are calculated 

automatically by default but can be set manually. Once set manually the equation should be copied 

from a neighboring sell or update should be used from the starting page if it is desired to set it back to 

manual. 

 

The value selector button has 2 functions, to clear the currently entered values and to insert values 

from the algorithm. If no values exist for some of the selections from the algorithm it will be indicated in 

the drop down. This could happen if there aren’t enough processes to generate at least 5 feasible 

candidates in each test. 

 

2.  Programming 

The algorithm and spreadsheet operations are all performed in macros. To view these macros the 

editor page must be accessed by either clicking on the editor button on the macro toolbar or by 

pressing ALT + F11.  The current workbook with all its sub categories of macros will be displayed on 

the left of the editor screen. The three categories are 

 Microsoft excel objects: These are the macros embedded in specific sheets 

 Forms: The user made popup menus and their code 

 Modules: These are the functions and declarations that are called independent of the sheets 

 

2.1 Microsoft excel objects 

 The first sheet with embedded code is the starting page. The macros for the update buttons and 

status displays are stored in here as well as the code that rechecks the statuses when the page is 

opened. The functions that are called from here can be found in “Modules 1” under the Modules 

subcategory. 
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Under the processes sheet there is code to call the Opex and Capex input forms when the appropriate 

cells are selected. Under the Costing & Specs there is the code for the button command to update the 

years in the costing page. Similarly the code for the button to call the values selector form 

(UserForm1) is located in the “Setups” page. Under “ThisWorkbook” the code to launch the intro 

screen with the credits can be found. 

 

2.2 Forms 

There are 4 forms used in the workbook, the intro splash screen with the credits, the value selector in 

the “Setups” page and the capex and opex inputs in the processes page. The splash screen’s only 

code is there to make sure it gets removed after a few seconds. 

 

The capex and opex input forms are identical except in the cells they reference. Upon initialization 

they read in the current values from the cells for display as the default values. Upon completion the 

corrected values are reinserted into their respective cells and the equation is displayed under the 

capex or opex column. 

 

The value selector form has two options, either to reset the process sizes to 0 or to change them to 

the sizes stored from the algorithm. Either way the values will be reset to zero as simply changing the 

values to those suggested by the algorithm will only change the ones stored in a result, leaving the 

other values in the “Setups” page on whatever they were.  

 

2.3 Modules 

The modules contain all the functions that are not placed on he sheets themselves or in the forms. 

The “Subs2” function contains the algorithm while “Module1” has most of the interface functions, like 

the updating of the pages. There are also modules that contain some frequently used functions that 

are called upon by the algorithm (mostly sorting functions) called “zTools1” and “zTools2”. 

 

The only module that will be discussed is the algorithm module, “dSubs2”, as the functions contained 

in it all interact with each other and would require a reasonable level of understanding before editing, 

whereas changes to the interface could be achieved manually using the normal excel interface without 

any coding. 
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The global variables used in “dSubs2” are declared in “aVars” and the custom structures are declared 

in “aTypes”. The main groups of variables are 

 “Current”, which stores the current processes and chemicals of both the main route and the 

branches 

 “Prob”, which stores all the interactions, energy costs, working days and project lifetime 

 “Processes”, with all the information on the processes worksheet, including the opex and 

capex coefficients 

 “Chemicals”, which contains all the data on the chemicals page and the costs of the chemicals 

 

The variables are read in from the worksheets during the “Format_Data” function in “dSubs2”. If any 

columns are added to the overall workbook, values are moved or new values are required for 

additions to the algorithm the “Format_Data” function would have to be updated to take this into 

account as exact positioning of the data in the cells are used during this function. 

 

To start the algorithm only one function needs to be called, “Main”. It calls the “Format_Data” function 

and runs the main loop, which is to pick a starting material and process. The list of chemicals is 

searched through sequentially to find a starting material by looking through the variable 

Main_Chemicals.Feed.  If one is found then the list of currently used chemicals (Current.Chemicals) is 

set to only have that chemical in it. The search for the first process starts in a similar manner where 

the list of processes is searched through sequentially until a process is found that uses the current 

starting chemical (which is when Prod.U is negative for the given chemical and process). The list of 

currently implemented processes (Current.Processes) then gets reset to only include the starting 

process. The “Main” function then calls the “Alpha” function which carries on building on the chosen 

starting chemical and process. Once all possible routes containing a starting process has been 

exhausted then the next process that uses the current starting chemical is found. If all processes are 

searched through the next starting material is chosen and the process is repeated. Throughout this the 

“Main” function also updates cell A1 on the “Extras” sheet to show which chemical it is currently 

looking at as a starting material. Afterwards it also writes out a quick list of the candidates with the 

processes they use (in nr form), the process dependencies (how they change with the starting material 

amount as if their standard sizes are 1) and the starting material amount. All of this functions 

operations are done by have nested “If” loops that check the interactions between the processes and 

chemical in current to that in the overall list of chemicals and processes. all the other functions, except 

for “Format_Data” and “Beta” follow a very similar structure using nested if loops. 
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The “Alpha” function does exactly the same as the main function except it looks at what chemicals the 

latest process in “Current.Processes” produces and goes through them sequentially instead of looking 

for starting materials. Those chemicals are then added one at a time to the end of the 

“Current.Chemicals” list and processes using them are searched through again and added to the end 

of the “Current.Processes” chain. Two functions are then called, firstly the “Gamma” function (which 

looks for backwards branches) and then the “Alpha” function. After those functions are done the two 

“Current” variables containing the chemical and processes used will be the same as before, with the 

chemical and process the current instance has added still there. The process at the end of the 

“Current.Processes” variable is removed (which is the processes which was added on by this “Alpha” 

loop. The next processes using the latest chemical (which again is the chemical that this “Alpha” loop 

added) is searched for and those functions are called again after which the process will be removed 

and the next one searched for. Once all processes have been gone through the chemical at the end of 

“Current.Chemicals” is removed and the next one is looked for that is used by the process at the end 

of “Current.Processes”. This way when “Alpha” has run its course both the current variables will be in 

the same state as before it was called. That means that when one “Alpha” loop calls another, the next 

one will search for new processes and chemicals starting from its current point in a process route, 

letting multiple nested loops build onto the same point without repeating the same process routes that 

wastes CPU time. 

 

The “Gamma” function does the same as the “Alpha” loop except that it looks at feed requirements, 

not products, and looks at processes that produce those chemicals, not require them. The processes 

for these backwards branches are stored in “Current.Branches” and its chemicals in 

“Current.BChemicals”. It also builds the dependencies for the processes, which is the change in the 

process size (as if its standard size is 1) with a corresponding change in the original starting material 

amount (tons/hour) from the information in the interactions table.  For the main branch the 

dependencies can be built immediately as the sequence they follow on each other and the chemicals 

in between are known from the current variables and are stored in CurrentDep, one for each process 

in “Current.Processes” and in the same order. The dependencies for the backwards branches would 

of course depend on which process it relates too and can be any process in the current main route or 

one of the branch processes. This problem was solved by adding the dependencies to “CurrentBDep”, 

the branch dependency variable, at the same time that the next branch process is added to 

“Current.Branches” as the chemical and process it relates to will be in use at that point allowing for 

easy access to the info needed for the calculation of its dependency. In the same way as with “Alpha” 

“Gamma” will call itself to look for the next process that has a feed requirement that is not a starting 
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chemical and then remove the process and later the chemical it added to the branches variable lists 

and look for alternatives. This ensures that different processes routes for the backwards branches will 

be investigated, not just the first one that works. If all processes have their feed requirements met until 

only allocated starting materials are used then “Beta” is called. 

 

“Beta” is the cost calculation function and also does the testing for the candidates. The first thing done 

is to determine if a certain configurations has already been added to the list of candidates which is 

done by looking at the processes stored in the candidate lists (WinnersTestXProcesses). Comparing 

the tech factors of each processes to the chosen maximum is also done to ensure the required 

development level is attained for all configurations calculated. If the current configuration passes those 

two initial tests the maximum sizes for the processes are calculated using the stored dependencies 

calculated in “Gamma” and the data found in both variables “Main_Processes.Max” and 

“Main_Chemicals.Max”. The minimums are also calculated but are not used as configurations might 

then be unavailable for use. This can be used to weed out some processes if multiple processes are 

inserted corresponding to different sizes but for development purposes restrictions on minimums were 

excluded. These processes sizes are then used to calculate the chemical feed rates and production 

rates and the sales for the total lifetime (Sales) and the first year (Y1Sales) is calculated. Capex, opex 

and energy costs are also calculated using the processes sizes. Thereafter three tests are performed, 

using the calculated cost variables. These can be sorted here in any way desired to give three 

different tests. By default these tests are the ones proposed in the report. Once the test value is 

calculated it is compared to those stored in “WinnersTestXResults” to see if it is better than any of the 

previously calculated ones. If it is it will be added appropriately so that the lower ones will all shift one 

position down causing the lowest valued one to be removed.  

 

 
 
 



 

 83

Appendix 3: Testing process and chemical details 

This appendix contains the process specifications used in the testing of the software. The processes 

are all hypothetical but are simplified versions of real world processes. The goal of their creation was 

not to be as accurate and realistic as possible but to simply create information that can be interpreted 

later on in the program. The process information on the energy creation processes in “B” were not 

modelled using the costing tool but instead were assigned linear capital costs. 

 

There are alternate routes for process step A. The first, A1 aims to remove as much of the lignin solids 

as possible for later energy production while A2 targets maximum cellulose recovery but at the cost of 

increased cooking vessel size. Similar alternatives are proposed for the sugar recovery of the 

sugarcane where D1 has more solids for energy recovery than D2. In all instances stainless refers to 

stainless steel 304. Process sizes, as declared in the costing tool and the main program are all 0.5, 1 

and 2 for minima, standards and minima respectively. 

 

 
Figure A2 Process details for example process A1 

 

Woodchip 

1 t/h 

Lignin 

0,2 t/h 

Celluloses 

(including 

hemis) 

0,4 t/h Cooking: 

Vertical vessel, 

Stainless, 4m3, 

800kPag 

Washing: 

Vertical vessel, 

Stainless, 2m3 

Separation: 

Centrifuge,  

2m dia 

Steam required: 1 t/h 

Energy required: 20 MW,h 

Capex:-0,5x2 + 49,2x + 530,87 

Opex: 100x + 20 (1000’s R) 

Liquor recovery: 

Vertical vessel x 2, 

Stainless, 1m3 
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Figure A3 Process details for example process A2 

 

 
Figure A4 Process details for example processes B1 and B2 

 

Lignin 

0,5 t/h 
Energy generated: 40 MW.h 

Capex: 40 million Rand 

Opex: 80x + 15 (1000’s R) 

Cane solids 

0,5 t/h 
Energy generated: 20 MW.h 

Capex: 25 million Rand 

Opex: 80x + 15 (1000’s R) 

Woodchip 

1 t/h 

Celluloses 

0,5 t/h 

Cooking: 

Vertical vessel, 

Stainless, 6m3, 

800kPag 

Separation: 

Centrifuge,  

1.5m dia 

Steam required: 2 t/h 

Energy required: 15 MW,h 

Capex: -0,35x2 + 35x + 360 

Opex: 80x + 15 (1000’s R) 
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Figure A5 Process details for example process C 

 

 
Figure A6 Process details for example process D1 

 

Cellulose 

0,5 t/h 

Sugars 

0,45 t/h 

Hydrolysis: 

Vertical vessel, 

Stainless, 3m3 

Steam required: 1 t/h 

Energy required: 10 MW,h 

Capex: -0,08x2 + 6,36x + 90 

Opex: 40x + 5 (1000’s R) 

Neutralization: 

Vertical vessel, 

Stainless, 1m3 

Sugarcane 

1 t/h 

Solids 

0,3 t/h 

Sugars 

0,55 t/h 

Hydrolysis: 

Vertical vessel, 

Stainless, 5m3 

Separation: 

Centrifuge,  

1.5m dia 

Steam required: 1 t/h 

Energy required: 10 MW,h 

Capex: -0,36x2 + 35,76x + 375 

Opex: 100x + 20 (1000’s R) 
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Figure A7 Process details for example process D2 

 

 
Figure A8 Process details for example process E 

 

Sugar 

0,5 t/h 

Fermentation: 

Vertical tank x 4, 

Stainless, 15m3 

Steam required: 1 t/h 

Energy required: 30 MW,h 

Capex: -1,16x2 + 108,12x + 1208 

Opex: 10x + 2 (1000’s R) 

Distillation: 

5 m, 8 plates, 

Stainless 

Distillation: 

5 m, 10 plates, 

Stainless 

Ethanol 

0,49 t/h 

Sugarcane 

1 t/h 

Solids 

0,1 t/h 

Sugars 

0,65 t/h 

Hydrolysis: 

Vertical vessel, 

Stainless, 6m3 

Separation: 

Centrifuge,  

1m dia 

Steam required: 1 t/h 

Energy required: 10 MW,h 

Capex: -0,26x2 + 25,07x + 274 

Opex: 100x + 20 (1000’s R) 
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