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Abstract 

The study has been conducted in collaboration with Swestep AB, a Swedish company that 

specializes in the conversion of waste to valuable products via the KDV technology. The 

study explores the possibility of using cassava chips and cassava pulp as a potential feedstock 

in the production of synthetic diesel and compares the KDV method with fermentation, a 

conventional method of using cassava chips and cassava pulp in Thailand.  

To obtain the carbon yield, amount of product and system efficiency, a mass and energy 

balances were first performed on wood feedstock data provided by the company. The 

balances were thereafter used as a basis for a simulation analysis of the cassava feedstock. 

The diesel product yield is produced through a KDV 150 plant using 551kg/h of the different 

feedstock; wood, cassava chips and cassava pulp resulting in different amounts of diesel 

product 150 L/h, 116.79 L/h and 121.31 L/h, respectively. For cassava, the C yield in diesel is 

0.41 while the C yield of ethanol production is 0.14, since C in the ethanol production is 

converted into other matters. Besides, the system efficiency of the KDV plant with different 

types of feedstock is around 0.84 because some parts of the KDV plant is self-supplied 

whereas the ethanol production plant (55% of system efficiency) is not.  

Economical evaluations of the KDV 5000 and ethanol production plant were performed. The 

KDV 5000 with cassava pulp as feedstock produces 31 ML/year and is feasible for 

investment in Thailand due to the low price of the feedstock which is driving the operation 

cost (15.167 baht/L or 0.46 USD/L). This is lower than the selling price (21.329 baht/L or 

0.65 USD/L) whereas the KDV 5000 plant with cassava chips is not feasible. The KDV plant 

with cassava pulp as a feedstock will reach the breakeven point after running for 7 years. The 

ethanol production process with cassava chip as feedstock produces 49 M liter/year and has 

an operation cost of 19.693 baht/liter (0.6 USD/L) which is higher than the KDV plant due to 

the feedstock price. The selling price of ethanol is 23.11 baht/l (0.705 USD/L) which resulted 

in the process reaching the breakeven point after 14 years. 
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1 Introduction 

1.1 Background 

On the race to independence from fossil fuel, the world is researching and developing 

technologies with the purpose of replacing fossil resources. One versatile alternative 

renewable energy resource is biomass. Since biomass chiefly contains carbon, hydrogen and 

oxygen, it can be applied as a feedstock in different methodologies i.e. thermal, 

thermochemical and biochemical conversions [1]. As a nation, Thailand is a fossil fuel based 

country and utilizes a relatively small proportion of renewable fuels. In 2014, Thailand 

consumed diesel and gasoline at 57.2 and 18 million liters per day, respectively and biodiesel 

and ethanol at 3 and 2.9 million liters per day, respectively [2]. To reduce the amount of 

fossil fuel consumption, the Thai government devised a road map from 2015 to 2036 for 

supporting higher use of biofuels such as ethanol and biodiesel [3].  A potential source for 

biofuels in this road map is cassava. Since it is a multipurpose crop, cassava can be utilized as 

food, animal feed and in the ethanol industry. Additionally, it is a noncompetitive crop in 

Thailand [4].  

Thailand is the world’s largest exporter of cassava products; other large producers such as 

Nigeria, Brazil, Indonesia and Congo domestically consume most of the cassava produced in 

their home countries [5]. The statistics from 2006-2016 show that the average cassava 

production in Thailand is approximately 30,000,000 tons per year [6]. The purpose of cassava 

usage in Thailand can be categorized as follow: 40% cassava chips and pellet, 55% starch, 

and 5% ethanol [5]. 

Cassava chips are produced by chopping fresh cassava into sizes of 3 cm, drying them in the 

sun on a cement floor and turning them over every 1-2 hours for three days under conditions 

without rain, in order to reduce the moisture content to 12-14%. The cassava chips are 

produced by farmers and sold to the animal feed industry, pellet industry and ethanol industry 

as a feedstock. For export to the EU, pellets are selected instead since there is no dust 

generated when transporting, loading and unloading while chips do generate dust. Pellets 

consist of 16% moisture at maximum. They are produced by grinding chips and having steam 

injected into them in order to form and compress the material through the die as pellets [7] 

[8].  

Starch can be extracted from fresh root cassava through five main steps: (1) preparation 

(peeling and washing), (2) degrading (chopping, grinding and mixing water with fruit water), 

(3) starch extraction (no intermediate required for the extraction, with the exception of a 

sulfur solution for the prevention of lactic acid formation and microbiological reaction), (4) 

starch refining and dewatering, drying, and (5) finally cooling and bagging. This process 

generates enormous amounts of cassava pulp as a solid residue which is used as animal feed 

[9]. Thailand has nine ethanol plants that produce ethanol from cassava/cassava chips; the 

total production capacity is 2,290,000 liters per day. In order to reduce transportation cost, the 

plants are located around the east and northeast of Thailand since they are close to the 

cassava plantation areas [10].  
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A conventional method for producing ethanol from cassava is fermentation. Since cassava is 

a crop in the starch family, starch must be converted to glucose before the fermentation step 

which requires thermal energy to keep the enzyme activated. After the fermentation step 

distillation and dehydration is performed in order to concentrate the ethanol solution to 99.5% 

[11]. 

However, the traditional method of using cassava chips and cassava pulp, may not be the 

most efficient method of producing renewable fuel in Thailand. Therefore, the traditional 

method will be compared with another technology – the KDV technology. The current study 

has been conducted in collaboration with Swestep AB, a Swedish partnership with the 

German company, Alphakat GmbH that invented this technology. Swestep AB focuses on 

using renewable sources via the KDV technology to convert them into valuable products such 

as synthesis diesel. 

1.2 Purpose 

The aim of this study was to investigate the feasibility of converting cassava chips and 

cassava pulp into synthesis diesel with the KDV technology compared to a fermentation 

method of using cassava chips and cassava pulp in Thailand.  

1.3  Limitations 

This study is limited as follow: 

- The study performs only though literature study 
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2 Frame of reference 

There is one previous work on the detailed experimental data of the KDV technology by 

Arturo Gonzalez-Quiroga et al. [12]. The study was conducted with pilot plant KDV 150 by 

using solid recovered fuel (SRF) from demolition waste and municipal solid waste as 

feedstock. The characteristics of the product fuels were analyzed by Gas Chromatography 

(GC) and the EN ISO 590:2009 testes for automotive diesel (standard for a thorough 

characterization of the fuels) [12]. The results showed that the heat from combustion of KDV 

fuels indicates high energy content similar to a typical petroleum diesel but the composition 

and properties values of KDV fuels may differ (i.e. sulfur, ash and nitrogen content, flash 

points and cloud points) depending on feedstock. In general, the KDV fuels have potential as 

alternative transportation fuels [12]. However, the sulfur content of the feedstock in the study 

is concerning since it is a critical factor for the techno-economic feasibility of the KDV 

process [12]. 

The present study focuses on the feasibility analysis of the KDV technology in Thailand 

using a domestic feedstock, i.e. cassava. This section includes the biofuel consumption and 

energy strategy in Thailand, the selection of feedstock and ethanol process production. They 

are considered with the KDV technology in the sections below. 

2.1 Biofuel consumption and energy strategy in Thailand 

The Thai Government has approved of the country’s revised national energy plan which 

comprises of 3 sub-plans: Alternative Energy Development Plan (AEDP 2015-2036), Oil 

Plan (2015-2036) and Gas Plan 2015-2036 [3]. 

The aim of AEDP is to promote the use of fuel ethanol and biodiesel in the country. The 

government’s target is to increase biofuel consumption from 7% to 25% during 2015 to 2036. 

To achieve this goal, ethanol and biodiesel consumption will be increased from 1.17 to 4.1 

billion liters and from 1.23 to 5.1 billion liters, respectively [3].  

In 2016, the estimated annual ethanol consumption for fuel was at 1.3 billion liters and has 

been growing at a slow rate toward the goal of 3.3 billion liters by 2021 [3]. Through the 

ethanol policy, the government still incentivizes the use of gasohol through price and excise 

tax diminution for vehicles compatible with E20 and E85 gasohol [3]. For biodiesel in 2016, 

the estimated consumption was at 1.3 billion liters based on the B5.7 calculation which is 

5.7% biodiesel blending in diesel (the current requisite is B7) [3]. 

On the biodiesel policy, the government imposed mandatory biodiesel blending in the diesel 

market (i.e. agriculture, industry etc.): mandatory blending B7 (current) to B10 in 2018 and 

subsidization of B20 in large trucks on a voluntary basis in 2016 [3]. To meet the demand for 

using palm oil domestically, the government has targeted palm plantation at 1.63 million 

hectares (10.20 million rai) [3].  Nevertheless, the biodiesel blending plan is perhaps the most 

difficult to meet since palm oil production is driven by the weather which is an unpredictable 
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factor. Furthermore, maintaining the mandatory blending biodiesel policy could threaten 

cooking palm oil prices due to low supplies and high demands [3].    

2.1.1 Ethanol  

Approved government measures to promote gasohol consumption in Thailand can be listed 

into three items [3]. 

• Price subsidies 

• Market subsidies 

• Reduction of the excise tax rate for Eco-car and the manufacturing of Eco-car that 

uses E85 

*Eco-cars possess, engines less than 1,300 cc that consume fuel less than 5 liters per 

100km 

The price subsidy: The State Oil Fund has paid for the price subsidies and established 

gasohol prices at 20 to 40 percent cheaper than regular gasoline prices. The variation of the 

price subsidy is dependent on the blending of the ethanol level which means that the price 

subsidy is increased when the blending of ethanol level is increased [3].  

The marketing subsidies: The government has raised the marketing subsidies to gasoline 

stations at 5 baht/liter (54 US cent /gallon) in order to encourage the market to expand sales 

of E85 gasohol [3].  

The excise tax rate for Eco-car: It is at 17 percent compared to 30 percent for E10 vehicles. 

Additionally, the manufacturing of vehicles compatible with E20 and E85 manufacturing is 

supported by the government with a reduction of excise tax rate to 3 percent [3].  

Through this plan, the Ministry of Agriculture and Cooperatives approximated that Thai 

sugarcane will meet the highest potential at 182 million metric tons with molasses 

manufactured at 8.56 million metric tons in 2026. As a result, the government anticipated that 

in 2015 around 70 percent of the total ethanol production will be supplied by a molasses-

based feedstock [3]. From 2026 onward, the ethanol demand will increase as predicted by the 

Ministry of Agriculture and Cooperative [3]. The rising demand of ethanol will be further 

supported with cassava-based ethanol production due to limited sugarcane plantations. This 

means that cassava-based ethanol will constitute around 60 percent of the total ethanol 

consumption of 4.1 billion liters in 2036 [3]. Inversely, 40 percent of the total ethanol 

production will be covered with molasses-based ethanol by 2036 [3]. 

Consumption of ethanol  

Since 2010 to 2015, the consumption of ethanol-blended gasoline has been increasing as 

shown in Table 1 [3]. At the same period, gasohol consumption increased due to the 

subsidized prices from the government’s energy policy for ethanol blending in gasoline. The 

prices of different ratios of ethanol blending in gasoline have been shown in Table 2, and the 
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prices show that fuels with higher ethanol blending are cheaper than those with lower ethanol 

blending in gasoline because of the ethanol price subsidies from the government [3]. 

Table 1  Thailand's gasoline and gasohol consumption (million liters) 

Type of gasoline 2010 2011 2012 2013 2014 2015 
Jan-May 

2015 2016 

Gasoline 3035 3119 3250 763 559 583 239 239 

Regular (Octane91) 2958 3077 3208 147 61 81 31 38 

Premium 

(Octane 95) 
77 42 42 616 498 502 208 201 

Gasohol 4383 4213 4455 7470 8008 9130 3673 4142 

Gasohol E10 

Octane 91 
1552 1860 2121 3337 3595 4019 1651 1709 

Gasohol E10 

Octane 95 
2692 2122 1932 3030 2735 3283 1282 1585 

Gasohol E20 137 222 367 963 1344 1511 606 720 

Gasohol E85 211 910 36 141 334 318 134 128 

Total 7418 7332 7705 8233 8567 9714 3913 4381 

 

Table 2 Price structure of petroleum product in Bangkok (as of June 17,2016) 

 

Premium 

gasoline 

(Octane 95) 

Gasoline 

E10 

Octane 95 

E10 

Octane 91 
E20 E85 

Ex-refinery 

Factory Price 
13.77 14.7904 14.5486 15.79 20.52 

Excise Tax 6.00 5.40 5.40 4.80 0.90 

Municipal 

Tax 
0.60 0.54 0.54 0.48 0.09 

State Oil 

Fund 
6.31 0.25 0.21 -2.75 -9.29 

Conservation 

Fund 
0.25 0.25 0.25 0.25 0.25 

Wholesale 

Price(WS) 
26.93 21.23 20.94 18.57 12.47 

Value Added 

Tax(VAT) 
1.88 1.48 1.46 1.30 0.87 

WS+VAT 28.82 22.72 22.41 19.87 13.34 

Marketing 

Margin 
2.65 1.84 1.74 2.11 4.71 

VAT 0.18 0.12 0.12 0.14 0.32 

Retail Price 31.66 24.7 24.28 22.14 18.39 
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2.1.2 Diesel 

As mentioned above, the target of using biodiesel has been set by the Thai government at 5.1 

billion liters by 2036 [3]. The target will be fulfilled by the economics plan of demand and 

supply as briefly described in the section below. 

On the demand side, the government continues to impose the mandatory rule for biodiesel 

blending (i.e. B7, B10 and B20) in diesel for any use. According to the policy, in 2017 the 

blending of 7% biodiesel in diesel (B7) is applied and the mandatory requirement for the 

blending of 10% biodiesel in diesel (B10) will be applied in 2018 [3]. Simultaneously, the 

government is establishing ground work for the future to switch to B20 for large trucks [3]. 

However, palm oil is the only feedstock used for biodiesel in Thailand and palm oil 

production is driven by the weather which is an unpredictable factor. Hence, the plan may not 

be achieved by 2036 [3]. 

On the supply side, the government plans to expand the oil palm plantation to 1.63 million 

hectares (10.20 million rai) by 2036. As a result, the production of biodiesel from palm oil 

will be achieved according to the plan [3]. 

Consumption of diesel  

The government’s mandatory blending of biodiesel in diesel for all kinds of diesel purposes 

in Thailand encompasses uses in 60% on-road, 20% agriculture, 17% industrial and 3% 

others. From time to time, the government has to reduce the ratio of biodiesel blending due to 

the unstable weather-driven palm oil production. For example, in 2016 the government 

declared to lower B7 to B5 due to lower palm oil supplies than was anticipated. The 

breakdown of B7 biodiesel retail prices is shown in Table 3 [3]. 

Table 3 Breakdown of B7 biodiesel retail prices, Baht/liter 

 B7 Biodiesel 

(Baht/liter) 

as of June 

16,2015 

B7 Biodiesel 

(Baht/liter) 

as of June 

16,2016 

Ex-refinery 

Factory Price 

17.44 15.05 

Excise Tax 4.25 5.35 

Municipal 

Tax 

0.42 0.53 

State Oil 

Fund 

0.05 0.14 

Conservation 

Fund  

0.25 0.25 

Wholesale 

Price (WS) 

22.42 

 

21.32 

Value Added 

Tax (VAT) 

1.56 1.49 

WS+VAT 23.99 22.82 
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Marketing 

Margin 

1.86 1.93 

VAT 0.13 0.13 

Retail Price 25.99 24.89 

 

2.2 Selection of feedstock material 

Thailand is a country located in the southeastern region of Asia where it is bordered by the 

Andaman Sea, Gulf of Thailand and the southeast part of Burma. The size of the country is 

513,120 square kilometers in total with a population of around 68,200,824 (estimated in 

2016). Agriculture land covers 41.2% of the total size of the country, in which 30.8% is 

arable land, 8.8% is permanent crops and 1.6% is permanent pasture [13]. From the size of 

the country’s agricultural production, two major feedstock groups are of interest: biomass 

(agriculture residues such as rice husk, rice straw and cassava) and municipal waste (solid 

waste and food waste). 

Biomass 

In Thailand, most agriculture land produces rice, sugarcane, cassava and corn in decreasing 

order, respectively (9). A suitable fuel source will be analyzed and chosen from the details 

below.  

1. Rice 

Rice is a major crop in Thailand, and is produced in surplus for domestic 

consumption and export. The average rice production from 2012 to 2017 is 

34,062,833 ton/year which produces 15,021,710 ton/year of rice straw and 

6,294,812 ton/year of rice husk as shown in Table 4 [14] [15] [16].  

 

The rice agriculture residues from harvested rice and rice mills are rice straw and 

rice husk. Traditionally, rice straw is often used for animal feed, bio-compost and 

burned. Burning is the most convenient and fastest choice in preparing for the next 

farming season. Another usage is direct combustion for heat in various industries 

that use coal as a fuel for the boiler. However, the rice straw possesses low 

heating value, is difficult to harvest and has a relatively high transportation cost 

compared to other agriculture residues being used. Collection and combustion of 

rice straw additionally requires the government to develop machinery and 

equipment for its specific function [11].    

 

Regarding the rice husk, today rice mills apply rice husk as a raw material for 

their power plant. As a result, this biomass is more expensive and scarce [11]. 

 

2. Sugarcane 

Sugarcane is an economically important crop because sugar is an agricultural 

commodity essential to Thai cuisine. The average sugarcane production of a 
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traditional harvest  and  burn  sugarcane plantation before harvesting from 2007 to 

2016 is 89,822,071 ton/year which produces leaves and bagasses of 4,403,519
  
and 

13,864,934 ton/year, respectively as shown in Table 4 [15] [17] [18] [19]. 

 

A sugar industry requires massive energy to carry out the production process. 

Therefore, sugarcane residues (bagasses and leaves) are mainly utilized as a raw 

material in the boiler to provide heat energy during the sugar production process. 

In addition, the steam from the boiler can also be integrated to produce a surplus 

of electricity which can be used in the plant or sold elsewhere [20]. For this 

reason, the sugar residues became scarce and costly. 

 

3. Cassava  

Cassava is an economically important crop in Thailand since Thailand is the top 

producer and exporter of the world [21] [22]. Cassava has a high growth tolerance 

to poor environmental conditions and is capable of year round planting/harvesting. 

The average cassava yield is 30,000,000 ton/year which generates cassava pulp 

and cassava peel of 931,770 and 1,218,000 ton/year, respectively as shown in 

Table 4 [6] [21] [15] [23] [24].  

 

Cassava residues are not popular in other industries, but it is used in animal feed 

as an additive and fertilizer [25].  

 

4. Corn 

The majority of produced corn is used in the domestic animal feed industry, 

including corn stover which is cheaper than rice straw. An average corn yield is 

4,563,000 ton/year which generates corn stover and corn cobs of 4,869,633 and 

657,072 ton/year, respectively as shown in Table 4 [15] [26] [27] [16] [28] [29] 

[30]. 

 

Specifically analyzing the corn cob, it exists in lesser amounts but is in high 

demand as a supplement in the industry (biomass power plant, ethanol plant and 

dyeing factory) for electricity production. Since the volumes are low and primary 

used for electricity generation, it is not suitable for fuel production. [28]. 

Municipal solid waste (MSW)  

Municipal solid waste is a mix consisting of 64% compostable waste, 30% recyclable waste, 

3% hazardous waste and 3% general waste [31]. In Thailand, the collection and treatment of 

MSW is in poor condition. A record from 2014 shows that a total MSW amount of 

26,000,000 ton is composed of 27% correct disposal, 26% incorrect disposal, 28% unloaded 

garbage left in areas and 19% reusable materials [32]. 

To improve the MSW situation, the government has to integrate waste management policy 

with a conceptual framework and strategy. An approach to establishing an effortless and 

systematic means to manipulate waste is listed as follow.  
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1. Strengthening the recycling society 

2. Retrieval of product residues and packaging 

3. Grouping of local government 

4. Waste to energy 

5. Research and development of efficient technology  

6. Participation in public and private partnerships 

However, an enormous quantity of MSW including non compostable waste such as plastic 

bags, tires, etc. are not from renewable sources and therefore not sustainable in the long term. 

Therefore, those materials are not suitable for this scenario, unless some sorting of the waste 

is implemented.  

After analyzing the biomass and MSW situation in Thailand, it can be concluded that cassava 

pulp is the most suitable for this scenario since it is produced in good numbers and its other 

uses are relatively minor. Therefore, cassava will be further discussed in the next section. 

Table 4 Price and quantity of biomass in Thailand 

Type of 

plant 

Yield 

(ton/year) 

Type of 

biomass 

Biomass 

ratio to 

yield 

% 

Moisture 

Dry biomass 

(ton/year) 

Price 
Ref 

 BAHT/ 

ton 
USD/ton 

Rice 34,062,833 

Rice 

straw 
0.49 10 15,021,710

6
 5333-6666 162-230 

[14] 

[15] 

[16]  Rice husk 0.21 12 6,294,812 1800-2000 55-61 

Sugarcane 89,822,071 

Leaves 0.17 9.2 4,403,519
1
 750 22 [15] 

[17] 

[18] 

[19] 
Bagasse 0.28 50.73 13,864,934 20,000

2
 610 

Corn 4,563,000 

Corn 

stover 
1.84 42 4,869,633

6
 1000 30 

 

[15] 

[26] 

[27] 

[16] 

[28] 

[29] 

[30]  

Corn cob 0.24 40 657,072 
400-500 / 

1,500-2,000
3
 

12-15 / 

 45-61 

Cassava 30,000,000
4
 

Cassava 

pulp 
0.15 59.4 1,004,850

5
 

2,000-3,000 

(dry basis) 

Or 200-220 

(wet basis) 

61-91 

(dry basis) 

or  

6 

(wet basis) 

[6] [21] 

[15] 

[23] 

[24] 

 

 
Cassava 

peel 
0.1 59.4 1,218,00 

180-200 

(wet basis) 

5.49-6.10 

(wet basis) 

 

1. Sugarcane harvest can be divided into two methods which are traditional harvest and burned sugarcane plantation before harvest. 

So the figure represents only leaves that are harvested by traditional method. 

2. This price was in 2011 but nowadays the sugar mill applies it as raw material in their power plant. So the bagasses has become a 

scarce material and is expensive. 
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3.  January- August price 400-500 baht /ton, September-December price 1,500-2,000 baht/ton 

4.  Cassava chips 40%, ethanol 5%, starch 55% of yield. 

5.  Cassava pulp only occurs in starch process. 

6.  The actual amount of biomass is not the same as the number since the farmer burns the plantation for preparing the next harvest. 

This method saves time and money for farmers. 

2.3 Ethanol production from cassava in Thailand  

In Thailand, the ethanol industry mainly uses molasses and cassava as feedstock. The 

scenario is considered only for cassava feedstock which is a crop in the starch family. The 

production process has four main steps which are material preparation, Liquefaction and 

saccharification, fermentation, and distillation and dehydration as shown in Figure 1 [11]. 

1. Material preparation is a process to remove impurities (i.e. sand) and grinding of 

materials. 

2. Liquefaction and saccharification is a process that is using enzymes to break down 

starch molecules into glucose molecules for the fermentation step. 

3. Fermentation is a biological process using yeast to convert glucose molecules into 

ethanol. 

4. Distillation and dehydration is a refining and purification process for ethanol 

production. In general, in the distillation a 95.6 % vol of ethanol is obtained, but the 

use of gasoline requires 99.5 % vol. Therefore, a dehydration step is needed. 
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2.4 The KDV technology 

 Alphakat GmbH is a German company focusing on the energy and environmental sectors, 

introduced the KDV technology around 2003. The KDV technology was invented by Dr. 

Christian Koch who is CEO of Alphakat GmbH. The KDV is a German abbreviation for 

“Katalytische Drucklose Verölung”, which is translated in English as “Catalytic Low 

Pressure Depolymerization, or CPD”.  

 

 At present, Alphakat GmbH offers KDV plants of varying capacities. Model KDV A 

possesses a production capacity of 100 to 5,000 liters of synthesis diesel per hour [33] [34]. 

 

Alphakat GmbH mentions that the KDV operation process has a lower environmental 

impact (no dioxin, furans) and requires lesser energy (operates with low temperature, is 

pressureless and self-sustaining) compared to other methods. As a result, Alphakat GmbH has 

expanded and grown their partnerships and market as well as installed its plants in many 

countries, such as Mongolia, South Africa and Cyprus. [33].  

 

Catalytic low Pressure Depolymerisation (KDV) is a technology that transforms all kinds 

of organic matters, such as jatropha, palm kernel, palm oil residues, rice husk, straw, wood, 

plastics waste, with the exception of food into diesel oil at low temperature and  low pressure 

[33] [35]. 

 

The concept of this technology is to imitate the natural process that converts organics into 

diesel under the natural conditions which have a low temperature (14-17 °C), utilizes natural 

minerals as catalysts and achieves 300 million years of operation time. In order to accelerate 

the process to obtain the same outcome, the KDV process requires three conditions as follow 

[36]: 

 

• A 100% crystalline catalyst (cation aluminum silicate) is utilized instead of natural 

minerals. 

 

• Mixing and warming the feedstock, catalyst and carrier oil in a turbine. 

 

 

• Raising the temperature to 240-270 °C instead of 14-17 °C at low pressure. As a 

result, the operation time is reduced from 300 million years to 3 minutes. 

 

The mechanism of the technology is driven by chemical catalytic processes and heated by the 

friction of the high speed revolution of the turbine [37]. A selective catalyst (cation 

aluminium silicate and lime) in this process has double functions: as a catalyst in the reaction 

(cracking hydrocarbon at lower temperature) and as an ion-exchanger [37]. 

• A catalyst to facilitate the formation of valuable products  

Figure 1. Cassava ethanol production process. 
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• An ion-exchanger to transform and retain heteroatoms (e.g. phosphorus, and 

nitrogen) and heavy metals extant in the raw material into inorganic salts. 

The process has two different major process steps which are pretreatment of input and KDV 

process as shown in Figure 2. The process operates under the parameter specifications of the 

technology, as follow. 

 

 

  

 

 

• Pretreatment is essential to prepare the raw material to the specification of the KDV 

process which is less than 15% wt of moisture, less than 5% wt of inorganic (metal, 

sand etc.) and a maximum particle size of 25 mm [35]. 

 

• The KDV process is a closed loop system and the process production step of KDV is 

given as below [38]. 

 

1. Pretreated material and carrier oil are fed into the preheater. 

2. The catalyst enters the mixing chamber. 

3. The pretreated material, carrier oil and catalyst are well mixed as slurry in the 

mixing chamber. 

4. The slurry is fed into a turbine. 

5. Distillation takes place to purify a final product which will yield synthesis 

diesel.  

6. The catalyst and carrier oil are recycled. 

7. The material that is incondensable is sent to the ash remover 

8.  The pyrolysis oil is produce from the residues of the core KDV process. This 

oil can be used in the preheating of the KDV process. 

 

The KDV process can be divided in five major different parts: the sludge plant, the 

turbine reactor, the ash plant, the Genset plant and the optional desulphurization plant. 

A description of the five major parts of the KDV production process is given below 

and illustrated as a schematic diagram in Figure 3 [38].  

 

1. The sludge plant prepares the raw material from the pretreatment stage into the 

sludge that mix into phase by preheating the particles to 300°C while feeding 

carrier oil simultaneously. Afterwards, the sludge is transferred to a mixing 

chamber where, the catalyst is fed and mixed with the sludge [38]. 

 

Figure 2. The process of  producing synthesis diesel (Pretreatment and KDV process). 

KDV process   Pretreatment  

Drying Grinding Sorting  KDV plant 
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2. The turbine reactor is comprised of four machineries which are the turbine, 

separator and distillation column and condenser. The turbine acts as a reactor 

where it converts the sludge into synthesis light oil vapor by cracking with 

heat (250-320°C) [39] that is generated from the friction of the high speed 

revolution of the turbine [35] [38] and is facilitated by the catalyst. Later, the 

material is separated by the separator into two different streams which are 

synthesis light oil vapor and the material (heavy fraction) that could not be 

converted into synthesis light oil vapor. The synthesis light oil vapor is 

collected in an oil tank and then purified by the distillation column and 

condenser. The purification step splits the synthesis light oil vapor into two 

streams of water and synthesis diesel which are collected in the water tank and 

KDV-diesel tank, respectively. The catalyst and carrier oil will remain in the 

process cycle [38]. 

 

3.  The ash plant collects the material that is not condensed into synthesis light 

oil vapor. In this stage, oil is produced from the material and can be used as an 

energy source in the block heat and power plant (Genset plant). The material 

that is not used in the process is discharged from the ash plant as solid residue. 

Inorganic material has been extracted before discharge [38]. 

 

4. The Genset plant is a section of the block heat and power plant which 

produces electricity and thermal energy from fuel oil and KDV-diesel [38]. 

 

5. The desulphurization plant is optional depending on the environmental 

legislature of each country. In this scenario, the desulphurization plant is not 

included since cassava and cassava pulp possess negligible sulfur content as 

determined by the elementary analysis [38].   
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Figure 3.  Close loop system of KDV process. 
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3 Method 

To address the feasibility of converting cassava chips and cassava pulp with KDV technology 

to produce synthesis diesel, mass and energy balances were conducted. The mass and energy 

balances enabled comparison of diesel production yield, C yield and process production 

efficiency with that of a fermentation method used for cassava chips and cassava pulp in 

Thailand. The mass balance and energy balance have been performed in an Excel sheet and 

wood was used as a reference. Additionally, an economy evaluation is included in the study. 

3.1 Mass and energy balances 

The mass balance is an expression of the law of conservation of mass which is an account for 

materials in the closed system as shown in Equation 1 [40]. 

 

 

 

 

accumulated = input − output ±
production

consumption
 

Equation 1 

  

As the system of interest is a continuous process and at steady state, the accumulated term in 

Equation 1 becomes zero. Thus, the input of the process becomes equal to the output of the 

process. 

The energy balance follows the law of conservation of energy, known as the first law of 

thermodynamics which means that the total amount of energy input into any system equals to 

the leaving energy plus any accumulated energy in the system as shown in Equation 2 [40]. 

 energy	input = energy	output + accumulated	energy Equation 2 

To carry out the mass and energy balances on any system, the boundaries of the system 

must be specified first. Then, the substances of the input and output have to be accounted for 

in the calculation. The specific boundaries of the synthesis diesel process production (KDV 

process) and a conventional method (fermentation method) have been specified as in Figure 4 

and Figure 5, respectively.  

 

  

 

 

 

 

 
Pretreatment KDV process Biomass 

Synthesis diesel 

Distilled water 

CO2 

Ash 

Figure 4. The boundary of the synthesis diesel process production. 
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The higher heating value (HHV) of wood, cassava chips and cassava pulp were calculated 

from the ultimate correlation of Channiwala and Parikh (2002) as shown in Equation 3 [41]. 

 
HHV	 = 	0.3491C + 1.1783H + 0.1005S − 0.1034O − 0.0151N− 0.0211ASH Equation 3 

 
 

 

 

 

362.17 ton/day (85%TS) 

Cassava chips 

Milling 

Mixing 

Liquefaction 

SSF 

Fermentation 

Distillation 

Molecular Sieve 

dehydration 
Spent wash recycle 

Spent wash recycle 

Steam 120 ton/day 

Water 1248.5 ton/day 

CO2 114.98 ton/day 

Fusel oil 0.5 ton/day 

Tick slop 1,496.84 ton/day 

Fuel Ethanol (99.5%) 118.35 ton/day 

or  150,000 L/day 

Figure 5 The boundary of the Ethanol process production 
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3.2 Economic evaluation  

In the evaluation of the economic feasibility, the values for the manufacturing costs and 

revenue are necessary, to determine the breakeven point. The manufacturing cost is related to 

five elements the capital investment cost, the cost of labor, the raw material cost, the utilities 

cost and the waste treatment cost [42]. 

The capital investment cost includes all total initial costs of establishing a plant including  

land, construction of building, machines and equipment, installation, electricity installation 

and other facilities of a process plant; for example, waste treatment units [42]. 

Cost of labor is the expense for personnel required for the production process. 

Raw material cost is the cost of feedstock needed in the process production depending on 

local supply and demand, seasons, location and transportation.  

Utilities cost is the cost of the utilities stream in the process production such as steam, electric 

power, process water and fuel gas.  

Waste treatment cost is the cost of protecting the environment from waste that occurs in the 

process. 

Regarding this study, the capital investment cost of both the KDV plant and ethanol plant are 

known. The values for the capital investment cost of the KDV plant and ethanol plant were 

found in 2012 and 2005, respectively. Thus, the future value of an investment can be found 

through Equation 4 [42].  

 F( = P*1 + i+( Equation 4 

Where Fn is the future value of an investment  

   P is the initial investment 

            n is the number of years from the initial investment to the future investment 

 i is the interest rate 

However, in this study the waste treatment cost is not included due to limited information and 

patents on the KDV process production. So the economic evaluation does not consider the 

waste treatment cost in any of the production processes. 

The breakeven point is the total revenues that equals to the capital investment which relates 

to sale price per unit, production cost per unit and capital investment. So the unit sales at 

breakeven point can be found as Equation 5 [42]. 

 

,-./	01230	1/	45316373-	89.-/

=
:18./12	.-730/;3-/

0123	85.:3	835	,-./ − 859<,:/.9-	:90/	835	,-./
 

 

Equation 5 
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4 RESULTS 

4.1 Mass and Energy Balance 

Mass balance is using an Excel sheet for the two different production processes; the synthesis 

diesel from the KDV plant and ethanol production plant were calculated. The results of both 

production processes are described as follow. 

KDV plant  

The synthesis diesel from the KDV process is calculated with three different feedstock, the 

wood, the cassava chips and the cassava pulp. A summary of their characteristics can be 

found in Table 5 [43] [44] [45]. In Table 5, HHV results for wood, cassava chips and cassava 

pulp from the ultimate correlation of Channiwala and Parikh (2002) are shown. 

Wood is used to determine a reference balance to be used for calculating the same for 

cassava.  The given data shows the system at an operation capacity of 125 kg/h (150 l/h) 

which needs 551 kg/h (wet basis) of wood while the output substances are 131 kg/h of H2O, 

54 kg/h of solid residues and exhausted gas according to the flow diagram in Figure 4. To 

determine the amount of exhausted gas, it is required to know the amount of input carbon 

(Cinput) and output carbon (Coutput). For this reason, it is assumed the exhaust gas is only CO2, 

and solid residues are catalyst (3 kg/h), ash and charcoal (only C). The wood component has 

been stated in Table 5 and the diesel component consists of 86.5% of C and 13.2% of H. The 

details of the calculation are shown in the Appendix chapter and the results are shown in 

Table 6 and Table 7, respectively. 

Table 5 Characteristics of feedstocks 

Analysis (wt %) Wood Cassava chips Cassava pulp 

Proximate analysis 

Moisture content 6.32 14 11.82 

Ash 4.05 7 06.19 

Elementary analysis 

C 53.15 48 35.89 

H 6.04 6 05.47 

O 39.82 46 58.27 

N 0.94 0.48 00.36 

S 0.04 0.08 - 

HHV(MJ/kg MAF 

feedstock) 
21.43 18.92 18.13 

Table 6 C balance of the wood feedstock 

Substance In (kmol/h) Out (kmol/h) 

Cwood 21.94 - 

Ccharcoal - 2.51 

Csynthesis diesel - 9.01 
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Cexhaust gas - 10.42 

 

Table 7 Mass balance of solid residues of the wood feedstock 

Substance In (kg/h) Out (kg/h) 

Solid residues - 54.00 

Catalyst 3.00 3.00 

Ash 20.91 20.91 

Ccharcoal - 30.09 

 

The mass balance calculations of cassava and cassava pulp as a feedstock are performed 

using the wood feedstock model. The control factors of the calculation are the yield of C 

(0.41) and the amount of feedstock due to a limited reactor size. The control factors instigate 

that the cassava chips and the cassava pulp are feeding at 551 kg/h (wet basis) and the 

production yields are 100.447 kg/h (121.313 liter/h) and 96.705 kg/h (116.79 liter/h), 

respectively.  The result of the C balances of cassava chips and cassava pulp feedstock and 

mass balance of solid residues of cassava chips and cassava pulp are shown in Table 8 and 

Table 9, respectively. 

Table 8 C balance of the cassava chips and cassava pulp feedstock 

Substance 
Cassava chips Cassava pulp 

In (kmol/h) Out (kmol/h) In (kmol/h) Out (kmol/h) 

Cwood 17.63 - 16.97 - 

Ccharcoal - 1.49 - 1.74 

Csynthesis diesel - 7.24 - 6.97 

Cexhaust gas - 8.90 - 8.26 

Table 9 Mass balance of solid residues of cassava chips and cassava pulp feedstock 

Substance Cassava chips Cassava pulp 

In (kg/h) Out (kg/h) In (kg/h) Out (kg/h) 

Solid residues - 54 - 54 

Catalyst 3 3 3 3 

Ash 33.17 33.17 30.08 30.08 

Ccharcoal - 17.83  20.92 

 

Regarding the energy balance, wood is used to retain a relevant balance and consistency with 

the cassava calculations. Determination of the energy balance for producing 1 L of synthesis 

diesel requires information on all energy inputs and outputs such as fuel and electricity which 

are known from the previous study (Fan Wang, 2014) about the Life Cycle Assessment 

(LCA) on KDV diesel oil from wood as shown in Table 10. Moreover, the LCA showed that 

1.98 kg dry wood can produce 1 L of synthesis diesel and that the synthesis diesel density is 

0.828 kg/L. 

Table 10 Fuel and electricity use for producing 1 L synthesis diesel 
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Production process 

Fuel Electricity Total 

MJ/L 

diesel 

MJ/kg 

wood 

MJ/L 

diesel 

MJ/kg 

wood 

MJ/L 

diesel 

MJ/kg 

wood 

Drying 0.75 0.38 1.22 0.62 1.97 0.99 

Grinding 0.86 0.43 0 0 0.86 0.43 

KDV process 1.75 0.88 0.6 0.30 2.35 1.19 

Total process energy 

(Grinding+KDV 

process) 

    5.18 1.62 

Energy value of product 35.13 17.74 0 0 35.13 17.74 

 

To calculate the total process energy as displayed in Figure 3, the preheating stage is supplied 

with its own electrical power from the KDV process, but the energy applied is only known as 

the total of the KDV process. So the condition has been set by assuming that the drying stage 

consumed energy equal to that of the preheating stage. Therefore, the total process energy is a 

summation of grinding and the KDV process. The temperature of each output substances for 

sensible heat calculation is shown in Table 11.Using the temperature values, the energy 

balance of the wood feedstock can be calculated as shown in Table 12. Likewise, the energy 

balance of cassava chips and cassava pulp feedstock is calculated as displayed in Table 13. 

Table 11 Thetemperature of output substances 

Output substance Temperature (°C) 

Synthesis diesel ~150 

Ash, charcoal 250 

Exhaust gas(CO2) 120 

Table 12 Energy balance of the wood feedstock for producing synthesis diesel 

Energy Value (MW) 

HHV wood 2.95 

Grinding + KDV process 0.22 

Energy input 3.17 

  

Chemical energy of diesel 2.44 

Sensible heat of diesel 0.01 

Sensible heat of ash 0.00022 

Chemical energy of charcoal (carbon) 0.25 

Energy of CO2 0.01 

Energy output 2.71 

Energy loss=Energy input-Energy output 0.47 

 

Table 13 Energy balance of the cassava chips and cassava pulp feedstock for producing synthesis diesel 

Energy 
Value (MW) 

Cassava chips Cassava pulp 

HHV 2.32 2.29 
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Grinding + KDV process 0.2 0.21 

Energy input 2.51 2.50 

   

Chemical energy of diesel 2.17 2.25 

Sensible heat of diesel 0.004 0.004 

Sensible heat of ash 0.003 0.003 

Chemical energy of charcoal (carbon) 0.15 0.17 

Energy of CO2 0.009 0.009 

Energy output 2.34 2.43 

Energy loss=Energy input-Energy output 0.18 0.07 

 

As a result of the mass balance and energy balance of each feedstock in Table 6, Table 8, 

Table 12 and Table 13, the yield of C, the amount of synthesis diesel and the system 

efficiency can be calculated as shown in Table 14.  

Table 14 The yield of C, amount of synthesis diesel and system efficiency 

 Wood Cassava chips Cassava pulp 

C Yield 0.41 0.41 0.41 

Efficiency 0.77 0.86 0.89 

Synthesis diesel (kg/h) 125 (150 l/h) 110.44 (121.31 l/h) 96.70 (116.79 l/h) 

 

Ethanol production plant 

The ethanol process mass balance from cassava can be calculated as the input and output are 

known from considering Figure 5. In order to compare the yield of C and system efficiency 

of both process productions, the ethanol process from cassava has to be scaled down from 

150,000 L/day to 150 L/h in terms of production capacity. Determining C in the thick slop 

requires knowledge of the amount of Cinput and Coutput which are all known substances, except 

for fusel oil or fusel alcohols. Fusel oil are a mixture of several alcohols (mainly amyl 

alcohol) produced as a by-product of alcoholic fermentation. For this reason, the assumption 

has been set by assuming fusel oil as only amyl alcohol. After setting all necessary 

assumptions, the C balance can be calculated. The results are shown in Table 15. 

Table 15 C balance of ethanol process from cassava chips 

Substance In (kmol/h) Out (kmol/h) 

Ccassava 9.37 - 

Cfusel oil - 0.004 

Cethanol - 1.34 

CCO2 - 0.71 

Cthick slop  7.32 

 

Regarding the energy balance, the calculation computed with down scaled capacity at 150 

liter/h and the flow diagram in Figure 5 are taken into consideration. Determining the energy 
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balance of the ethanol process requires data of energy inputs and outputs such as heat and 

electricity [46]. The energy balance of the ethanol process was calculated and is shown in 

Table 16. 

Table 16 The energy balance of the ethanol process 

Energy Value (MW) 

HHV cassava 1.91 

Heat 0.11 

Electricity 0.03 

Energy input 2.05 

  

Chemical energy of ethanol 0.98 

Sensible heat of fusel oil (138.5 °C) 0.00004 

Chemical energy of fusel oil 0.007 

Sensible heat of CO2 (100 °C) 0.002 

Solid waste (assume ash,100 °C) 0.002 

Energy of waste water (100°C) 0.16 

Energy output 1.1498 

Energy loss=Energy input-Energy output 0.904 

 

As the result of the C balance and energy balance of cassava chips feedstock, the C yield, 

amount of ethanol and system efficiency can be calculated as shown in Table 17. 

Table 17 The yield of C, amount of ethanol and system efficiency 

 Cassava chips 

C Yield  0.14 

System efficiency 0.56 

Ethanol (kg/h) 118.35 (150 l/h) 

 

The summary results of the C balance and energy balance of both process productions can be 

compared with C yield, diesel and ethanol product yields and system efficiency through 

Table 18. 

Table 18 The summary result of the C balance and energy balance of KDV and ethanol production plant 

 
KDV plant 

Ethanol production 

plant 

Wood Cassava chips Cassava pulp Cassava  chips 

C Yield  0.41 0.41 0.41 0.14 

System efficiency 0.77 0.86 0.89 0.56 

Synthesis diesel 

(kg/h) 

125 

(150 l/h) 

110.44  

(121.31 l/h) 

96.70 

(116.79 l/h) 

118.35 

(150l/h) 
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From the results of the mass balance, it can be concluded that the total quantity of feedstock 

that the KDV plant can hold is fixed due to the limitation of the reactor (turbine). For this 

reason, the diesel product yield is affected by the different types of feedstock. Table 14 shows 

that the diesel production by the KDV 150 plant uses 551kg/h of the different types of 

feedstock: (wood, cassava chips and cassava pulp) and results in different diesel product 

yields, which are 150 l/h, 116.79 l/h and 121.31 l/h, respectively. The major factor affecting 

the diesel product yield is the percentage of C in the feedstock. 

As seen in Table 5, the feedstock with a higher percentage of C produces a higher diesel 

product yield. Moisture content in the feedstock is also a concerning factor affecting the 

amount of feedstock (the more moisture content, the less feedstock in the reactor) which in 

turn affects the diesel product yield. Additionally, the moisture content is a concern to the 

system efficiency as shown in Table 13 where the chemical energy of the diesel produced 

from cassava chips has a lower value than the diesel produced from cassava pulp. The lower 

chemical energy of the diesel is due to the higher moisture percentage of the cassava chips, 

which affects the quantity of the feedstock.  

In regards to the system efficiency, Table 14 shows that the efficiency of cassava pulp, 

cassava chips and wood as feedstock in the KDV plant are 0.89, 0.86 and 0.77, respectively.  

The efficiencies are high since some of the electrical power required is self-supplied. 

However, there are some losses in form of heat in the process, for instance, from the cooler 

and pipes that lower the efficiencies.   

Table 18 shows that the KDV plant has a higher C yield of 0.41 and better system efficiency 

with an average of approximately 0.84. The ethanol plant has a low C yield of 0.14 with a 

system efficiency of 0.55 because most of the feedstock turns into other by-products such as 

fusel oil, CO2 and slurry. This results in lower system efficiency because the ethanol 

production requires more energy and creates more heat loss in the process, for example, from 

the cooling stage in fermentation process for keeping the enzymes active.  

4.2 Economic evaluation  

The estimation cost of the KDV plant and ethanol production plant are evaluated. The KDV 

plant analysis is divided by feedstock into two different cases which are cassava chips and 

cassava pulp. For the ethanol production plant only cassava chips is used as the feedstock. 

The details are defined as follow. 

KDV plant 

Capital investments, as stated in the methodology section, retrieved from a proposed a waste 

treatment project using KDV technology in Malaysia [47]. The future value of an investment 

in Thailand can be calculated by using Equation 3. The capital investment cost of KDV 5000 

is 1,312 M baht (41 M USD) for an annual interest rate of 6%. The details are shown in Table 

19. 



32 

 

Table 19 Capital investment of KDV 5000 in Thailand 

Capital investment of KDV 5000s 

Item Currency 

million baht  

 

million US dollar 

 (M USD) 

Plant and machinery 934.43 28.51 

Land 206.94 6.31 

Motor vehicles 26.39 0. 81 

Import and sales taxes 79.18 2.42 

Consultants 52.79 1.61 

Lender’s counsel fees 52.79 1.61 

Contingency 4.95 0.15 

Working capital 12.67 0.39 

Total 1,370 41.79 

 

Operating expenses are the yearly cost for running the production plant. It includes labor, raw 

material and utilities costs in this study. For the cassava chips feedstock, operating expenses 

are estimated as 831 M baht (25 M USD) per year. For the cassava pulp feedstock, operating 

expenses are estimated to 472 M baht (14 M USD). All details for the operating expenses of 

both feedstock for 330 days (7,920 hours) operation are shown in Table 20 and Table 21. 

The revenue is the amount of produced product that can be turned into a value with price per 

liter. Total revenue of synthesis diesel is 689 M baht per year (21 M USD/year) for cassava 

chips feedstock and 664 M baht per year (20 M USD) for the cassava pulp feedstock. The 

operation cost of 1 L of synthesis diesel produced from cassava chips is 26.04 baht per liter 

(0.79 USD/liter). The operation cost of 1 liter of synthesis diesel produced from cassava pulp 

is 15.167 baht per liter (0.46 USD/liter). The revenue of synthesis diesel production of each 

feedstock and operation cost of product per liter are shown in Table 22. 

 Table 20 Operating expenses of KDV 5000 with the cassava chips feedstock 

Item Usage per 

year 

Price per item Annual 

expense  

(M baht) 

Annual 

expense  

(M USD) 

Raw material 

Cassava chips 145,200 

ton 

5100 (baht/ton) 

(Oct2017) 

740.52 22.59 

Utilities 

Electricity of 

grinding 

 

17,424,000 

kWh 

 

2.4 (baht/kWh) 

41.82 1.27 

Electricity of 

KDV process 

 

6,600,000 

kWh 

 

2.4 (baht/kWh) 

15.84 0.48 

Subtotal   57.65 1.75 
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Labor, supplies  

Technician/engine

er 
2 20,000 0.96 0.029 

Administration 

salaries 
3 40% of technician 0.28 0.008 

Operating supplies  0.75% of annual capital 0.09 0.002 

Maintenance 

supplies 

 
1% of annual capital 0.13 0.003 

General and 

administrative 

 
60% of total labor 0.75 0.02 

Insurance   42.23 1.28 

Subtotal   44.45 1.35 

 

Net total   842.63 25.71 

 
 

Table 21 Operating expenses of KDV 5000 with the cassava pulp feedstock 

Item Usage per 

year 

Price per item Annual 

expense 

(M baht) 

Annual 

expense 

 (M USD) 

Raw material 

Cassava pulp 145,200 

ton 

2550 (baht/ton) 370.26 11.29 

Utilities 

Electricity of 

grinding 

 

17,424,000 

kWh 

 

2.4 (baht/kWh) 

41.81 1.27 

Electricity of 

KDV process 

 

6,600,000 

kWh 

 

2.4 (baht/kWh) 

15.84 0.48 

Subtotal   57.65 1.75 

Labor, supplies  

Technician/engine

er 

2 20,000 0.96 0.03 

 

Administration 

salaries 

3 
40% of technician 0.29 0.008 

Operating supplies  0.75% of annual capital 0.095 0.003 

Maintenance 

supplies 

 
1% of annual capital 0.13 0.003 

General and 

administrative 

 
60% of total labor 0.75 0.02 

Insurance   42.23 1.29 

Subtotal   44.45 1.35 

 

Net total   472.37 14.42 
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Table 22 The revenue of synthesis diesel production and operation cost of product per liter of each feedstock 

Item Feedstock Amount  

(ML/ 

year) 

Wholesale 

price, June 

2016 

Operation cost 

of product per 

litter 

Revenue 

baht/L USD

/L 

baht/L USD/L M baht 

/year 

M USD 

/year 

Synthesis 

diesel 

Cassava 

chips 

32 21.32 0.65 26.04 0.79 689 21 

Cassava 

pulp 

31 21.32 0.65 15.16 0.46 664 20 

 

For the KDV plant, a point of breakeven of unit sales is not observed for the cassava chips 

feedstock as shown in Figure 6. For cassava pulp however, a point of breakeven of unit sales 

is observed at 222 ML, and 4,742 M baht (144 M USD) for sale price which means that the 

process has to operate for 7 years to be at breakeven point as shown in Figure 7.  

 

Figure 6. The intersection of the unit sales and sale price at breakeven point of the KDV plant for the cassava 

chips feedstock 
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Figure 7 The intersection of the unit sales and sale price at breakeven point of KDV plant for the cassava pulp 

feedstock 

Ethanol production plant 

Capital investments, as stated in the methodology section, were taken from a LCA study of 

ethanol production from cassava in Thailand [48]. The future value of an investment was 

calculated by using Equation 3. The capital investment cost for a production capacity of 

150,000 liter per day from an ethanol production plant is 2,430 M baht (74 M USD) for the 

annual interest rate of 6%. The details are shown in Table 23. 

Table 23 The capital investment cost for a production capacity of 150,000 liter per day from an ethanol 

production plant 

Ethanol production plant 

Item Currency 

M baht  M USD 

Cost of equipment 830.86 25.35 

Piping 737.89 11.41 

Engineering consultation 357.37 10.9 

Equipment installation 332.33 10.14 

Environmental management 224.12 6.84 

Instrumentation 149.55 4.56 

Building 125.36 3.82 

Contingency 26.66 0.81 

Land 10.06 0.31 

Total 2,430 74.15 
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The operating expenses of ethanol production plant of cassava chips feedstock is estimated to 

365 million baht (11 million USD) per year. All operating expenses details for 330 days of 

operation are shown in Table 24. 

Table 24 The operation expense for a production capacity of 150,000 liter per day from an ethanol production 

plant 

Item 
Usage per 

year 
Price per item 

Annual 

expense 

(M baht) 

Annual 

expense  

(M USD) 

Raw material 

Cassava chips 
119,516 

(ton/year) 
5,100 baht/ton 609.5 18.5 

Raw material preparation 

Enzyme,chemical 

required 
  170.00 5.18 

Utilities 

Fermentation 

process 
  63.10 1.93 

Steam and 

Electricity 

 

 

 

 
121.90 3.72 

Subtotal   185.14 5.64 

Labor, supplies 

Technician/engineer 7  2.78 0.08 

Administration 

salaries 
3 40% of technician 1.11 0.03 

Operating supplies  
0.75% of annual 

capital 
1.14 0.03 

Maintenance 

supplies 
 1% of annual capital 1.52 0.04 

General and 

administrative 
 60% of total labor 2.34 0.07 

Insurance   1.14 0.03 

Subtotal   10.05 0.30 

 

Net total   974.78 29.73 

 

The total revenue of ethanol production plant of cassava chips feedstock is 1,143 million baht 

per year (34 M USD/year). The operation cost for 1 liter of ethanol produced from cassava 

chips is 19.69 baht per liter (0.6 USD/liter). The revenue and operation cost for product per 

liter are shown in Table 25. 

 

 

 

 



37 

 

Table 25 The revenue of ethanol production and operation cost for product per liter 

Item Feedstock 

Amount 

(ML 

/year) 

Wholesale 

price, 2016 

Operation cost 

per liter 
Revenue 

baht/L USD/L baht/L USD/L 
M Baht/ 

year 

M USD/ 

year 

Ethanol 
Cassava 

chips 
49.5 23.11 0.705 19.69 0.6 1,143 34.8 

 

For the ethanol plant, a point of breakeven of unit sales is observed for cassava chips 

feedstock at 644 ML, and 15,000 M baht (457 million USD) for sale prices which means the 

process has to operate for 14 years to reach breakeven point as shown in Figure 8. 

 

Figure 8 The intersection of the unit sales and sale price at breakeven point of ethanol production plant for 

cassava chips feedstock 
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5 DISCUSSION AND CONCLUSIONS 

5.1 Discussion 

In this section, the different technologies, results of the production yield and process system 

efficiency of the KDV plant and ethanol production plant and economic evaluation are 

discussed. The production yield and process system efficiency of the KDV plant were 

calculated based on assumptions due to limited material, patents and data provided from 

Swestep AB.  

KDV and fermentation method 

In view of the literature that has been used to describe the KDV plant, the KDV process 

seems to be a viable opportunity for investment in Thailand due to its smaller environmental 

impact and smaller energy requirement compared to the conventional method of using 

cassava chips and cassava pulp. Table 26 summarizes the comparison of emission, general 

consumptions and operation of both methods. In terms of the process operation, the KDV 

method is much easier to manage due to the automatic system, which only needs one worker 

to feed the feedstock at the preparation process, while the fermentation process needs to be 

handled with more care due to sensitive enzyme conditions (i.e. pH, temperature). Therefore, 

fermentation requires more workers per shift.  Moreover, the KDV plant does not require 

water and requires only a minor amount of electrical energy whereas a lot of heat and water 

in fermentation process is needed. In any case, the study focuses on the main process and the 

main product. Thus, any waste treatment process and by-products that can be of value have 

not been considered. However, the main by-products can roughly be discussed in relation to 

ash, solid waste, waste water and fusel oil (amyl alcohol). The KDV generates ash which is 

not suitable for soil improvement but can be used for other purposes. The distilled water 

comes from the purification of the synthesis diesel (the distillation with oil circulation), so it 

can be used elsewhere. The fermentation process generates a huge amount of solid waste and 

waste water, requiring many processing steps and chemical additives to treat the water before 

it can be discharged back into the environment. The by-product fusel oil (amyl alcohol) can 

be used as a solvent. 

Table 26 Comparison between the KDV plant and ethanol production plant 

Item KDV plant Ethanol production plant 

Chemical required in the 

process 
-  

Fermentation process i.e. 

antifoam, formalin 

Enzymes, catalyst 
Cation aluminium silicate 

and lime 

Alpha-amylase and gluco-

amylase 

Water required in the process No 
Raw material preparation and 

fermentation process 

Energy and electricity 

required 

Not 100% required, some 

amount of energy is self-

supplied 

100% required 
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Operation 

(Nearly) automatic system 

Required only 1 person per 

shift 

7 people in total and 2-3 

people per shift. 

Emission and by product CO2, ash, distilled water 
Waste water, solid waste  

(wet cake), CO2 and fusel oil 

Product Synthesis diesel Ethanol 

 

Economy evolution  

The results in Table 20, Table 21 and Table 24 clearly show that the feedstock price is a 

significant part of the costs for producing synthesis diesel and ethanol since it accounts for 

more than 50% of the total production cost. The feedstock cost depends on local supply and 

demand, seasons, location and transportation. These factors play a major role in the economic 

evaluation since large quantities of feedstock are needed in order to sustain the production. In 

this study, the transportation is minimal due to the plant’s location within the vicinity of the 

cassava plantation.  

To evaluate the economy from the breakeven point results as shown in Figure 6, Figure 7 and 

Figure 8. The KDV plant with cassava chips as feedstock is not a feasible investment because 

the revenues graph will never cross the total cost (summation of capital investment and 

production cost) because the production cost (26.04 baht/L or 0.79 USD/L) is higher than the 

selling price (21.3 baht/L or 0.65 USD/L).  The KDV plant with cassava pulp as feedstock 

and the ethanol production plant with cassava chips as feedstock are feasible investments 

since both production plants have a breakeven point at 7 and 14 years, respectively.   

5.2 Conclusions  

The application of cassava pulp with the KDV technology is more effective in terms of 

economy and usage of resources because the technology produces synthesis diesel which is a 

high value product compared to using cassava pulp as an animal feed. Cassava chips are not 

feasible for to the KDV technology due to the feedstock’s high price and lower production 

yield when compared with the ethanol plant. Moreover, the comparison of technologies 

between the KDV process and the fermentation process can be presented as below. 

- The KDV technology is more efficient than the fermentation method since it is an 

automatic system, requires no water, and is self-sustaining. 

- The crucial factors of the diesel production yield in the KDV technology are percentage 

of C in the feedstock and moisture in the feedstock with regards to the limited capacity of 

the reactor.  
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6 Recommendations 

In principle, the feasibility study considers the entire process, including the treatment plant 

that treats waste from the main process, in order to do the economic evaluation. The KDV 

technology seems to be in the early phases of development since it is lacking scientific and 

engineering data for further evaluation on environmental impact even though the technology 

claims to be environmentally friendly. To get a reliable result, the feasibility study of the 

KDV technology should be conducted under laboratory scale within a controlled 

environment, and carried out in a continuing process in order to observe and collect data, 

such as heat, pressure and byproducts that may occur during the process which can lead to 

environmental effects.  
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8 Appendix 

Calculations  

The amount of carbon that is generated from feeding biomasses (cassava chips and cassava 

pulp) into the KDV 150 plant was simulated from wood feedstock. The calculations for the 

mass and energy balances have been calculated as following. 

8.1 Mass balance over the KDV process 

 

 

 

 

 

Assumptions: 

- The process is continuous process and is within a closed system 

- Fixed amount of feedstock with wood as the model 

- Only carbon balance is accounted for due to unknowns matter in the output  

- Outputs are only synthesis diesel, water, exhausted gases and solid residues 

- The solid residues are catalyst, ash and charcoal which contains only carbon  

- Catalyst is not consumed and remains in the process cycle 

- No ash is generated. Any ash that is present originates from the biomasses 

- Synthesis diesel consists of 86.5% carbon and 13.5% hydrogen  

- Exhaust gas is only CO2  

Given data: wood feedstock 

Item kg/h 

Wood feedstock 551 

Synthesis diesel 125 

Solid residues 54 

Catalyst 3 

Exhausted gas(CO2) unknown 

 

Wood component %wt Molecular weight 

 
Pretreatment KDV process 

Biomass 
Synthesis diesel 

Distilled water 

CO2 

Solid residues 
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(kg/kmol) 

Moisture (wet basis) 6.32  

Ash (dry basis) 4.05  

C      (MAF basis) 53.15 12 

H      (MAF basis) 6.04 1 

O      (MAF basis) 39.82 16 

N      (MAF basis) 0.94 14 

S       (MAF basis) 0.04(neglected)  

 

Finding the amount of exhausted gas (CO2) of wood feedstock by following steps; 

1. Calculated the amount of biomasses in term of Moisture and ash free(MAF)  

 

=1/35	.-	>99< =
5516?

ℎ
∗ 0.0632 = 34.82	6?/ℎ 

D0ℎ	.-	>99< = *551 − 34.82+ ∗ 0.0405 = 20.91	6?/ℎ 

E33<	FDE	>99< = 551 − 34.82 − 20.91 = 495.27	6?/ℎ 

 

2. Finding the amount of C, H and O of wood (MAF) in kmol/h 

 

G1549-	1;9,-/	.-	FDE	>99< =

495.276?
ℎ

∗ 0.5315

126?
6;92

= 21.94
	6;92

ℎ
 

	 

 

HI<59?3-	1;9,-/	.-	FDE	>99< =

495.276?
ℎ

∗ 0.0604

16?
6;92

= 29.91
	6;92

ℎ
 

 

 

JKI?3-	1;9,-/	.-	FDE	>99< =

495.276?
ℎ

∗ 0.3982

166?
6;92

= 21.94
	6;92

ℎ
 

 

3. Finding the carbon amount in solid residues in kmol/h  

 

092.<	530.<,30 = :1/12I0/ + 10ℎ + :ℎ15:912 

Gℎ15:912*9-2I	G1549-+ = 54 − 3 − 20.91 =
30.096?

ℎ
=

30.096?
ℎ

126?
6;92

= 2.51
6;92

ℎ
 

4. Finding the Carbon yield of wood feedstock 

/ℎ3	:1549-	I.32< = GLMNOPQLRL	SRQLQT/GUVVS	 
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Wℎ3	:1549-I.32<	9X	>99<	X33<0/9:6 =
9.01

21.91
= 0.41 

 

5. Finding the amount of C in synthesis diesel in kmol/h  

 

G1549-	.-		<.3032 UVVS
YQQSLOVZ[

=
495.276?

ℎ
∗ 0.5315 ∗ 0.41 =

107.92
6?
ℎ

12
6?
6;92

=
8.99	6;92

ℎ
 

 

6. Finally the carbon in exhausted gas can be calculated  

 

GUVVS = GSRQLQT + GZP\]ZV\T + GQ^P\_LOQS	`\L,bcd 

 

GQ^P\_LOQS	`\L,bcd = 21.94 − 9.01 − 2.51 =
10.42	6;92

ℎ
 

The mass balance of cassava chips and cassava pulp as feedstock can be calculated by 

simulating the wood feedstock. The calculation method and the assumptions follow the wood 

feedstock steps, except for the amount of synthesis diesel which will be calculated due to the 

difference in percentage of component in biomasses. 

Cassava chips feedstock 

Cassava chips 

component 

% wt Molecular weight 

(kg/kmol) 

Moisture (wet basis) 14  

Ash (dry basis) 7  

C      (MAF basis) 48 12 

H      (MAF basis) 6 1 

O      (MAF basis) 46 16 

 

Finding the amount of exhaust gas (CO2) from wood feedstock by the following steps: 

1. Calculating the amount of biomasses in term of moisture and ash free(MAF)  

 

=1/35	.-	>99< =
5516?

ℎ
∗ 0.14 = 77.14	6?/ℎ 

D0ℎ	.-	>99< = *551 − 77.14+ ∗ 0.07 = 33.17	6?/ℎ 

E33<	FDE	>99< = 551 − 77.14 − 33.17 = 440.69	6?/ℎ 

 

2. Finding the amount of C, H and O of wood (MAF) in kmol/h 
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G1549-	1;9,-/	.-	FDE	>99< =

440.696?
ℎ

∗ 0.48

126?
6;92

= 17.63
	6;92

ℎ
 

	 

 

HI<59?3-	1;9,-/	.-	FDE	>99< =

440.696?
ℎ

∗ 0.06

16?
6;92

= 26.43
	6;92

ℎ
 

 

 

JKI?3-	1;9,-/	.-	FDE	>99< =

440.696?
ℎ

∗ 0.46

166?
6;92

= 12.67
	6;92

ℎ
 

 

3. Finding the carbon amount in solid residues in kmol/h  

 

092.<	530.<,30 = :1/12I0/ + 10ℎ + :ℎ15:912 

Gℎ15:912*9-2I	:1549-+ = 54 − 3 − 33.17 =
17.836?

ℎ
=

17.836?
ℎ

126?
6;92

= 1.49
6;92

ℎ
 

 

4. Finding the amount of C in synthesis diesel in kmol/h ; 

Assumption: The carbon yield is the same as wood feedstock due to biomass 

feedstock 

 

G1549-	.-		<.3032Z\LL\e\	ZPRfL	
YQQSLOVZ[

=
440.696?

ℎ
∗ 0.48 ∗ 0.41 =

86.72
6?
ℎ

12
6?
6;92

=
7.22	6;92

ℎ
 

 

g.3032	859<,:3 =
<.3032	859<,:3UVVS ∗ G	.-	<.3032Z\LL\e\	ZPRfL

G	.-	<.3032UVVS
=
125 ∗ 86.72

107.92

= 100.44	6?/ℎ 

 

5. Finally the carbon in exhaust gas can be calculated  

 

GUVVS = GSRQLQT + GZP\]ZV\T + GQ^P\_LOQS	`\L,bcd 

GQ^P\_LOQS	`\L,bcd = 17.63 − 7.22 − 1.49 =
8.9	6;92

ℎ
 

Cassava pulp feedstock 

Cassava chips % wt Molecular weight 
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component (kg/kmol) 

Moisture (wet basis) 11.82  

Ash (dry basis) 6.2  

C      (MAF basis) 44.68 12 

H      (MAF basis) 6.31 1 

O      (MAF basis) 48 16 

 

Finding the amount of exhausted gas (CO2) of wood feedstock by the following steps: 

1. Calculating the amount of biomasses in term of moisture and ash free(MAF)  

 

=1/35	.-	>99< =
5516?

ℎ
∗ 0.1182 = 65.13	6?/ℎ 

D0ℎ	.-	>99< = *551 − 65.13+ ∗ 0.062 = 30.08	6?/ℎ 

E33<	FDE	>99< = 551 − 77.14 − 33.17 = 455.8	6?/ℎ 

 

2. Finding the amount of C, H and O of wood (MAF) in kmol/h 

 

G1549-	1;9,-/	.-	FDE	>99< =

455.86?
ℎ

∗ 0.4468

126?
6;92

= 16.97
	6;92

ℎ
 

	 

 

HI<59?3-	1;9,-/	.-	FDE	>99< =

455.86?
ℎ

∗ 0.0631

16?
6;92

= 28.76
	6;92

ℎ
 

 

 

JKI?3-	1;9,-/	.-	FDE	>99< =

455.86?
ℎ

∗ 0.48

166?
6;92

= 13.67
	6;92

ℎ
 

 

3. Finding the carbon amount in solid residues in kmol/h  

 

092.<	530.<,30 = :1/12I0/ + 10ℎ + :ℎ15:912 

Gℎ15:912*9-2I	:1549-+ = 54 − 3 − 30.08 =
20.92	6?

ℎ
=

20.92	6?
ℎ

12	6?
6;92

= 1.74	
6;92

ℎ
 

 

4. Finding the amount of C in synthesis diesel in kmol/h ; 

Assumption: The carbon yield is the same as wood feedstock due to biomass 

feedstock 
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G1549-	.-		<.3032Z\LL\e\	f_Tf	
YQQSLOVZ[

=
455.8	6?

ℎ
∗ 0.4468 ∗ 0.41 =

83.49
	6?
ℎ

12
6?
6;92

=
6.958	6;92

ℎ
 

 

g.3032	859<,:3 =
<.3032	859<,:3UVVS ∗ G	.-	<.3032Z\LL\e\	ZPRfL

G	.-	<.3032UVVS
=
125 ∗ 83.49

107.92

= 96.70	6?/ℎ 

 

5. Finally the carbon in exhaust gas can be calculated  

 

GZ\LL\e\	f_Tf = GSRQLQT + GZP\]ZV\T + GQ^P\_LOQS	`\L,bcd 

GQ^P\_LOQS	`\L,bcd = 16.97 − 6.958 − 1.74 =
8.26	6;92

ℎ
 

8.2 Energy balance over the KDV process 

 

 

 

 

Assumptions: 

- Flue gas discharges at 120°C 

- Ash out at 280 °C 

- Temperature reference in Thailand is 25°C 

- Diesel out at 150°C( condenser temperate) 

Given data: 

Item  Specific heat 

(Cp KJ/kg K) 

Synthesis diesel density (kg/l) 0.828  

1L of synthesis diesel used dry 

wood(kg) 

1.98  

Ash  0.84 

Diesel  2.05 

HHVcharcoal(KJ/kg) 29600  

 

Energy consumption to produce 1L of synthesis diesel  

 
Pretreatment KDV process 

Biomass 
Synthesis diesel 

Distilled water 

CO2 

Solid residues 
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Production 

process 

Fuel Electricity Total 

MJ/L 

diesel 
MJ/kg wood 

MJ/L 

diesel 
MJ/kg wood 

MJ/ kg 

wood 

Drying 0.75 0.75/1.98=0.38 1.22 1.22/1.98=0.62 0.99 

Grinding 0.86 0.86/1.98=0.43 0  0.43 

KDV process 1.75 1.75/1.98=0.88 0.6 0.6/1.98=0.3 1.19 

Total energy 

consumption 

(grinding 

+KDV 

process)* 

    1.62 

HHV 

synthesis 

diesel,1L 

35.130 35.13/1.98=17.74   17.74 

     *no drying energy required (own energy supplied) 

HHh*
Fi

6?	X33<0/9:6
+

= 0.3491G + 1.1783H + 0.1005j − 0.1034J − 0.0151k − 0.021110ℎ			 

HHh	X33<0/9:6*	F=+ =
HHhYQQSLOVZ[ ∗ 	X33<0/9:6lmn

3600
 

opqrs`]RNSRN`	f]VZQLL*F=+ =
/9/12	3-35?I	:9-0,;8/.9- ∗ 	X33<0/9:6lmn

3600
 

oRNf_O*F=+ = HHhYQQSLOVZ[ + opqrs`]RNSRN`	f]VZQLL 

oSRQLQT*F=+ =
HHhSRQLQT ∗ 	X33<0/9:6lmn

3600
 

   oR,LQNLRtTQ	PQ\O = ;RGfRuT= niMWiCpi∆T 

Wood feedstock 

Energy Input  

HHhUVVS =
21.43 ∗ 495.27

3600
= 2.948	F= 

opqrs`]RNSRN`	f]VZQLL =
1.62 ∗ 495.27

3600
= 0.22	F= 

oRNf_O = 2.948 + 0.22 = 3.172	F= 

Energy Output  
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HHhSRQLQT =
17.74 ∗ 495.27

3600
= 2.44	F= 

oSRQLQT,LQNLRtTQ	PQ\O =
2.05 ∗ 125 ∗ *250 − 25+

3600 ∗ 1000
= 0.02	F= 

o\LP,LQNLRtTQ =
0.84 ∗ 20.91 ∗ *280 − 25+

3600 ∗ 1000
= 0.00124	F= 

oZP\]ZV\T =
29600 ∗ 30.09

3600 ∗ 1000
= 0.25	F= 

Finding the QCO2 from ideal gas: 

h =
-vW

w
 

Assumption: 

- Consider CO2 as ideal gas 

- Constant volume (therefore, apply Cv as a specific heat value) 

 

Item  

R (J/K(mol)) 8.3144 

T (K) 393 

P(kPa) 101.325 

Cv,CO2 (KJ/kgK) 0.655 

Density of CO2 (kg/m
3
) 1.977 

		 

h =
10.42 ∗ 8.3144 ∗ 393

101.325
= 335.97;x/ℎ 

;100	X29>	51/3*;+ = 335.97 ∗ 1.977 = 664.2	6?/ℎ 

obcd =
0.655 ∗ 664.2 ∗ *393 − 298+

3600 ∗ 1000
= 0.01148	F= 

oc_Of_O,UVVS	YQQSLOVZ[ = 2.44 + 0.02 + 0.00124 + 0.25 + 0.01148 = 2.722	F= 

oTVLL = oRN − oV_O = 3.172 − 2.72 = 0.452	F= 

	ɳ =
2.44

3.172
= 0.769 

Cassava chips feedstock 

Energy Input  

HHhZ\LL\e\	ZPRfL =
18.92 ∗ 440.69

3600
= 2.32	F= 
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opqrs`]RNSRN`	f]VZQLL =
1.62 ∗ 440.69

3600
= 0.2	F= 

oRNf_O = 2.32 + 0.2 = 2.51	F= 

 

	Energy Output  

HHhSRQLQT =
17.74 ∗ 440.29

3600
= 2.17	F= 

oSRQLQT,LQNLRtTQ	PQ\O =
2.05 ∗ 100.44 ∗ *250 − 25+

3600 ∗ 1000
= 0.013	F= 

o\LP,LQNLRtTQ =
0.84 ∗ 33.17 ∗ *280 − 25+

3600 ∗ 1000
= 0.002	F= 

oZP\]ZV\T =
29600 ∗ 17.83

3600 ∗ 1000
= 0.15	F= 

Finding the QCO2 from ideal gas: 

h =
-b	VY	bcdvW

w
 

Assumption: 

- Consider CO2 as ideal gas 

- Constant volume (therefore, apply Cv as a specific heat value) 

Item  

R (J/K(mol)) 8.3144 

T (K) 393 

P(kPa) 101.325 

Cv,CO2 (KJ/kgK) 0.655 

Density of CO2 (kg/m
3
) 1.977 

		 

h =
8.9 ∗ 8.3144 ∗ 393

101.325
= 287.05	;x/ℎ 

;100	X29>	51/3*;+ = 287.05 ∗ 1.977 = 567.49	6?/ℎ 

obcd =
0.655 ∗ 567.49 ∗ *393 − 298+

3600 ∗ 1000
= 0.0098	F= 

oc_Of_O,Z\LL\e\	ZPRfL	YQQSLOVZ[ = 2.17 + 0.013 + 0.002 + 0.15 + 0.0098 = 2.34	F= 

oTVLL = oRN − oV_O = 2.51 − 2.34 = 0.171	F= 

	ɳ =
2.17

2.51
= 0.863 
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Cassava pulp feedstock 

Energy Input  

HHhZ\LL\e\	f_Tf =
18.13 ∗ 455.8

3600
= 2.296	F= 

opqrs`]RNSRN`	f]VZQLL =
1.62 ∗ 455.8

3600
= 0.21	F= 

oRNf_O = 2.296 + 0.21 = 2.501	F= 

	Energy Output  

HHhSRQLQT =
17.74 ∗ 455.8

3600
= 2.25	F= 

oSRQLQT,LQNLRtTQ	PQ\O =
2.05 ∗ 96.7 ∗ *250 − 25+

3600 ∗ 1000
= 0.012	F= 

o\LP,LQNLRtTQ =
0.84 ∗ 30.08 ∗ *280 − 25+

3600 ∗ 1000
= 0.002	F= 

oZP\]ZV\T =
29600 ∗ 20.92

3600 ∗ 1000
= 0.17	F= 

Finding the QCO2 from ideal gas: 

h =
-b	VY	bcdvW

w
 

Assumption: 

- Consider CO2 as ideal gas 

- Constant volume (therefore, apply Cv as a specific heat value) 

Item  

R (J/K(mol)) 8.3144 

T (K) 393 

P(kPa) 101.325 

Cv,CO2 (KJ/kgK) 0.655 

Density of CO2 (kg/m
3
) 1.977 

		 

h =
8.26 ∗ 8.3144 ∗ 393

101.325
= 266.25	;x/ℎ 

;100	X29>	51/3*;+ = 266.25 ∗ 1.977 = 526.38	6?/ℎ 

obcd =
0.655 ∗ 526.38 ∗ *393 − 298+

3600 ∗ 1000
= 0.009	F= 

oc_Of_O,Z\LL\e\	ZPRfL	YQQSLOVZ[ = 2.25 + 0.012 + 0.002 + 0.17 + 0.009 = 2.44	F= 
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oTVLL = oRN − oV_O = 2.501 − 2.44 = 0.059	F= 

ɳ =
2.25

2.501
= 0.898 
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