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ABSTRACT 

The economic feasibility of a combined hydrothermal liquefaction (HTL) and catalytic 

hydrothermal gasification (CHG) process using municipal sewage sludge (MSS) as a 

feedstock was investigated. A predictive economic model was prepared to determine the 

areas within the process with the largest economic influence of the design. Laboratory 

experiments were focused on varying the temperature (280-320°C), residence time (10-40 

minutes), and feedstock solids content (5-20wt%) of a batch HTL reaction using local MSS 

samples. Data from the experiments were input into the model to provide Chief Defense 

Contractors Inc. an engineering assessment of the proposed process. Economic results 

indicate that with sufficient feedstock/product flow there exists several scenarios with 

positive net present values. Experimental data suggests that higher operating temperatures 

and feedstock solids contents are favourable towards the conversion of carbon from MSS 

to biocrude.  
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1.0 Introduction 

Due to increasing energy demands and improvements required of existing energy 

production methods (not to mention the depletion of conventional energy sources), studies 

focusing on eco-friendly alternative energy resources have gained tremendous interest in 

the scientific community. The need to replace traditional fuels and recovery methods is 

greater now than ever before. Recently, an open letter signed by over 15,000 scientists from 

around the world issued a global warning on several environmental issues (ex: climate 

change), which serves as a testament to the severity of current practices [1]. An interesting 

solution and promising alternative to conventional fossil fuels is the use of biomass. 

Choosing from a wide selection of processes, biomass can be readily converted into usable 

energy sources. Not only does biomass provide a source of renewable energy, it also 

addresses other issues such as decreases in available landfill space and increasing trends in 

petroleum prices [2]. Of the available processes, thermo-chemical conversion (TCC) 

technologies have recently regained interest in the biofuel production field [3].  

TCC technologies employ high temperature conditions, sometimes in the presence of a 

catalyst, to produce usable fuel sources [4]. The most commonly used TCC technologies 

are gasification, hydrothermal liquefaction (HTL), pyrolysis, direct combustion, and 

supercritical fluid extraction. Among those technologies, HTL does not require a feed pre-

drying step nor the use of a catalyst, operates at lower temperatures, and can handle several 

different types of feedstock [5].  

In general, biomass feedstocks are present in two forms: through a complex mixture of 

organic materials, such as plants and crops, or as a by-product or waste from natural and 
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industrial processes. The following report focuses on the latter of the two types of 

feedstock, using municipal sewage sludge (MSS) as a feedstock to produce biocrude 

through an HTL process. Pulp and paper sludge (PPS), another by-product from an 

industrial process, will also be examined as a potential feed source in this report. Aqueous 

effluent from the HTL process can be treated using catalytic hydrothermal gasification 

(CHG), producing clean water and a methane-rich gaseous stream, which will be later 

discussed and evaluated, however was not the focus of the experimental section of the 

project. 

By using HTL technology on sewage sludge, current energy intensive methods used by 

wastewater treatment facilities will be avoided such as land application, landfilling, and 

incineration, which all require drying prior to treatment [6]. Additionally, these methods in 

one way or another produce secondary pollution as a result of transportation methods to 

landfills, and through combustion of fuels used for drying processes. Although HTL is an 

energy intensive process, aqueous by-products from the process may be further treated 

using CHG to produce a methane-rich gas, thus significantly reducing the energy 

requirement of the process.  

1.1 Problem Statement 

Currently, many scientists and engineers have concluded that the HTL process is not yet 

economically feasible at an industrial level because of low carbon and process efficiencies, 

high pumping pressures, and scalable reactor designs, all of which lead to high initial 

capital investments [7]. Furthermore, most tests that have successfully produced biocrude 
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from biomass have been completed at a laboratory scale, with very little attempts to up-

size the process [8].  

Some of the technical issues with the design of a large-scale microalgal HTL, which is a 

comparative process to the problem at hand, include: 

• Insufficient process heat recovery when using heat exchangers downstream of the 

process, as unprocessed material has poor heat transfer characteristics, 

 

• Undetermined optimum reaction times, yields, and qualities of produced biocrudes 

for different feedstocks, and 

 

• Biocrude produced from the process requires further upgrading prior to being used 

in combustion engines, where the upgrading step is expensive, energy intensive and 

has a low energy efficiency. 

 

The experimental portion of this report will focus on the second point, by performing tests 

on MSS via a batch HTL setup. Results from experimental testing will then be used to 

evaluate the industrial application of the technology with the help of a predictive economic 

model. 

From another point of view, most wastewater treatment processes currently dispose of their 

by-product sludge at landfills, of which decreases on the available landfill space. In 

urbanized areas, this is a significant concern as there is not enough space available to keep 

up with the amount of waste being produced. Additionally, the sludge must be processed 

and transported prior to being landfilled, both of which have negative environmental 

impacts [9]. These issues, among others, are also addressed in this report.  
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1.2 Project Objectives 

The objective of the current study was to provide Chief Defense Contractors Inc. (CDCI) 

a conceptual engineering assessment of HTL technology to meet their objective of 

producing a petroleum product from a non-sequestered source. This was accomplished by 

creating an economic model using literature data, which was then updated with data from 

experimental bench-scale results on a batch HTL system. Tests were focused on delivering 

the highest quantity and quality of biocrude by manipulating certain operating conditions 

of the system. From there, CDCI can either choose to further refine produced biocrude into 

biodiesel and other biofuel fractions or sell their product to other refineries as a crude that 

requires further upgrading.  

CDCI had already conducted some review in this area and as such, the Centre for Nuclear 

Energy Research (CNER) was initially charged with executing a conceptual engineering 

assessment to specifically investigate: 

• HTL technology with a particular focus on having pulp or municipal sewage sludge 

(MSS) as a feedstock. 

 

• Conversion rates of feedstock to biocrude and their primary drivers.  

 

Many areas in the development of renewable energy sources and technologies were 

addressed throughout this project. Issues regarding the depletion of conventional fossil fuel 

resources were attended to, as another possible source of bioenergy was discovered. This 

subsequently provided valuable insight to the steps required in designing a commercial 

scale biofuel processing plant, using MSS as a primary feedstock. The research can also 

provide the biofuel industry important information regarding the process conditions at 

which to treat the given feedstocks to produce biofuel products, as well as research groups 
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who intend to study the commercialization of converting biomass to usable biofuel. As the 

technology and feedstocks being investigated are both environmentally friendly and 

abundant, the resulting impacts will have net positive impacts on global issues concerning 

pollution. 
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2.0 Literature Review 

The following sections will provide an overview on the hydrothermal liquefaction (HTL) 

of municipal sewage sludge (MSS) and pulp and paper sludge (PPS). Catalytic 

hydrothermal gasification (CHG), which is a complementary technology used to recover 

residual carbon from the aqueous effluent via the HTL process, will also be examined. 

2.1 Hydrothermal Liquefaction (HTL) 

2.1.1 Overview 

Hydrothermal liquefaction (HTL) is similar to the natural geochemical processes that have 

occurred over hundreds of thousands of years to produce the fossil fuels used today. Both 

occur under elevated pressure and temperature, although the HTL of biomass can produce 

biocrude in minutes, rather than years. Using a combination of moderate temperature, high 

pressure and, most commonly, water as a solvent, biomass can be converted into biocrude 

that can be further refined into fuel for use in combustion engines. Typical operating 

conditions in the HTL of biomass range from 200°C to 365°C, under pressures of 5 to 20 

MPa, and produce a biocrude with heating values in excess of 30 MJ/kg, low water and 

oxygen content, and high viscosity when compared to biofuels produced using different 

techniques (i.e. pyrolysis) [3].  

Water remains as a compressed liquid up to 374°C at 22 MPa; under these subcritical 

conditions water displays some unique characteristics that make it a favorable solvent for 

organic biomass processing. For municipal sewer sludge and pulp and paper waste, 
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experimental data indicates that biocrude is produced at temperatures between 300-350°C 

(9 to 17 MPa) and 250-380°C (4 to 23 MPa), respectively [10], [11].  

Biocrude forms when macromolecules found in biomass breakdown into a viscous oil 

product as the surrounding temperature increases. Biomass decomposes through several 

steps with increasing temperature. At 100°C, water-soluble components in biomass 

dissolve and at temperatures greater than 150°C, hydrolysis reactions begin. Hydrolysis is 

the chemical breakdown of the structure of certain compounds in water [12]. Above 150°C, 

cellulose and hemicellulose break apart into smaller chains. Biomass becomes a slurry at 

roughly 200°C and 1 MPa, and liquefaction producing biocrude occurs at 300°C and 10 

MPa [13].  

2.1.2 HTL Reaction Mechanisms 

In the HTL of biomass, components such as carbohydrates, lignins, proteins, and lipids 

undergo three main reactions:  

1. Depolymerization/Degradation; 

 

2. Decomposition of monomers by means of cleavage, dehydration, decarboxylation 

and deamination; and 

 

3. Recombination (Polymerization) of reactive fragments [14]. 

 

An illustration of the typical pathway for the HTL of biomass is shown in Figure 2-1. 
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Figure 2-1: Reaction Pathway for the HTL of Biomass [4] 

In depolymerization (degradation), the increased pressure and temperature of the reaction 

system results in changes to the structure of long chain polymers in the biomass, creating 

shorter chain hydrocarbons. Subsequently, three decomposition reactions occur that further 

break down the hydrocarbon chains: dehydration, decarboxylation and deamination 

(occurring inside the water-dissolved materials step in Figure 2-1). Dehydration occurs 

through the loss of a water molecule, decarboxylation is a result of the loss of a carbon 

dioxide (CO2) molecule, and finally deamination is the removal of amino acids. Both 

dehydration and decarboxylation result in the loss of oxygen from the biomass, which helps 

to improve the quality of the final biocrude product. The last reaction step acts as a reverse 

of the initial reaction step (both polymerization steps). Due to a lack of available hydrogen 

compounds, the concentration of free radicals is relatively large, resulting in the 

repolymerization of fragments that ultimately produce higher molecular weight molecules 

[4]. 

2.1.3 HTL Products Description 

There are four main products that require separation in HTL processing: 
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1. Gases - The gaseous product mainly consists of hydrogen, nitrogen, carbon 

monoxide, methane and carbon dioxide, which together constitute a small portion 

of the total product mass. The gaseous products are easily separated from solid, 

biocrude and aqueous products by venting after the reaction.  

2. Biosolids - The solid phase is a result of the final reaction step, which creates a 

char-like substance that can be filtered by gravity. Biosolids characterization from 

the liquefaction of MSS in past experiments indicate that it is mostly composed 

(~65 wt%) of inorganic salts (or ash) [9]. Typical biosolid yields are 10-20 wt% of 

the total products generated in HTL, however, can vary depending on the feedstock 

and process conditions [15]. Biosolids can be landfilled or sold as fertilizer without 

the need for additional treatment. 

3. Aqueous Effluent – One of the liquid products from the HTL of biomass is an 

aqueous effluent stream, of which contains a portion of the organic material from 

the original feedstock. This waste stream contains the largest fraction of carbon of 

all the effluent streams. For the HTL of municipal sewage sludge, 20-30% of 

incoming carbon present in the feedstock ends up in aqueous effluent. The aqueous 

product is mostly composed of water and dissolved organics. 

4. Biocrude – The chemical composition and properties of biocrude produced from 

HTL are highly dependent on the type of biomass being processed. It has been 

reported that between 50-60% of the original carbon present in the feedstock is 

converted to biocrude [16]. In general, crude oil is defined by its physical and 

chemical properties such as viscosity, density, heating value, hydrogen to carbon 

ratio (H/C), and oxygen to carbon ratio (O/C) [17]. Table 2-1 displays different 
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biocrudes produced from various feedstocks and their respective properties, as 

well as typical values for diesel and biodiesel for comparison. Biocrude must be 

upgraded prior to use in combustion engines [16]. 

Table 2-1: Chemical and Physical Properties of Biocrude from Various Biomasses via HTL 

[9], [17], [18], [19], [20] [21], [22] [23] 

Feedstock Type Feedstock 
Viscosity 

(MPa s) 

Density 

(kg/L) 

Heating 

Value 

(MJ/kg) 

H/C O/C 

Lignocelluloses 

Beech Wood - 1.1 35 1.11 0.16 

Bagasse 6.7 x 105 - 31 1.12 0.21 

Coconut 

Husk 
1.3 x 106 - 30 1.00 0.21 

Corn Stalk 1.6 x106 - 30 1.01 0.21 

Microalgae 

Dunaliella 

tertiolecta 
15-330 - 36 1.36 0.09 

Sprirulina 

platensis 
189.8 0.97 34 1.44 0.1 

Scenedesmus 

sp. 
3.27-3.75 

0.97-

1.04 
30 1.60 0.1 

Wastes 

Primary MSS 571 1.00 37.6 1.61 - 

Secondary 

MSS 
625 0.98 34.8 1.40 - 

Digested 

Solids  
1160 1.01 38.0 1.40 - 

Fuels 
Diesel 1.1-3.5 0.85 45.1 1.79 0 

Biodiesel 1.7-5.3 0.88 40.5 1.87 0.11 

2.2 Biomass Elemental Makeup 

Both municipal sewage and pulp and paper sludges are types of biomass that can be 

converted to biocrude through HTL processing. Although there are many types of biomass, 

all are elementally composed of carbon, hydrogen, sulphur, nitrogen and oxygen [4]. The 

concentration of each component in the biomass varies, however most biomass contains 

between 30-40% oxygen, 30-60% carbon, and 5-6% hydrogen, with the balance being trace 

amounts of nitrogen and sulphur. 
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2.2.1 Carbon (C) 

Carbon is the most important element within the composition of biomass as it is the largest 

contributor to the overall heating value of HTL-derived fuel. During photosynthesis, 

atmospheric carbon dioxide (CO2) contributes to plant growth and is then re-emitted into 

the atmosphere when burned. In the HTL of biomass, it can be said that any chosen 

feedstock is a carbon-neutral option as CO2 is essentially cycled from the atmosphere to 

the material, and then back into the atmosphere upon combustion. Carbon content in sludge 

varies depending on the location of the wastewater treatment plant or the pulp and paper 

process used, but is typically between 30-40 wt% (dry) for MSS and 30-55 wt% (dry) for 

pulp and paper sludge (PPS) [24], [25].  

2.2.2 Hydrogen (H) 

Another important element in biomass is hydrogen, which also has a significant effect on 

the overall heating value of fuel produced in HTL due to the production of water molecules 

during combustion. Carbohydrates and phenolic polymers present in biomass are the main 

components that contain hydrogen. Hydrogen content in MSS and PPS varies between 5-

10 wt% (dry) [25], [9]. 

2.2.3 Sulphur (S) 

A constituent of amino acids, proteins and enzymes, sulphur also contributes to the growth 

of plants. When burned, sulphur can have detrimental effects on the process and the 

atmosphere. Most commonly, sulphur scrubbers/strippers are employed in processes with 

high sulphur containing feedstocks to decrease SOx emissions, and to control corrosion 
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inside process equipment. While sulphur content varies in all types of sludges, it is typically 

below 1% of the total dry mass of the waste [24], [25]. 

2.2.4 Nitrogen (N) 

Nitrogen content in biomass detracts from the overall heating value of fuel produced from 

biomass as it produces NOx emissions when combusted. Nitrogen content in biomass 

originates from nutrients provided to plant-based material in the form of fertilizers or 

growth contributors. The nitrogen content in PPS is usually below 1 wt%, however, can 

reach as high as 5 wt% (dry) in Kraft pulp mills [25]. As for MSS, nitrogen content is 

typically between 1-5 wt% (dry) [26], [27]. 

2.2.5 Oxygen (O) 

Oxygen depresses the overall heating value of fuels made from biomass. Typically, fuels 

produced via HTL techniques require upgrading prior to their use in combustion engines 

due to their high viscosity and oxygen content. The oxygen content in PPS varies greatly, 

depending on the chosen process, however, is typically between 20-45 wt% (dry) [25]. In 

MSS, oxygen content is normally between 30-35 wt% (dry) [9]. 

2.3 Biomass Composition 

The aforementioned elements (C, H, S, N, O) are the fundamental components of biomass. 

Biomass itself is a complex heterogeneous mixture of organics, and to a lesser extent, 

inorganics, and can be presented as either a dry or wet feedstock. Dry biomass feedstocks 

contain larger fractions of cellulose, hemicellulose and lignin, while wet feedstocks are 

mainly composed of fats and lipids, as well as proteins and amino acids. Although these 
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types of feedstocks are mainly composed of their respective compounds, there may be dry 

feedstock matter found in wet feedstocks, especially in wastes from processes involving 

wood-based materials. Both municipal sewage sludge (MSS) and pulp and paper sludge 

(PPS) are considered wet feedstocks as they are sludges originating from wastewater 

treatment processes. 

2.3.2 Cellulose 

Cellulose (C6H10O5)n is a natural long chain polysaccharide found in lignocellulosic 

materials [13]. It is a high molecular weight substance that, due to its tight fibrous structure 

caused by hydrogen bonding, is not soluble in many solvents. However, at subcritical 

conditions and high temperatures (~330°C), cellulose becomes soluble in water. Cellulose 

is formed by β-1,4 glycosidic linkage of D-glucopyranose units; the chemical structure of 

cellulose is shown in Figure 2-2. 

 

Figure 2-2: Chemical Structure of Cellulose [13] 

2.3.3 Hemicellulose 

Hemicellulose is an amorphous heteropolysaccharide found in woody, herbaceous and 

agricultural biomasses, with higher amounts present in wood-based biomasses [13]. 

Compared to cellulose, hemicellulose has a weaker structure due to a decrease in 

intramolecular hydrogen bonding, resulting in easier degradation upon heating [4]. 
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Hemicellulose has a lower degree of polymerization than cellulose and is composed mainly 

of xylan and gulucomannan. Its chemical structure varies within different types of biomass; 

however, it primarily contains D-glucopyranose, D-galactopyranose, D-mannopyranose, L-

arabinofuranose and D-xylopyranose monomers, all of which are shown in Figure 2-3. 

 

Figure 2-3: Chemical Structures of Hemicellulose [13] 

2.3.4 Lignin 

Lignin is a natural polymer found in most wood-based biomasses that helps in the 

formation of strong cell walls. Due to its hydrophobic nature, lignin is not very soluble in 

water, and is important to vegetation as it helps to regulate the flow of nutritious fluids 

throughout the plant structure. Further, lignin helps protect plants from microorganisms 

and helps to store energy. The latter of which leads to lignin having a higher energy content 

when compared to cellulose and hemicellulose. It is very resistant to biological 

degradation, and upon chemical breakdown, produces phenolic compounds with ethyl and 

methyl groups. The typical structure of lignin is shown in Figure 2-4; it is an aromatic 

compound where ether bonds help to hold phenylpropane units, as well as hydroxyl and 

methoxy groups. Generally, compounds with higher amounts of lignin will be easier to 

break down when compared to higher levels of cellulose and hemicellulose, thereby 

reducing the operating costs required for the conversion of biomass to fuel [13]. 
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Figure 2-4: Example Structure of Lignin [13] 

2.3.5 Lipids and Fats 

Lipids and fats are non-polar compounds that are hydrophobic, or not water-miscible under 

ambient conditions and are most commonly used for energy storage. Normally referred to 

as triglycerides (TAGs), fats gradually become water soluble at elevated temperatures. 

Upon degradation, TAGs form a combination of fatty acids, methanol and salts, eventually 

leading to glycerol. At elevated temperatures, glycerol becomes a water-soluble compound 

and further degrades into acetaldehydes, propionaldehyde, acrolein, and ethanol, among 

other degradation products [4]. Higher fat and lipid content in biomasses lead to products 

with higher energy content. Figure 2-5 is an example of the chemical structure of TAG in 

lipids. 

 

Figure 2-5: Chemical Structure of TAGs [28] 
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2.3.6 Proteins and Amino Acids 

Proteins, formed by one or several long chains of amino acids, are commonly found in wet 

biomasses. The chemical breakdown of amino acids is complex, however under elevated 

temperatures they decompose via decarboxylation and deamination to form hydrocarbons, 

amines, aldehydes and acids [14]. The linkage between amino acid chains in proteins are 

caused by nitrogen-based amide bonds, which are the reason for nitrogen compounds in 

the biocrude product. Ultimately the nitrogen in biocrude produces NOx emissions once 

combusted [14]. An illustration of the groups involved in the formation of proteins is shown 

in Figure 2-6.  

 

Figure 2-6: Protein Chemical Structure [29] 

2.4 Evaluated Feedstocks 

The feedstocks that were initially considered as possible biomass sources in this project 

were municipal sewage sludge (MSS) and pulp and paper sludge (PPS). Both feedstocks 

can be categorized as wet feedstocks, which have some advantages over dry feedstocks 

when processing via HTL. 

To begin, wet feedstocks avoid the initial pre-treatment step required for dry feedstocks to 

primarily reduce particle size [4]. In general, particle sizes between 4 and 10 mm are 
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suitable to overcome heat and mass transfer limitations for processing in HTL, however, 

the process is insensitive to the size of the particle in terms of product yields [30]. In some 

cases, pre-treatment of dry feedstocks may also include contaminant removal and alkaline 

treatment to increase pumpability of the slurry. It is reported that waste slurries with up to 

30% solids may be pumped at an industrial level [16]. A disadvantage of using wet 

feedstocks is that the biocrude formed generally contains larger percentages of nitrogen 

compounds than dry, woody based feedstocks [14].  

Both feedstocks are considered a waste by-product from wastewater treatment (WWT) 

practices. MSS is considered effluent from municipal WWT processes, of which Canadians 

produce more than 660,000 dry tonnes each year in over 3,500 WWT facilities across the 

country [31], [32]. This amount is expected to increase in the future due to stricter 

requirements for WWT in Canada. PPS is produced as a by-product from on-site WWT 

processes for pulp and paper plants. Due to the large water requirement in most pulp and 

paper processes, a separate WWT process must be incorporated to meet environmental 

regulations. Similar to MSS, by-product pulp sludge is formed from water treatment and 

must be disposed of properly. It is estimated that in North America, roughly 40-50 kg of 

dry sludge is generated from each tonne of paper produced in a paper mill [33]. For both 

feedstocks, common practices for sludge disposal include use as fertilizer or landfilling, 

both of which require drying and transportation prior to proper disposal. Drying of wet 

sludge requires a significant amount of energy and therefore cost, and transportation is an 

incurred cost to the WWT facility. Both methods result in net negative environmental 

impacts through CO2 emissions released from fuel combustion. 
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2.4.1 Municipal Sewage Sludge (MSS) 

A by-product from wastewater treatment plants, MSS can be a solid, semisolid or liquid 

substance that originates from both human and other household or industrial wastes [34]. 

Usually leftover from the treatment of domestic and industrial waste mixtures, MSS is 

produced from two different locations from within a WWT facility. Primary sludge comes 

from the bottom of the primary settler, within the mechanical separation area of WWT. It 

is composed of a combination of floating greases and solids, and usually contains anywhere 

from 0.25% to 12% solids [35].  

Secondary, or activated sludge is produced from the biological treatment section of WWT 

and is collected via the secondary settler. Activated sludge is a solid or semisolid material 

composed of microbial cells and suspended solids and contains over 95% water. Both 

primary and secondary sludge may be processed via HTL, however, yields vary based on 

the feedstock. HTL processing of primary sludge results in larger amounts of biocrude 

when compared to secondary sludges [34]. A common general flow diagram for WWT 

facilities is shown in Figure 2-7. 

 

Figure 2-7: Common WWT Flow Diagram [25] 
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Many organic and inorganic compounds present in wastewater remain in MSS, several of 

which are essential to use in HTL. Pathogenic bacteria, viruses and worm eggs are 

examples of microorganisms leftover in MSS, while organics such as detergents, 

pesticides, fats, oils, solvents and phenols are also present [34]. Typical constituents of 

primary and secondary MSS are shown in Table 2-2. Both are primarily composed of 

lipids, fats, proteins and amino acids. 

Table 2-2: Typical Composition of Primary and Secondary MSS [35] 

Parameter 
Primary 

Sludge 

Secondary 

Sludge 
Composition 

Total dry solids (total 

solids, TS) % 
5–9 0.8–1.2 

Non-toxic organic carbon 

compounds (appx. 60% on dry 

basis), Kjeldhal-N, phosphorus 

containing components. 

Volatile solids, VS 

(%TS) 
60–80 59–68 

Toxic pollutants: heavy metals 

(Zn, Pb, Cu, Cr, Ni, Cd, Hg, As: 

Concentration vary from 

1000 mg/L to less than 1 mg/L), 

polychlorinated biphenyls (PCB), 

PAH, Dioxins, Pesticides, 

Endocrine disrupters, Nonyl-

phenols. 

Nitrogen (%TS) 1.5–4 2.4–5.0 
Pathogens and other 

microbiological pollutants. 

Phosphorus (%TS) 0.8–2.8 0.5–0.7 

Inorganic Compounds: Silicates, 

aluminates, calcium and 

magnesium containing 

compounds. 

Potash  

(K2O %TS) 
0–1 0.5–0.7 

Water, varying from a few percent 

to more than 95%. 

Cellulose (%TS) 8–15 7–9.7  

pH 5.0–8.0 6.5–8.0  

Grease and fats (%TS) 7–35 5–12  

Protein (%TS) 20–30 32–41  

Alkalinity (mg/L as 

CaCO3) 

500–

1500 
580–1100 

 

Organic acids (mg/L 

as acetate) 

200–

2000 
1100–1700 

 

Energy content (kJ/kg 

TS) 

23,000–

29,000 

19,000–

23,000 
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It is worth noting that an increased water content in sludges has been experimentally proven 

to increase the overall conversion of sludge to biocrude in the HTL process [10]. In 

wastewater treatment (WWT), sludges with a higher water content experience hydrolysis 

to a greater degree. However, the hydrolysis reactions of polysaccharides and lipids form 

an increased amount of oxygen containing compounds, ultimately reducing the calorific 

value (CV) of the produced biocrude. It was noted in one experiment that as the ratio of 

dry sludge to water decreased from 1/0 to 1/15 (solids content 100 wt% to 6.25 wt%), the 

CV of biocrude decreased from 35.95 MJ/kg to 31.35 MJ/kg. In the same experiment, dry 

MSS resulted in higher CV biocrude products, although it decreased the yield of biocrude 

and overall conversion. Here, the hydrothermal reaction of dry MSS resulted in higher 

yields of char-like substances, thus increasing the CV of biocrude. It was concluded by the 

researchers in the experiment that higher water content in MSS in HTL resulted in 

improved overall conversions to products, thereby increasing the efficiency of the process 

[10].  

2.4.2 Pulp and Paper Sludge (PPS) 

In a pulp mill, bark and wood residues and sludge from chemical processes can be found 

in WWT sludge, while paper mills may have staples, binders, plastics and a variety of 

chemicals present in their waste sludge [36]. PPS can be sub-divided into an organic fiber 

portion, and a plastic portion, with the organics significantly outweighing the plastics. 

Organics in PPS are mainly composed of cellulose and lignin, while it is possible that 

hemicellulose, starch and protein may also be present. Plastics present in PPS are either 

polyethylene or polystyrene. 
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Similar to municipal sewage sludge, PPS also originates from two locations within the 

WWT area of a pulp and/or paper mill. Primary sludge is recovered from the primary 

clarifier, where the clarified water then continues to a biological process such as anaerobic 

digestion. Secondary sludge is then gathered from another clarifier downstream and is 

mixed with primary sludge. The two sludges are mixed as secondary sludge is difficult to 

dewater on its own due to its high microbial protein content, and drying is required prior 

to disposal [25]. Of the total flow of sludge produced at a pulp and paper mill, roughly 70% 

is primary, and the remaining 30% is secondary [33].  

The main difference between secondary and primary sludges from pulp and paper WWT 

is that primary sludges can contain both organic and inorganic matter, while secondary 

sludges consist mostly of organic material. In terms of HTL, the content of the sludge does 

not affect the process other than operating conditions at which to treat the sludge, however, 

it may influence the yield of certain products and the characteristics of those products. 

Furthermore, mills produce different amounts of sludges with different characteristics 

depending on the feedstock, the selected process, and the specified final product [37]. 

Typical compositions of sludges produced at various types of pulp and paper mills in the 

United States are shown in Table 2-3. 
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Table 2-3: Typical Compositions of Sludge Produced at Various Pulp/Paper Mills in the 

US [25] 

 

2.4.3 HTL Conversion Rates of Municipal Sewage Sludge and Pulp and Paper Sludge 

A significant portion of research in the area of converting biomasses to biofuels via HTL 

has had a focus on utilizing different types of algae as a feedstock. In recent years however, 

more studies have been conducted on using forms of MSS and PPS as starting materials; 

some data from these most recent and relevant experiments are summarized in Table 2-4. 

Included among the information presented in Table 2-4 are the conversions, product yields, 

product details and operating conditions of experiments focusing on producing biocrude 

from municipal sewage and pulp and paper waste sludge. 
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Table 2-4: Conversion Rates of Selected Feedstocks found in Literature 

Feedstock Max 

Yield of 

Biocrude 

(wt%) 

Temperature 

(°C), 

Pressure 

(MPa) 

Catalyst 

Use 

Residence 

Time 

(min) 

Heating 

Value of 

Biocrude 

(MJ/kg) 

Source 

Secondary 

Pulp/Paper 

Sludge 
26% 

280°C, 

6 MPa 

 

Yes: 

Ca(OH)2, 

Ba(OH)2 

120 
>35 

MJ/kg 

(Xu and 

Lancaster, 

2008) 

[11] 

Sewage 

Sludge 47.8% 
300°C, 

5 MPa H2 

Yes: 

FeSO4 
40 35.2 

(Malins et 

al., 2015) 

[10] 

Digested 

Anaerobic 

Sludge 
9.4% 

300°C, 

10-12 MPa 
No 30 32 

(Vardon 

et al., 

2011) 

[38] 

Sewage 

Sludge 

and 

Sawdust 

33.7% 
310°C, 

2 MPa N2 

Yes: 

KOH 
10 

Not 

mentioned 

(Nazari et 

al., 2017) 

[39] 

 

As there are only a handful of relevant experiments in this area and quite a discrepancy 

between some of the results, it is worthwhile to understand the reasons behind some of the 

differences. Many of the experiments being performed were not attempting to optimize 

conditions for biocrude production but were instead investigating some aspects of the 

process in order to better understand it. As such, while these results outline some of the 

possible results from biomass processing, experiments with the intended feedstocks would 

produce more reliable data.  

Xu and Lancaster studied the conversion of secondary pulp and paper sludge powder to 

biocrude using HTL [11]. In their experiment, the effect of changes in temperature, 

residence time, biomass concentration, use of catalyst and type of gaseous atmosphere used 

were compared to the amount of water-soluble oils (aqueous), heavy oils (biocrude), gases 

and char (biosolids) products generated in the process.  
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With an increase in temperature from 250°C to 350°C, the yield of water-soluble oil 

decreased, and the yield of heavy oils increased. However, as the operating temperature 

increased, the yield of total oil (water soluble + heavy) decreased gradually, as there was 

an increase in gaseous and solid product yields. In general, it was noticed that as residence 

time increased (10 to 120 minutes), the yield of heavy oils increased, while the remaining 

product yields decreased. The presence of a Ca(OH)2 catalyst increased the yields of total 

oil products and using a reducing atmosphere (H2 at 2 MPa) enhanced the formation of 

heavy oils. Based on the amount of carbon present in the feed and both the yield and 

composition of the biocrude product, the carbon conversion of this experiment was 43 wt% 

from feed to biocrude. Secondary sludge powder was chosen for this report because it was 

noted that primary sludge is normally easy to dewater and landfill, whereas secondary 

sludge is far more difficult to dewater and therefore requires alternative disposal. As such, 

Xu and Lancaster did not consider that most pulp and paper WWT sections combine their 

sludges prior to disposal. It is assumed that the sludge received from pulp and paper plants 

presented in Section 3.0 (Preliminary Economic Results) are a combination of the two 

types of sludges, as this represents a more realistic scenario for treatment. 

Malins et al. conducted an experiment on the HTL of sewage sludge. Experimental 

conditions manipulated were the ratio of sewage sludge to water, reaction temperature, 

initial H2 pressure in the reactor, residence time and type of catalyst used [10]. Once again, 

as the temperature increased from 200°C to 300°C the yield of biocrude also increased, 

while the highest total conversion of sludge to products was achieved at 350°C. As the ratio 

of sewage sludge to water decreased (more water, less sludge), the yield of biocrude 

increased while its calorific value decreased. The highest yields of biocrude were attained 
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using a FeSO4 catalyst, while the effect of increasing the initial H2 pressure on the HTL of 

sewage sludge did not significantly affect results. Increasing the residence time from 10 to 

40 minutes increased the yield of biocrude, however from 40 to 100 minutes a decrease in 

biocrude yield was noticed. These results indicate that at increased residence times and 

elevated temperatures, the amount of gaseous and solid products increases. The carbon 

conversion calculated for this experiment from sludge to biocrude was 64 wt%. 

Vardon et al. studied the chemical properties of biocrude produced in the HTL of anaerobic 

digestion (secondary) sludge [38]. Although the aim of the research was to characterize the 

properties of biocrude produced based on three chosen feedstocks (Spirulina algae, swine 

manure, and anaerobic digested sludge), the researchers were still successful in producing 

biocrude from waste sludge. Anaerobic sludge was chosen by the authors for two reasons: 

it is a high carbohydrate containing feedstock compared to the other two and using HTL as 

a treatment for the sludge avoids currently used disposal methods. All tests performed on 

the feedstocks were at the same conditions (300°C, 10-12 MPa, 30 minutes) to be 

consistent between trials. The lower yield of biocrude for these experiments (9.4%) should 

not be unexpected given the use of secondary solids as a feedstock and invariant (and 

possibly sub-optimal) process conditions. 

Nazari et al. examined the co-conversion of sawdust and waste activated sludge to biocrude 

using HTL [39]. Here, the reaction temperature, time and solids concentration were 

manipulated to determine the optimum operating conditions to produce the greatest 

quantity of biocrude. It was noticed that increasing the temperature from 200°C to 350°C 

resulted in an increase in the biocrude yield. However, as was the case for the other 

experiments reviewed, from 320-350°C there was not a significant change in biocrude 
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yield. This indicated that once a certain temperature is reached, the yield either remains 

constant or begins to decrease as larger amounts of gaseous and solid products are formed. 

Moreover, increasing the reaction time also decreased the biocrude yield, due to secondary 

and tertiary reactions occurring and producing greater amounts of water-soluble products. 

Lastly, an increase in the solids concentration in the feed slightly affected the amount of 

biocrude produced, although the most significant observation was an increase in biosolids 

products. 

2.4.4 Existing Pilot Plant Studies 

Currently, very few pilot plant studies exist based on converting either municipal sludge or 

pulp and paper waste sludge to biofuels via HTL processing. Most research articles 

available on pilot-scale HTL plants are very general in terms of processed feedstocks and 

usually define their system as capable of processing multiple kinds of biomass. For 

example, researchers at Aarhus University have recently described in an article that they 

have successfully implemented a pilot-scale HTL system capable of producing biocrude 

from many biomaterials [40]. Their proposed system is energy efficient, claiming 80% heat 

recovery, is scalable to industrial size, has continuous flow and is a safe, corrosion resistant 

system. The proposed pilot plant can treat 20-60 L/hr of feedstock, operating at 

temperatures between 250-450°C and pressures between 20-35 MPa. Currently, the pilot 

plant has successfully treated wet lignocellulosic by-products and energy crops from 

agriculture [41]. 

Researchers at Spike Renewables have successfully designed an HTL system to treat 

lignocellulosic biomasses. Their process treats 15.5 kg/h of feedstock slurry (1.5 kg/h 
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biomass, 14 kg/h water), ultimately producing 0.45 kg/h of biocrude with a heating value 

between 30-35 MJ/kg [42]. There is a conversion of 30% from biomass to biocrude in the 

HTL system with claims of 80% energy recovery also noted in their design. Operating 

conditions for their system included a residence time of an hour or less, with temperatures 

between 280-370°C and pressures of 10-25 MPa. 

A pilot-scale continuous HTL system treating the filamentous fungi Rhizopus oligosporus 

was completed at Iowa State University. Using a 1.5 L capacity continuous flow reactor, 

biocrude yields from 48.2% to 60.9% were observed at temperatures between 300-400°C 

for residence times less than 30 minutes [43]. A similar pilot plant was designed at the 

University of Sydney to produce biocrude from microalgae’s Chlorella and Spirulina using 

continuous HTL. The highest yield of biocrude (41.7 wt%) was achieved for Chlorella at 

an operating temperature of 350°C and for a residence time of 3 minutes [44]. The purpose 

of the latter study was to demonstrate the technical feasibility of processing microalgae via 

HTL and did not involve any economics. The results listed in their study were on the 

reactor’s performance, feedstock analysis, and HTL product analyses. 

Itoh et al. prepared a demonstration HTL plant capable of treating 5 ton/day of dewatered 

sewage sludge to produce heavy oil [45]. It was discovered that at 300°C and 10 MPa, 

almost half (48 wt%) of the incoming organics in the sludge were converted to crude oil 

with a heating value between 37-39 MJ/kg. As a result, it was calculated that at an industrial 

scale, 1.5 ton/day of heavy oil could be produced from treating 60 ton/day of sewage 

sludge.  This study was performed to demonstrate the potential of the technology using 

sewage sludge as a feedstock and therefore does not represent optimal operating conditions 

for the treated feedstock. Results compiled in the report were used to calculate an energy 
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balance on the entire process that could further be used to evaluate the potential of an 

industrialized version of the HTL of sewage sludge. 

A techno-economic analysis completed by the Pacific Northwest National Laboratory 

(PNNL) provides a detailed model on an HTL-catalytic hydrothermal gasification (CHG) 

plant processing municipal WWT sludge provided by Metro Vancouver. The proposed 

plant can produce 234 barrels per day of biocrude from 100 dry ton/day of waste sludge 

[46]. The HTL section of the plant operated at 339°C and 20 MPa, ultimately yielding 40.2 

wt% biocrude, while the CHG section of the plant operated at 350°C and 21 MPa, 

converting 99.9% of the chemical oxygen demand (COD) of water, and 64% of the carbon 

from the aqueous effluent to gas. Following the descriptions of the HTL and CHG sections 

of the plant was a detailed economic summary of the capital and operating costs involved 

with the proposed systems. Compared to the above-mentioned projects, the techno-

economic analysis prepared by PNNL was by far the most detailed report in terms of 

economics, operating conditions and conversions, thus serving as the basis for the initial 

screening assessment of this report (Section 3.1). 

2.5 Catalytic Hydrothermal Gasification (CHG) 

2.5.2 Overview 

Aqueous effluent from the hydrothermal liquefaction (HTL) of biomass contains as much 

as 40% of the original carbon content [47]. Catalytic hydrothermal gasification (CHG) is 

an effective means of recovering the residual carbon in the aqueous phase, while producing 

a methane-rich gas (for process use) and clean water (low COD). The operation of CHG is 

very similar to HTL; using a heterogeneous catalyst, HTL aqueous effluent is heated under 
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enough pressure to maintain water in the liquid phase. Typical operating conditions used 

in CHG are 300-360°C with pressures between 10-21 MPa. 

2.5.3 Reaction Mechanisms 

As was the case for the liquefaction of biomass, the aqueous effluent from HTL has a high 

degree of compositional variability due to the randomness in biomass composition. A 

general overall reaction mechanism for catalytic hydrothermal gasification is shown in 

Equation 2.1, in which hydrocarbons present in aqueous form react with water to form CO2 

and methane [47]. 

CxHyOz + 𝒏H2O→ 𝒂CH4 + 𝒃CO2                      (2.1) 

Although Equation 2.1 represents the overall stoichiometry involved in the CHG of 

aqueous effluent, it does not show the individual reaction steps that produce methane and 

CO2. Normally, reactions involving pyrolysis, steam-reforming, hydrogenation, 

methanation and water-gas shift are occurring inside the CHG reactor. An example of the 

reaction mechanism for carbohydrate feedstocks is shown in Equations 2.2-2.4 [48]. 

C6H10O5 + H2O→ 6CO + 6H2                   (2.2) 

CO + 3H2 ⇌ CH4 + H2O              (2.3) 

CO + H2O ⇌ CO2 + H2               (2.4) 

Equation 2.2 represents the steam-reforming step of the reaction, while Equations 2.3 and 

2.4 are the methanation and water-gas shift reactions, respectively. 
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2.5.4 CHG Catalyst Selection 

Unlike HTL, the reactions occurring in the CHG section of the process require a 

homogeneous catalyst. Early studies on the process indicated that to produce gases from 

aqueous organics, supercritical conditions were required. However, it was later determined 

that the same kinetics may be achieved at subcritical conditions using an active catalyst, 

thus decreasing the capital investments associated with design [49]. Further, operation at 

subcritical conditions favor the formation of CH4, while supercritical conditions form more 

hydrogen gas. 

Many materials have been studied as potential catalysts for the CHG of wet biomass, 

several of which did not show sufficient activity or displayed rapid deterioration in the 

presence of hot liquid water. After testing a range of materials using different backings and 

feedstocks, it was determined that a ruthenium with carbon support (Ru/C) resulted in the 

highest level of activity when processing wet biomasses in a subcritical environment. More 

so, the Ru/C catalyst also displayed longer lifetimes when compared to several other 

catalysts and is useful for reactions involving methanation [49], [50].  

After selecting a suitable catalyst, further testing was performed on the effect of sulphur 

deposition. These tests revealed that in the presence of sulphur, catalyst activity was 

deterred due to S2- and SO4
2- formation on the surface of the material. Even though washing 

with subcritical water will alleviate some of the effects of sulphur poisoning, feedstocks 

containing large amounts of sulphur warrant the addition of a sulphur removal step prior 

to contacting the catalyst bed inside the CHG reactor. 
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A very common guard to use when removing sulphur compounds from solution is Raney 

nickel. Raney nickel will strip sulphur from sulphur-containing compounds, resulting in a 

metal solid sulfide that forms on the surface of the material. By employing a sulphur 

removal step prior to the reaction in CHG, the Ru/C catalyst inside the reactor will require 

less frequent washing to re-activate the material, as well as less frequent replacement. As 

will be discussed, Ru/C catalysts are more than three times as expensive as Raney nickel, 

therefore it is important to include this sulphur removing material in the CHG process [9].  

2.5.5 Catalytic Hydrothermal Gasification (CHG) versus Anaerobic Digestion (AD) 

When compared to anaerobic digestion (AD), CHG has many advantages when processing 

wet, organic feedstocks. To begin, a CHG process requires a fraction of the space compared 

to AD and is also portable if reconfiguration of the facility is required [51]. At roughly the 

same cost of a sophisticated AD system, CHG can yield 60-120% more methane-gas than 

AD. In CHG, roughly 99% of incoming organics can be converted to gaseous products, 

whereas AD normally only converts 40-60% of organic material present in the feedstock. 

Products from CHG are cleaner than from AD; there is no odor, and water is free of 

contaminants and is clear. Further, gaseous products from CHG do not contain sulphur, 

nitrogen nor siloxanes, resulting in a gaseous product that requires no further treatment 

prior to use. Lastly, because AD does not completely digest incoming materials, there is a 

substantial amount of leftover sludge, which requires either disposal or additional treatment 

[51]. In most CHG systems, the COD of water is reduced by 99.9%, and can be 

subsequently directed to headworks. 
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2.5.6 CHG Products Description 

As mentioned, there are two products from the CHG of aqueous effluent from HTL: 

1. Gases – The gaseous product from CHG is mainly composed of methane (CH4) and 

CO2. Researchers at PNNL have observed in most of their testing a 60/40 split of 

CH4 to CO2, although it was noticed that the pH of the feedstock (HTL aqueous 

effluent) influences the product composition [9]. Results from the CHG of aqueous 

effluent completed by the PNNL are shown in Table 2-5, with natural gas values 

shown for comparison. Noted in the table is that gas produced via CHG from 

primary sludge has a higher amount of CO2 compared to the other two sources due 

to the lower pH of the aqueous effluent from the HTL of primary sludge. Higher 

pH levels in the aqueous effluent from HTL results in CO2 conversion to 

bicarbonate. 

Table 2-5: Properties of Gases Produced from CHG [9] 

  Characteristics of CHG Gaseous Product 

Feedstock 

Source 

HTL 

Aqueous 

Effluent 

pH 

Methane 

(vol %) 

CO2  

(vol 

%) 

Hydrogen 

(vol %) 

Ethane  

(vol %) 

Propane 

(vol %) 

Heating 

Value 

(MJ/m3) 

Primary 

Sludge 
6.42 74.6 22.0 1.5 1.2 0.8 30.8 

Secondary 

Sludge 
8.04 96.0 0.3 3.1 - 0.6 38.7 

Digested 

Solids 
8.01 97.3 0.7 1.9 0.1 0.6 39.1 

Natural 

Gas 
- 87-96 

0.1-

1.0 

Trace-

0.02 
1.8-5.1 0.1-1.5 36-41 

 

2. Aqueous – Aqueous effluent from the process is normally discharged to the 

environment or recycled to meet process water requirements. To be considered for 
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discharge, it must meet water quality limits imposed by the jurisdiction in which 

the system resides. In past experiments, chemical oxygen demand of the aqueous 

feedstock was reduced by 99.9%, and water effluent discharge had a pH between 7 

and 8 [48]. Biochemical oxygen demand (BOD), total nitrogen (TN), and total 

phosphorus (TP) are used to evaluate the quality of aqueous effluent. Table 2-6 lists 

typical values for the CHG of aqueous effluent from HTL processing of MSS. Also 

shown in Table 2-6 are the Canadian federal effluent water limits for comparison 

[52]. 

Table 2-6: Aqueous Effluent Properties from CHG compared to Various WWT Plants [9] 

Source COD (ppm) TN (ppm) TP (ppm) 

Primary MSS 54 0.11 < 1.0 

Secondary MSS 25 0.36 < 1.0 

Digested Solids 19 0.35 < 1.0 

 BOD (ppm) TN (ppm) TP (ppm) 

Canada < 25 < 1.25 < 0.5 

 

Data in Table 2-6 was taken from the PNNL report which only evaluated chemical 

oxygen demand (COD) of CHG effluent. Compared to BOD, COD is usually larger 

with a typical 2:1 ratio of COD:BOD [9]. 

2.6 Process Descriptions 

Sludge produced from WWT generally contains 5-10wt% solids [53]. With WWT sludges, 

thickening of the feed is not typically necessary for HTL as lower percent solids have been 

shown to increase the overall yield of biocrude [10]. In addition, pumping is reportedly 

possible for feeds with solids content up to 30wt%. Other pre-treatment processes used in 

the HTL of biomass are to reduce the overall particle size of the incoming feedstock 
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(usually done for dry feedstocks such as woody materials), remove contaminants, and 

stabilize the slurry via alkaline treatment [4]. Alkaline pre-treatment is used in processing 

wood biomasses via HTL because of its high lignin content, which is very difficult to 

liquefy in water [54]. Researchers have investigated the use of alkaline pre-treatments to 

increase biocrude yields when using woody feedstocks to the HTL process, while 

researchers using WWT sludges have not required this step. In terms of pulp and paper 

sludge, alkaline pre-treatment should not be required as it is already incorporated in pulp 

and paper processes to isolate cellulose fibers from lignocellulosic compounds [55]. 

In the HTL process, a biomass slurry is pumped continuously to a pre-heater and then to a 

reactor to a temperature and pressure between 200-350°C and 2-16 MPa, where they react 

for 10-30 minutes [3]. Exiting the HTL reactor, hot biosolids are filtered out from the slurry 

at pressure, and the remaining gases, aqueous effluent and biocrude are used to pre-heat 

incoming feedstock. Operating the filter at conditions slightly below the HTL reactor 

temperature and pressure ensures the precipitation of inorganic salts (char) [9]. Biosolid 

material may be sold as fertilizer or sent to a landfill. Both options of biosolid handling 

will be evaluated in Section 3.2 of this report. 

The gaseous, aqueous and organic phases are separated by cooling under elevated pressure. 

Once cooled, gases are vented to the atmosphere from the liquid products, and are mainly 

composed of CO2 (some hydrogen, nitrogen, and methane are also present) [3]. Depending 

on the feedstock, there may be hydrogen sulfide (H2S) present in the gas phase that requires 

treatment or removal. Air mixing can be used to reduce the concentration of H2S in the 

gaseous product [9]. Separation of the aqueous effluent from the organic biocrude is 
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achieved using an oil-water separator. A typical process flow diagram (PFD) for the HTL 

of biomass is shown in Figure 2-8. 

 

Figure 2-8: Typical PFD for the HTL of Sludge 

Aqueous effluent from HTL section of the plant, once heated and pressurized, passes 

through a sulphur stripper to protect the catalyst bed inside the CHG reactor and to reduce 

potential SOx emissions from the process. Once stripped, the flow continues to the CHG 

reactor. CHG operates under conditions similar to HTL (200-350°C, 2-16 MPa), so there 

is no significant additional heating required for catalytic hydrothermal gasification [47]. 

Residence times required for CHG are also similar to HTL (10-30 minutes) [9]. The reactor 

products are used to pre-heat incoming HTL effluent before being cooled and separated via 

flash drum. The gaseous CHG product is a methane-rich gas stream, which can be used for 

process heating. The aqueous CHG product is low in COD and is considered clean water 

which may be returned to the municipal treatment plant or the pulp plant for process use. 
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Depending on the amount of CO2 present in the gaseous stream, CO2 may be removed 

using amine scrubbing/absorption to generate a final gas with a higher heating value [47]. 

A typical process flow diagram for a CHG process is shown in Figure 2-9. 

 

Figure 2-9: Typical PFD for the CHG of Aqueous By-Product from HTL [46] 

As mentioned, there are two products formed in the CHG of aqueous HTL effluent. The 

first is a methane-rich gas. It has been shown in past experiments that a gaseous product 

with between 70-75% CH4 is achievable (balance primarily CO2) [46]. Carbon conversions 

of HTL effluent to methane are 50-60%, with a total conversion to gases between 55-65% 

[9]. The other product is clean water with a 99.9% reduction in chemical oxygen demand 

(COD) that can be returned to headwaters of the WWT area. 
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3.0 Preliminary Economic Results 

The following sections detail two conceptual assessments on hydrothermal liquefaction 

(HTL) processing. The first assessment was performed to compare the feasibility of two 

different feedstocks: municipal sewage sludge (MSS) and pulp and paper sludge (PPS). 

This initial assessment was performed as Chief Defense Contractors Inc. (CDCI) were 

interested in exploring both options as potential feedstocks for a biocrude production 

facility. As such, an initial economic assessment was carried out to determine which 

feedstock would be most economically viable if located in New Brunswick. Both 

feedstocks were assessed using HTL combined with catalytic hydrothermal gasification 

(CHG) for residual carbon recovery.  

The second assessment was performed to evaluate the economic feasibility of converting 

organic material to biocrude and natural gas using a combined HTL-CHG process. The 

primary focus of this assessment was to use MSS as the feedstock, however a discussion 

on using PPS as an alternative feedstock was provided. The difference between the two 

assessments lies on the level of detail provided and the accuracy of each assessment. The 

secondary assessment presents results from a prepared engineering model designed to 

predict the outcomes of the proposed system based on user inputs, while the first 

assessment is solely a re-representation of a techno-economic assessment found in 

literature. Both assessments were considered Class 5 Estimates in accordance with the 

American Association of Cost Engineering (AACE), with the preliminary assessment 

being completed at an accuracy of -30% to +100%, and the secondary assessment 

completed to an accuracy of -30% to +70%.  
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3.1 Preliminary Economic Assessment – MSS vs. PPS 

Given that CDCI was interested in exploring both municipal sewage sludge and pulp and 

paper sludge as potential feedstocks for a biocrude production facility, an initial assessment 

was carried out to determine which feedstock would be the most economically feasible if 

located in New Brunswick. The results from this screening study had an accuracy of -30% 

to + 100% and were considered a Class 5 Estimate according to the American Association 

of Cost Engineering (AACE). This level of estimate is typical for projects that are 0-2% 

complete and is used for conceptual assessments [56]. As mentioned in Section 2.4.4, a 

PNNL report was chosen as the primary basis for this assessment as it was processing a 

similar feedstock via a combined HTL-CHG process to biocrude and natural gas and had 

the most data available.  

3.1.1 Battery Limits for Preliminary Economic Assessment 

The location of the biocrude production facility was assumed to be near the production 

source of the pulp/municipal waste. The following battery limits define the scope of the 

design: 

• Feedstocks – untreated MSS and PPS wastes delivered/pumped to the biocrude 

production facility.  

 

• Product – the primary product is biocrude, which has not been 

upgraded/hydrotreated/refined. 

 

• Waste Streams – solid char is produced in addition to an aqueous stream with a low 

chemical oxygen demand. The char is assumed to be disposed of on site and the 

aqueous stream is assumed to be returned to the adjacent production facility. 

Unused gases are assumed to be vented to the atmosphere. 



39 

 

3.1.2 Assumptions for Preliminary Economic Assessment 

To screen the economic potential of a biofuels project in New Brunswick, results from a 

techno-economic analysis by Pacific Northwest National Laboratory (PNNL) were used as 

a basis. The PNNL report was based on bench scale data from Metro Vancouver’s Annacis 

Island wastewater treatment (WWT) plant, whose municipal sludge was converted to 

biocrude and natural gas via HTL and CHG processing, respectively. PNNL created a 

report from Vancouver’s data using a base case facility capable of producing 234 barrels 

of biocrude per day [46]. Although the proposed Vancouver facility is an order of 

magnitude larger than what would be possible in New Brunswick, the heart of the process 

(HTL & CHG) is similar. PNNL carried several assumptions as part of their assessment: 

• Process flow diagrams and models were based on experimental results from 

ongoing research; 

 

• Economic analyses were based on an “nth plant” design, which is to say that this 

was not the first plant of its kind; 

 

• Design and costs were based on a previous PNNL work for the HTL of algae; 

 

• The HTL facility was co-located with the WWT plant and consisted of an aqueous 

phase treatment area using catalytic hydrothermal gasification (CHG) to produce 

methane and clean water; 

 

• Natural gas was used at the HTL-CHG plant for process heat; 

 

• Equipment costs calculated in the PNNL report were scaled from a previous work 

originally processing 2,200 dry ton/day of feedstock [57]; 

 

• Data on primary WWT sludge was used as it was determined to have the highest 

biocrude yield when compared to secondary and biosolid trials; 

 

• The feed contained 12 wt% total solids;  

 

• A feedstock credit of $50/dry ton (ash-free) was used to account for the fact that 

the WWT plant must pay for disposal of their sludge; and 
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• Costs were presented in 2011 USD. 

 

From the above assumptions, it is particularly worthwhile to note that the PNNL report 

assumed the HTL of municipal waste would have been similar to the HTL of algae. This 

assumption sufficed for the purposes of the preliminary economic assessment but warrants 

further investigation. 

While the work by PNNL was used as the basis for a preliminary assessment, several 

important changes were made to their model to make it suitable for use in the present 

assessment: 

• Biocrude could be sold for the same amount as regular crude, which was 

approximately $75 CAD/barrel [58]. Sensitivity analyses looked at pricing 

fluctuations around this point; 

 

• The mass balance used in the PNNL report did not sum to 100% and so was 

normalized for this assessment;  

 

• As no test data existed on the proposed feedstocks for a plant in New Brunswick, 

the carbon conversion from the PNNL data was applied; 

 

• Operating conditions used in the PNNL report were applied to both feedstocks in 

this assessment, and the ratio of products produced were also the same; 

 

• Operating costs calculated in the PNNL report were scaled down based on the 

fraction of sludge treated in the proposed project; 

 

• Feedstock credits were based on the sludge flow rates and municipal/commercial 

solid waste rates at the Crane Mountain Landfill in Saint John, New Brunswick, 

who charged $108 CAD/tonne [59]. Credits were calculated based on the amount 

of sludge processed at each respective HTL plant (municipal sewage and pulp and 

paper sludges); 

 

• Biosolid effluent (char) formed after HTL was assumed to have no value and was 

therefore landfilled. This may not be the case, but requires further investigation to 

confirm; 

 

• Prices were adjusted to 2017 CAD using chemical engineering plant cost indexes 

(CEPCI), and an exchange rate of $1.25 CAD to 1 USD [60];  
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• Natural gas prices were based on 2017 Enbridge Gas New Brunswick commercial 

and industrial rates, which was $27.01 CAD/GJ. Conditions included in this service 

was a distribution charge of $3,300 CAD/month, a contract demand charge of 

$25.56 CAD/GJ, an additional $1.33 CAD/GJ delivery charge, and a minimum 

consumption of 10,000 GJ [61]; 

 

• Electricity rates were based on NB Power large industrial service, which amounted 

to $0.052 CAD/kWh [62];  

 

• Operators were paid $50,000 CAD annually, with an additional 20% in benefits 

and employer costs, resulting in salaries of $60,000 CAD/yr. Moreover, there are 5 

employees per shift, 4 shifts per cycle, and the plant operates 330 days a year. 

Additional administrative staff are not required as it is assumed that the existing 

facility’s staff will fill those roles; 

 

• All economic calculations were before tax; 

 

• The HTL-CHG plant had a 30-year lifespan, and had no resale value at the end of 

its life; 

 

• There were no capital upgrades to the designs once constructed and no inflation had 

been imposed; 

 

• Carbon dioxide (CO2) content in the gaseous product from CHG was low, and did 

not require amine scrubbing/absorption prior to use for process heating; 

 

• Sludge feed did not require any pre-treatment (i.e. no thickening, alkaline pre-

treatment, drying, etc.); 

 

• Water effluent from CHG did not require further treatment and was sent to 

headworks; and 

 

• Gas effluent from HTL did not contain significant amounts of H2 and CH4, and 

therefore did not require any additional treatment. 

 

Additionally, data taken from literature was used in the analysis of the hydrothermal 

liquefaction of PPS. These were based on information from the AV Nackawic Kraft Pulp 

mill in Nackawic, New Brunswick, including:  

• Carbon content of the feed is taken from Table 2-3, and was averaged to be 

51.6wt% [25]; 
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• The mill produced 540 air dry tonnes/day of bleached Kraft dissolving grade pulp 

[63]; and 

 

• The mill produced waste sludge at a rate of 3.5 wt% of the production capacity of 

the plant [64]. 

3.1.3 Feedstock Compositions for Preliminary Economic Assessment 

The primary sludge characteristics used in the PNNL tests are shown in Table 3-1. Their 

HTL system processed 100 dry U.S. ton/day of the sludge (90.72 dry tonne/day) which 

contained roughly 12wt% solids [46]. According to information presented in a report 

provided by CDCI, in 2016 the Moncton WWT plant averaged 263.4 dry tonne/month, or 

around 8.78 dry tonne/day of sludge, assuming a 30-day month [65]. 

Table 3-1: PNNL Sludge Feedstock Composition [46] 

 

Municipal sludge composition data provided by CDCI originated from two locations in the 

Moncton WWT plant. These were labelled as “Silo 2” and “Silo 4” in the provided 

document. A summary of the sludge bulk densities and compositions are shown in Table 

3-2. 
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Table 3-2: Moncton WWT Sludge Composition [65] 

 Silo #2 Silo #4  

Parameter Result Unit Result Unit Average 

Bulk Density 122 kg/m3 146 kg/m3 134 

Nitrogen 1.46 % 1.62 % 1.54 

Phosphorus 0.23 % 0.26 % 0.25 

Potassium 0.74 % 0.75 % 0.75 

Sodium 0.55 % 0.66 % 0.61 

Organic 

Matter 
66.71 % 53.26 % 59.99 

Total Ash 33.29 % 46.74 % 40.02 

Moisture 45.58 % 52.67 % 49.13 

C:N Ratio 25:1  18:1  0.89 

TOC 37.06 % 29.59 % 33.33 

pH 

(Saturated) 
5.18  5.17  5.18 

Total Solids 54.42 % 47.33 % 50.88 

 

Data was not provided for the composition of a typical New Brunswick waste pulp and 

paper sludge, so a typical composition of a sludge being produced from a WWT process at 

a Kraft pulp mill was used instead. The data in Table 2-3 was used as a basis for this 

approximation and a sludge with 51.6wt% carbon was used in the screening assessment 

[66], [67]. Based on the assumptions previously discussed, the AV Nackawic mill was 

estimated to produce 18.9 tonne/day of sludge, which was used as the feedstock flow rate 

in this assessment.  

3.1.4 Base Case Economic Summaries for Preliminary Economic Assessment 

The following sections provide an economic summary on the hydrothermal liquefaction 

(HTL) of municipal sewage sludge (MSS) and pulp and paper sludge (PPS). Estimated 

product flows using both feedstocks are presented, followed by summaries of capital and 

operating costs involved with both systems. Results for the hydrothermal liquefaction of 

MSS and PPS are presented together for comparison. 
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3.1.4.1 Model Results 

Table 3-3 shows the carbon distribution of products in the PNNL report. Note that there is 

a normalized carbon conversion column, which has normalized the carbon balance from 

the PNNL report to 100%. 

Table 3-3: Carbon Flow Rates, Contents, and Conversions in PNNL Report [9] 

Stream 
Carbon Flow 

Rate (g/hr) 
Wt% Carbon 

Carbon 

Conversion (%) 

Carbon 

Conversion - 

Normalized 

(%) 

Feed 87.3 51.7a --- --- 

Biocrude 48.8 76.7a 55.9 59.23 

Aqueous 

Effluent 

17.9 1.26 20.5 21.76 

Solids 5.0 28.7 5.73 6.08 

Gas Effluent 10.6 28.5 12.1 12.84 

Sum 169.6 --- 94.23% 100% 
a = On a dry, ash-free basis 

Using the carbon conversions and content presented in Table 3-3, Table 3-4 was created to 

show the theoretical flow rates of products from a biocrude production facility if it were 

located near either the Moncton WWT plant, or the AV Nackawic Kraft Pulp Mill. 

Table 3-4: Product Flows for Biocrude Production Facility  

Feedstock 

MSS 

Flow Rate (tonne/day) 

PPS 

Flow Rate (tonne/day) 

Gas Effluent 1.32 4.39 

Aqueous Effluent 4.58 4.90 

Solids 0.62 2.07 

Biocrude 2.26 7.54 

Barrels of Biocrude (bbl/yr) 4,700 15,700 
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3.1.4.2 Revenues 

Using the same price as regular crude oil ($75 CAD/bbl), Table 3-5 was created to provide 

a summary of the base case annual revenue for each production facility, based on the flow 

rates shown in Table 3-4. Also shown in the table are the feedstock credits for both sludges, 

using Crane Mountain Landfill prices. These were based on the amount of sludge processed 

by each system (MSS = 8.78 dry tonne/day, PPS = 18.9 dry tonne/day). 

Table 3-5: Summary of Revenues for Both HTL Feedstocks 

Feedstock MSS PPS 

Revenue (CAD/yr) $352,000 $1,174,000 

Sludge Credit (CAD/yr) $313,000 $674,000 

Total Revenue (CAD/yr) $665,000 $1,848,000 

 

The annual revenue using PPS was roughly three times larger than for MSS, which was 

directly proportional to the feedstock flow rates and their respective carbon contents. 

3.1.4.3 Estimated Capital Costs (CAPEX) 

Based on the PNNL report, a base case summary of the capital and manufacturing costs 

associated with a biocrude production facility for each feedstock was created. Table 3-6 is 

a summary of the economic results of the HTL-CHG plant as calculated by PNNL (details 

in Appendix A), as well as the total capital costs (CAPEX) estimated for both feedstocks. 
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Table 3-6: Capital Costs for HTL of MSS and PPS [46] 

System: PNNL MSS PPS 

Sludge Processed (dry 

tonne/day) 
90.7 8.78 18.9 

Capital Costs: (CAD, 2017) (CAD, 2017) (CAD, 2017) 

HTL System $24,313,000 $5,329,000 $8,770,000 

CHG Water Treatment System $11,062,000 $2,424,000 $3,990,000 

Steam System $729,000 $160,000 $263,000 

Auxiliary Systems $1,702,000 $373,000 $614,000 

Direct Costs $5,349,000 $1,172,000 $1,930,000 

Indirect Costs $23,827,000 $5,222,000 $8,595,000 

Working Capital $3,404,000 $746,000 $1,230,000 

Total Capital Investment  $70,386,000 $15,426,000 $25,400,000 

 

From the results in Table 3-6, the greater capital investment of the two feedstock options 

was PPS as there was more than twice as much available feed as MSS. This resulted in 

roughly a $10 Million CAD increase in capital for the HTL plant processing PPS. Direct 

and indirect costs were calculated based on cost factors as defined by the PNNL report. 

Included in direct costs were supplies for building, site development costs, and piping, 

while indirect costs included prorated expenses, office fees, field expenses, contingency 

and startup permits. A summary of the breakdown of these factors are shown in Table A- 

2 in Appendix A. 

3.1.4.4 Estimated Operating Costs (OPEX) 

The annual operating costs for both feedstocks are shown in the pie charts in Figure 3-1 

and Figure 3-2, for MSS and PPS, respectively. The labour costs for the designs were 

estimated based on the number of employees (5 per shift, 4 shift cycle) required for an 

HTL-CHG plant. 
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Figure 3-1: Breakdown of Operating Costs for MSS-HTL System 

 

Figure 3-2: Breakdown of Operating Costs for PPS-HTL System 

For both feedstocks, labour was the largest operating cost due to the low production 

capacity of the plant. With an increase in production rate, the labour costs would have 

represented a smaller fraction of the total operating costs (OPEX), as shown for PPS when 
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compared to MSS. In total, the OPEX for the HTL of municipal sewage sludge was 

$1,472,000 CAD/yr, and $1,741,000 CAD/yr for pulp and paper sludge. Once again, the 

difference in calculated annual operating costs was associated with the amount of sludge 

being produced for each type of feedstock.  

The number of employees and the average annual salary had a significant impact on the 

operating costs. It is important to note that the number of employees chosen was due to the 

design being an addition to an existing facility, so it was assumed that employees with 

specific knowledge of the HTL system would have been required. This number may be 

reduced depending on the relationship with the WWT plant and if certain responsibilities 

of existing employees may be over-lapped with the proposed design. Further, natural gas 

occupied the second largest percentage in annual operating costs for both designs, largely 

due to the high operating temperatures required for processing. The impact of natural gas 

on operating costs was due to the differences in natural gas prices used in the PNNL report 

($6.67 CAD/GJ) compared to the presented assessment ($27.01 CAD/GJ). As the amount 

of natural gas being produced via CHG was not re-utilized within the process in this 

preliminary study, the difference in pricing is even more pronounced in the operating costs 

for the design.   

3.1.4.5 Discussion of Results for Preliminary Economic Assessment 

The estimated capital costs and operating costs associated with the proposed designs were 

considered preliminary, and represented a best-case scenario based on the information 

presented in the PNNL report. A summary of the net present value (NPV), discount rate, 

total capital investment, cash flow for each year (after construction), payback period, return 
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on investment (ROI) and internal rate of return (IRR) for both feedstocks are shown in 

Table 3-7. Also shown in the table are the same results for the PNNL report for comparison. 

Table 3-7: Economic Summaries for the Combined HTL-CHG of Both MSS and PPS 

Feedstock PNNL MSS PPS 

Production Rate (bbl/yr) 77,220 4,700 15,700 

Discount Rate 5% 5% 5% 

NPV (CAD) $22,367,000 -$29,378,000 -30,810,000 

Total Capital Investment 

(CAD) 
$70,386,000 $15,426,000 $25,400,000 

Annual Cash Flow (CAD/yr) $6,200,000 -$1,120,300 -$566,500 

Payback Period (Years) 11.4 - - 

ROI 8.8% -7.3% -2.2% 

IRR 10% - - 

 

The PNNL report posted a positive cash flow and ROI whereas the Moncton MSS and AV 

Nackawic PPS plants did not. The scale of production played an enormous role in project 

financials and it can be seen from Table 3-7 that one of the primary reasons that the PNNL 

study was able to post positive financials was due to its size relative to what is considered 

possible for New Brunswick. At these small production capacities, the labour cost was 

relatively large and more than offset the projected revenue from biocrude sales. 

Waste disposal and natural gas costs were potential areas of operation that could be off-set 

for each feedstock depending on the amount of natural gas produced in the CHG section 

of the plants. This will be explored in Section 3.2 of this report. 

It is also worth reiterating that the biosolid by-product (char) had been assumed to have no 

value, but that may not be the case. If CDCI was able to identify a market for biosolids, 

then this would have resulted in another revenue stream, although it was anticipated that 

any revenue from biosolid sales would have been small relative to sales from biocrude. 
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3.1.4.6 Sensitivity Analyses on Preliminary Economic Assessment 

A sensitivity analysis was prepared to evaluate areas that have the largest impact on the 

economic feasibility of the projects. Figure 3-3 summarizes the results of the sensitivity 

analysis for the Moncton municipal sewage sludge plant, while Figure 3-4 performs the 

same analysis on the HTL of AV Nackawic Kraft pulp sludge. 

The results from the sensitivity analysis shown in Figure 3-3 and Figure 3-4 were very 

similar and indicated that even with drastic changes in the CAPEX, OPEX, crude price or 

the number of workers, a positive NPV was not achieved. To result in a positive NPV, 

there had to be significant decreases in CAPEX and OPEX, and an increase in the crude 

oil selling price. As it was observed at the current scales, substantial changes in the largest 

economic contributors were required to produce a positive NPV. 

 

Figure 3-3: Sensitivity Analysis on the HTL of MSS 
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Figure 3-4: Sensitivity Analysis on the HTL of PPS 

3.1.4.6.1 Effect of Production Capacity on Biocrude Selling Price 

For each feedstock scenario, the break-even price of biocrude (biocrude sales = operating 

cost) was calculated for a range of production capacities. As expected, the curve in Figure 

3-5 decays exponentially as economies of scale take effect.  

 

Figure 3-5: Effect of Biocrude Production on Minimum Fuel Selling Price 
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From the results shown in Figure 3-5, the break-even prices using PPS were lower than for 

MSS. The difference in break-even production capacities between the feedstocks was due 

to the increased carbon content in PPS (51.6wt%) when compared to MSS (33.3wt%), 

resulting in more biocrude being produced per amount of sludge processed, assuming 

similar operating conditions. In order to sell biocrude at the same price as conventional 

crude ($75 CAD/bbl), an HTL plant using a PPS feedstock would have been required to 

produce roughly 28,800 barrels of crude each year, which was 20,000 bbl/yr less than an 

MSS hydrothermal liquefaction plant would need to produce (48,800 bbl/yr). Based on the 

results from this preliminary economic assessment, PPS would have been expected to 

become economical at lower production capacities than MSS. 

3.1.4.6.2 Effect of Production Capacity on NPV 

Figure 3-6 demonstrates the effect of biocrude production capacity on NPV. Once crossing 

the x-axis (NPV equals zero), it is indicated that at a 5% discount rate, the return between 

investing in the HTL plant and a bank are equal. 

 

Figure 3-6: Effect of Biocrude Production on NPV 

-$200

-$150

-$100

-$50

$0

$50

$100

0 100,000 200,000 300,000 400,000 500,000

N
P

V
 (

$
M

il
li

o
n
 C

A
D

)

Crude Production (bbl/yr)

Biocrude Production vs. NPV

Municipal Sewage Sludge

Pulp and Paper Sludge



53 

 

Approximately 325,000 bbl/yr of biocrude needed to be produced using PPS to result in a 

positive NPV, while greater than 500,000 bbl/yr was required for MSS. It was apparent 

from the graph that PPS would have become economically feasible at lower production 

capacities than MSS.  

Compared to the PNNL report, a larger production capacity was required for the chosen 

feedstocks to attain a positive NPV. One important reason for this difference was the price 

of natural gas selected in this preliminary economic assessment compared to the PNNL 

report. Here, it was assumed that the Industrial Contract General Service natural gas prices 

from Enbridge New Brunswick applied to the designs, which were greater than what was 

used in the PNNL report. Other factors such as changes in the selling price of biocrude, 

fixed costs, carbon conversion, and whether the CHG section of the plant can offset natural 

gas costs, may result in a reduced biocrude production to attain a positive NPV scenario, 

although the most notable change required was an increase in sludge feedstock flow. 

3.1.5 Preliminary Economic Assessment Conclusions 

The following conclusions were made following the initial assessment presented on the 

hydrothermal liquefaction of municipal sewage sludge and pulp and paper sludge: 

• The economic results for both designs are summarized in Table 3-8. 

 

• The largest contributor to the annual operating costs was labour. Results from a 

sensitivity analysis indicated that as production capacity increased, the proportion 

of labour costs to the overall operating costs decreased. 
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Table 3-8: Preliminary Economic Assessment Economic Summary Table for MSS and PPS 

Cost MSS PPS 

Feedstock Flow Rate (dry 

tonne/hr) 
8.78 18.9 

Biocrude Produced (bbl/yr) 4,700 15,700 

Revenue (CAD/yr) $352,000 $1,174,000 

Total Capital Investment (CAD) $15,426,000 $25,400,000 

Annual Operating Costs 

(CAD/yr) 

$1,380,000 $1,589,000 

Cash Flow (CAD/yr) -$1,029,000 -$566,500 

Net Present Value (CAD) -$28,118,000 -30,810,000 

Payback Period (Years) None None 

ROI -6.7% -1.6% 

IRR None None 

 

• The other significant impact to operating costs was due to the natural gas rates 

charged by Enbridge New Brunswick, which were four times larger than those used 

in the PNNL report. Further, the increase in feedstock flow rate using PPS resulted 

in a larger fraction of operating costs occupied by natural gas, when compared to 

MSS.   

 

• Changes in OPEX/CAPEX/revenue were not able to increase the NPV of the 

project enough to become positive at the proposed production capacities. To 

overcome the large operating costs of the design, the production capacity of the 

plants would have to increase. The break-even production capacity using pulp and 

paper sludge (PPS) was 28,800 bbl/yr, while for municipal sewage sludge (MSS) 

was 48,800 bbl/yr, assuming the same selling price as regular crude oil ($75 

CAD/bbl). 

 

• A positive net present value (NPV) may have been achieved by producing 325,000 

bbl/yr of biocrude using PPS as a feedstock, while greater than 500,000 bbl/yr was 

required for MSS. 

 

3.1.6 Recommendations for the Secondary Economic Assessment 

Prior to recommending points for the next assessment, several points were made in the 

PNNL report that identified areas of potential improvement within the HTL process. These 

were based on some of the key factors that drove the economics of the design, as well as 
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some other observations that were made in the preparation of their report. The following 

were the recommendations from the PNNL report [46]: 

• Biocrude yield was one of the most important factors in the economics of the 

design, and a maximum of 45% was determined (carbon conversion was 59% from 

sludge to biocrude). If yield were to increase, the minimum selling price of crude 

would decrease so further optimization in this area to more accurately model the 

system would have been beneficial.  

 

• Because WWT plants produce equal amount of primary and secondary sludge and 

tend to mix them prior to de-watering and disposal, further investigation on the 

ratios used in the HTL system must be completed.  

 

• An increase in solids content may improve economics due to a decrease in capital 

costs, an increase in energy efficiency, and an increase in carbon content, which 

contributed positively to the formation of biocrude. Feasibility testing on pumping 

of higher solids content sludge must be further investigated. 

 

• The liquid hourly space velocity (LHSV) can be increased, resulting in a decrease 

in minimum fuel selling price of biocrude, and an optimum LHSV must be 

determined experimentally.  

 

In terms of the results evaluated in the preliminary economic assessment, the following 

recommendations were made: 

• Moving forward, a more in-depth engineering assessment on the HTL of pulp and 

paper sludge feedstock to biocrude would be completed using data from processing 

plants in the province. This includes mass and energy balances, equipment sizing, 

and an economic assessment to provide a more comprehensive analysis on the 

systems since the results in the preliminary economic assessment were based on a 

PNNL interpretation. The assessment would help to determine which areas had the 

largest economic impact on the project and would guide potential bench-scale 

work. 

 

• Bench-scale testing should be done on both types of wastes (MSS and PPS) as there 

were significant values that were taken from literature and require validation. Even 

though PPS (theoretically) had more carbon content than MSS, there may be better 

carbon conversions using MSS in laboratory that would improve its economic 

potential.  

• Experiments should focus on investigating the carbon conversion rates from feed 

to biocrude, and observing the effects of changing process parameter such as 

temperature, pressure, catalyst use, solids content in feed, pH, atmosphere (i.e. N2, 
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H2, etc.), presence of secondary solvents, and residence time on the yield and 

quality of biocrude. This would help determine the optimum operating conditions 

to produce biocrude via HTL with either PPS or MSS. 

 

• Following preliminary bench-scale testing using actual sludge, a more accurate 

economic assessment would be produced to determine the actual feasibility of the 

process using values from New Brunswick based feedstocks. 

 

• Following a positive bench-scale test program and positive economic results, a 

continuous or semi-continuous mini-pilot trial could be conducted to further 

investigate the technical aspects of a biocrude production facility on a longer-term 

basis. 

3.2 Secondary Economic Assessment – HTL-CHG Predictive Economic Model 

The objectives of the secondary assessment were to continue with the evaluation of 

producing biocrude and natural gas from sludge wastes using a combination of 

hydrothermal liquefaction (HTL) and catalytic hydrothermal gasification (CHG) 

technologies. In brief, the preliminary economic assessment (Section 3.1) provided Chief 

Defense Contractors Inc. (CDCI) a screening evaluation that investigated the following:  

• Hydrothermal Liquefaction (HTL) technology with a particular focus on having 

pulp/municipal sludge as a feedstock. 

 

• Conversion rates of feedstock to biocrude and their primary drivers. 

 

The results of the preliminary economic assessment revealed that the largest economic 

drivers of the process were related to the amount of sludge processed, the cost of labour 

required for operation, and the natural gas purchase rates followed. A sensitivity analysis 

was prepared to evaluate potential changes in operational costs, capital expenditures and 

revenues generated, none of which resulted in a positive net present value for either 

process. It was therefore determined that to overcome the large operating costs associated 

with the design, the production capacity of the plants needed to increase. As a result, the 

break-even production capacities using the same selling price as conventional crude oil 
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($75 CAD/bbl) were determined for both pulp and paper (PPS) and municipal sewage 

(MSS) sludge feedstocks. These results indicated that PPS had a slight advantage due to its 

larger flow rate and increased carbon content compared to MSS. In the end, it was 

recommended that CDCI continue with the evaluation of HTL technology using pulp and 

paper sludge as a feedstock (Section 3.1.6).  

Further discussion with CDCI led to the decision to continue evaluating MSS as a primary 

feedstock as it is more stable a source than PPS, and to consider PPS only as a potential 

secondary feedstock. Consequently, the following assessment was prepared to discuss the 

results from an economic model designed to predict the economic feasibility of a combined 

HTL-CHG process using MSS as a base case feedstock with PPS included as a selectable 

option. This assessment also included a detailed process description to provide key 

information used in the model as well as the results obtained from the model. Lastly, an 

economic assessment with increased accuracy was prepared to determine the areas with 

the largest impacts on the economic viability of the process. 

3.2.1 Secondary Economic Assessment Process Description 

The following sections describe the methodology used and results obtained from the 

economic model developed to predict the results from a combined hydrothermal 

liquefaction and catalytic hydrothermal gasification process. All the information presented 

was fundamental to performing the secondary economic evaluation of the proposed design. 
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3.2.1.1 Description of Base Case Scenario for Secondary Economic Assessment 

After discussion with CDCI, it was decided to pursue the hydrothermal liquefaction of 

municipal sewage sludge (MSS) over the previously recommended pulp and paper sludge 

(PPS) due to uncertainties in the stability of the pulp and paper industry. CDCI was also 

open to receiving their MSS feedstock from larger suppliers (i.e. larger cities) than 

previously assumed; therefore, the current study was updated to address both concerns: 

• The base case sludge feedstock was from a municipal wastewater treatment source; 

and 

• The geographical source of MSS was Halifax, Nova Scotia, instead of Moncton, 

New Brunswick. 

3.2.1.2 Battery Limits for Secondary Economic Assessment 

The biocrude production facility was again co-located with the production source of the 

feedstock. To define the scope of this design, the following battery limits were used: 

• Feedstock – untreated bio-waste provided “over the fence” by the wastewater 

treatment (WWT) facility to the HTL-CHG biocrude production facility.  

 

• Products – the primary product was biocrude, which had not yet been 

upgraded/hydrotreated/refined. Complimentary products were natural gas, all of 

which was consumed within the process for heating purposes, and biosolids, which 

were sold to the market as fertilizer. It was assumed that there was an existing area 

to store biosolids and biocrude until they were removed from the premises. 

 

• Waste Streams – a water stream with a low chemical oxygen demand produced via 

CHG was returned to the WWT facility. Gases produced via HTL were vented to 

the atmosphere. Disposal of solid metal sulfide and deionized water from the CHG 

catalyst washing stages were not within the scope of this project. 
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3.2.1.3 Unit Operations in Secondary Economic Assessment 

The following sections will describe the chosen processes in detail. The process flow 

diagrams (PFDs) were broken down into three separate areas: Hydrothermal Liquefaction 

(Area 100, Figure 3-7), Catalytic Hydrothermal Gasification (Area 200, Figure 3-8), and 

Utility Systems (Area 300, Figure 3-9). Detailed flow pathways are provided for each area, 

as well as equipment selections and important sizing parameters. All equipment, unless 

otherwise stated, is fabricated with 304 Stainless Steel. 

3.2.1.3.1 Hydrothermal Liquefaction Process Flow Diagram (Area 100) 

The process flow diagram created for the HTL section of the facility is shown in Figure 

3-7. To begin, sludge provided from the WWT facility is sent to a holding tank (TNK-101) 

situated at the front end of the process to prevent a complete shutdown in case of a loss of 

feedstock supply. TNK-101 is an agitated, fiberglass reinforced plastic tank capable of 

holding up to four (4) hours of sludge feedstock flow. From the holding tank, a high-

chrome, cast-iron centrifugal pump (PUM 101 A/B) increases the pressure of the sludge to 

8.6 MPa, which is required to keep the water in the liquid state while heating. There are 

two pumps (hence A/B) required for operation; one will operate at full capacity while the 

other is prepared for a case where the primary pump breaks down or requires maintenance. 
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Figure 3-7: Process Flow Diagram for HTL (Area 100)  
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From the pump, the sludge is pre-heated to 277°C on the tube side of a shell-and-tube heat 

exchanger (HEX-101) using outgoing biocrude and water effluent from the reactor. To 

reach the desired reaction temperature (300°C) another shell-and-tube heat exchanger 

(HEX-102) is employed with heating oil as the heating medium. Here, a hot oil supply 

(HOS) stream at 400°C flows on the shell side of the heat exchanger before returning 

(HOR) to Area 300 at 310°C. The heated sludge continues to the reaction stage of the 

process. 

The HTL reactions occur inside three parallel plug flow reactors (PFR-101). To maintain 

the reaction temperature (300°C), another heating oil stream at 400°C is required. After the 

reaction, there are four products that require separation. The first separation stage involves 

removing gases from the product mixture using a pressurized vertical gas knock-out drum 

(SEP-101). The product gases from this unit are vented to the atmosphere at 200°C and 

consist mainly of carbon dioxide (CO2). The resulting product mixture containing 

biosolids, biocrude and aqueous effluent fractions are sent to a solids filter press (SEP-

102). Here, a large portion of the biosolid material from the incoming stream is compressed 

through filter plates, resulting in a filter cake containing 90wt% solids. The remaining 

10wt% is composed of aqueous effluent and biocrude, proportional to the amount of each 

entering the filter press. The resulting biosolid material is conveyed (CVR-101) to a storage 

area (not part of the design) where it can later be sold as fertilizer. 

A pelletizer (not shown on the HTL process flow diagram) is used to pelletize the biosolid 

by-product from the process. This equipment is only considered if CDCI chooses to market 

their biosolid product. As will be discussed, selling biosolids as fertilizer does not have a 

significant effect on the overall process economics; however, to add a potential product 
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handling step, a pelletizer is included in the equipment costing section of the engineering 

model. 

A wash stream from the CHG section (Area 200) is included in the filter press operation to 

recover some residual aqueous effluent and biocrude fractions from the filter cake. The 

recovered aqueous components, biocrude and wash water is combined with outgoing 

biocrude from the reactor and directed to the shell side of the pre-heater (HEX-101). The 

combination of aqueous effluent, biocrude and wash water is assumed to drop 5°C through 

the filter press (295°C) and is subsequently cooled to 30°C after exiting the shell-and-tube 

heat exchanger. Now cooled, the product mixture is sent to the last separation step of the 

HTL section of the process. 

To separate biocrude from the water product, a horizontal coalescer (SEP-103) is used. 

This unit operation depressurizes the product mixture and removes all the biocrude from 

the aqueous mixture through a combination of differences in density and buoyancy forces. 

Three steps occur inside the coalescer: small droplets of crude adhere to a coalescing 

media, several small droplets combine to form larger droplets, and upon reaching a certain 

size, the large crude droplets will fall to the bottom of the unit. Biocrude is sent to a storage 

area where it can be sold to the market as heavy crude oil. Separated aqueous effluent is 

sent to the CHG section of the process (Area 200), where unreacted carbon can be 

recovered. A summary of the equipment in Area 100 of the process is presented in Table 

3-9, along with all the key sizing parameters used for costing. 
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Table 3-9: Equipment Summary Table for Area 100 

Tag Number Equipment Description 
Key Sizing Parameters 

(units) 

TNK-101 Process feed tank Volume (m3) 

PUM-101 (A&B) Process feed pumps Feed flow rate (m3/hr) 

HEX-101 Feed preheater  Heat transfer area (m2) 

HEX-102 Feed heater  Heat transfer area (m2) 

PFR-101  

(No. 1-3) 
HTL reactor 

Residence time (hr) 

Heat transfer area (m2) 

SEP-101 HTL gas separator Diameter (m) 

SEP-102 HTL solids separator 
Batch time (hr) 

Batch volume (m3) 

CVR-101 HTL solids handling conveyor Belt length (m) 

SEP-103 HTL oil-water separator Volume (m3) 

 

3.2.1.3.2 Catalytic Hydrothermal Gasification (CHG) Process Flow Diagram (Area 200) 

The process flow diagram for the catalytic hydrothermal gasification (CHG) section of the 

process is shown in Figure 3-8. Aqueous effluent from the HTL section of the facility is 

first pumped to 16.5 MPa from atmospheric pressure using a carbon steel centrifugal pump 

(PUM-201 A/B). Once pressurized, aqueous effluent flows on the tube side of a shell-and-

tube heat exchanger (HEX-201), where outgoing reactor products are used to preheat the 

feed from 30°C to 340°C in a similar way to Section 100. To increase the temperature to 

reaction conditions (350°C), a secondary shell-and-tube heat exchanger (HEX-202) with 

oil as the heating medium is used. Hot oil enters the shell side of the heat exchanger at 

400°C and returns to the Utility Systems (Area 300) area at 360°C. After preheating, the 

CHG feed must undergo two separations. 
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Figure 3-8: Process Flow Diagram for CHG (Area 200) 
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The first separation step is required to remove leftover solids not captured in the HTL 

section. This is accomplished by using another solids filter press (SEP-201). Filter cake 

containing 90wt% solids is conveyed (CVR-201) to a storage area. Similar to the solids 

filter press in Area 100, wash water is used to remove residual aqueous feedstock leftover 

on the filter cake prior to conveying. Wash water and residual aqueous feedstock combine 

with outgoing aqueous product from the filter press on its way to the next separation unit.  

A sulphur removal unit (SEP-202 A/B) using a Raney nickel guard bed is employed 

upstream of the CHG reactor. Raney nickel is an effective material at removing reduced 

sulphur compounds from the aqueous feed that would ultimately deactivate the reactor 

catalyst [9]. Two guard beds (hence A/B) are required for this unit operation to allow for 

shutdown during the washing stage. Solid metal sulfide will build up on the Raney nickel 

guard material over time, so a washing step is incorporated to remove the accumulated 

material. While washing, the system can remain operational by directing water flow to the 

second guard bed.  

After passing through the guard bed, the water feed is sent to the reaction stage of the CHG 

process. Three plug flow reactors (PFR-201) in parallel with ruthenium over graphite 

(Ru/C) catalysts convert organic material to gases at 350°C. Heating oil at 400°C is used 

to maintain the reaction temperature of the system. An additional three reactors (hence 

A/B) are required for shutdown during washing cycles. Three reactors are operated at full 

capacity (i.e. set A) while another set of three reactors (i.e. set B) are prepared for when 

the primary set requires washing. Reduced sulphur compounds that are not captured in the 

Raney nickel guard bed will adhere to the Ru/C catalyst and will slowly deactivate the 
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material. Both the guard bed and reactors require the same regenerative process for 

reactivation, which requires a deionized water wash. 

To begin the water washing process, deionized (DI) water from a supplier is pressurized to 

1.6 MPa using a centrifugal pump (PUM-204 A/B) and then preheated to 190°C on the 

tube side of a shell-and-tube heat exchanger (HEX-203) using outgoing wash from the 

reactor and sulphur guard bed as heating medium. A second shell-and-tube heat exchanger 

(HEX-205) brings the DI water temperature up to 200°C using hot oil at 400°C. Some of 

the preheated DI water is directed to the sulphur guard bed (SEP-202), while the remainder 

is sent to the CHG reactor (PFR-201). During the washing cycle, both systems are 

depressurized from 16.5 MPa to 1.6 MPa and are washed until catalyst activities are 

brought back up to an effective level. Solid metal sulfides are removed from the surface of 

both catalysts (Raney nickel and Ru/C) and are transported along with the DI water out of 

each system. The streams are then recombined and are sent to the preheater (HEX-203) to 

preheat incoming DI water. The temperature of the spent wash water drops from 200°C to 

30°C flowing on the shell side of the shell-and-tube heat exchanger. The waste material 

must then be properly disposed of (outside the scope of the current study). 

The products from the CHG reaction (gases and water) are directed to the preheating heat 

exchanger (HEX-201) to increase the temperature of the incoming feed. Products flow on 

the shell side of the shell-and-tube heat exchanger dropping from 350°C to 47°C. To further 

cool the products, a water-cooled shell-and-tube heat exchanger (HEX-205) brings the 

temperature down to 20°C. Cooling water supplied (CWS) at 10°C from a utilities system 

flows on the shell side of the heat exchanger and is returned (CWR) at 37°C. The products 

are then sent to a separation stage where a vertical gas knock-out drum (SEP-203) is used 
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to separate methane-rich gases from water by reducing the pressure from 16.5 MPa to 

atmospheric pressure. Gases are directed to the Utility Systems area of the facility (Area 

300) while water is sent to various areas within the process in order to reduce overall water 

requirements. 

Water from the CHG reactor is sent back to the solid’s separation steps in both the HTL 

and CHG sections of the process. Water sent to Area 100 needs to be re-pressurized to 8.6 

MPa using a centrifugal pump (PUM-202 A/B). The water is then heated to 300°C from 

20°C on the tube side of a shell-and-tube heat exchanger (HEX-207) using hot oil as the 

heating medium. The subcritical water can then be sent to Area 100 of the process to 

capture residual biocrude and aqueous effluent leftover on filter cake in the HTL filter press 

(SEP-102).  

Water re-routed to the solids filter press in Area 200 also needs to be pressurized up to 16.5 

MPa from atmospheric pressure using a centrifugal pump (PUM-203 A/B). After passing 

through the pump, water is heated on the tube side of a shell-and-tube heat exchanger 

(HEX-206) from 20°C to 350°C using hot oil as the heating medium. Now at CHG 

operating conditions, the subcritical water can be sent to the CHG solids filtration unit 

(SEP-201) to recover water feed leftover on produced filter cake. Water not required for 

Area 100 or Area 200 is sent to an intermediate storage tank (TNK-201) capable of holding 

four (4) hours of water in the event of shutdown at the wastewater treatment facility. A 

summary of all the equipment mentioned in Area 200 is presented in Table 3-10, along 

with all the key sizing parameters used for costing. 
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Table 3-10: Equipment Summary Table for Area 200 

Tag Number Equipment Description 
Key Sizing Parameters 

(units) 

PUM-201 (A/B) Process feed pumps Feed flowrate (m3/hr) 

HEX-201 Feed preheater Heat transfer area (m2) 

HEX-202 Feed heater Heat transfer area (m2) 

SEP-201 Solids separator 
Batch time (hr) 

Volume of filter cake (m3) 

CVR-201 Solids handling conveyor Belt length (m) 

SEP-202 (A/B) Sulphur removal unit Volume (m3) 

PFR-201 (A/B) 

(No. 1-3) 
CHG reactor 

Residence time (hr) 

Pipe length (m) 

HEX-205 
Products cooling heat 

exchanger 
Heat transfer area (m2) 

SEP-203 Products gas separator Diameter of vessel (m) 

TNK-201 
Water product intermediate 

storage tank 

Residence time (hr) 

Volume (m3) 

PUM-202 (A/B) 
CHG water to HTL solids 

filtration pumps 
Flow rate (m3/hr) 

HEX-207 
CHG water to HTL solids 

filtration heat exchanger 
Heat transfer area (m2) 

PUM-203 (A/B) 
CHG water to CHG solids 

filtration pumps 
Flow rate (m3/hr) 

HEX-206 
CHG water to CHG solids 

filtration heat exchanger 
Heat transfer area (m2) 

PUM-204 (A/B) DI water pumps Flow rate (m3/hr) 

HEX-203 DI water preheater Heat transfer area (m2) 

HEX-204 DI water heater Heat transfer area (m2) 

 

3.2.1.3.3 Utility Systems Process Flow Diagram (Area 300) 

The process flow diagram for the hot oil Utility Systems area (Area 300) is shown in Figure 

3-9. Other than the preheaters used in Areas 100 and 200, all process heating is 

accomplished via the hot oil Utility System. All the incoming hot oil streams from the 

process are combined and sent to a hot oil expansion tank (VSL-301) at 342°C. The 

expansion tank is required to account for fluid expansion during heating and cooling of the 

oil [68]. After the expansion tank, hot oil is pressurized from atmospheric pressure to 0.3 
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MPa in a carbon steel centrifugal pump (PUM-301 A/B). A pressure increase is required 

to account for pressure losses through equipment and process piping. 

 

Figure 3-9: Process Flow Diagram for Utility Systems (Area 300) 
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The hot oil stream then enters a boiler (HEX-302) to be heated from 342°C to 400°C using 

a combination of purchased natural gas and natural gas produced in Area 200, along with 

combustion air from the atmosphere. Normally, natural gas is supplied at an elevated 

pressure to maintain flow to the user. As natural gas produced in the CHG section of the 

process is at atmospheric pressure, a horizontal carbon steel centrifugal compressor (COM-

301) is needed to increase the pressure of the stream to 0.4 MPa [69].  

Air from the atmosphere is drawn into the utility system using a carbon steel centrifugal 

air blower (PUM-302 A/B), and is then sent through a heat recovery unit found inside the 

boiler to recover energy from exiting flue gases, thereby reducing the amount of energy 

required to increase the temperature of air to the combustion temperature. As a result, air 

is heated from 20°C to 1,708°C, while flue gases are cooled from 1,800°C to 200°C before 

being released to the atmosphere. After passing through the boiler, hot oil is returned to 

Area 100 and Area 200 at 400°C for process heating. A summary of all the equipment 

mentioned in Area 300 is presented in Table 3-11, along with all the key sizing parameters 

used for costing.  

Table 3-11: Equipment Summary Table for Area 300 

Tag Number Equipment Description 
Key Sizing Parameters 

(units) 

VSL-301 Hot oil expansion tank Volume (m3) 

PUM-301 A/B Hot oil circulation pumps Flow rate (m3/hr) 

HEX-302 Hot oil boiler Utility requirement (kW) 

PUM-302 A/B Air blower Flow rate (m3/s) 

COM-301 
CHG natural gas 

compressor 
Flow rate (m3/s) 
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3.2.1.4 Selected Feedstocks for Secondary Economic Assessment 

The base case scenario for the secondary economic assessment will focus on using 

municipal sewage sludge (MSS) as feedstock, however a case using pulp and paper sludge 

(PPS) will also be presented. The following sections will discuss the compositions of both 

feedstocks and their origins. 

3.2.1.4.1 Municipal Sewage Sludge (MSS)  

As the composition of MSS varies from location to location, a standard composition was 

required to complete the mass and energy balances. Here, it was assumed MSS had the 

same composition as reported by the Pacific Northwest National Laboratory (PNNL) 

experiments on sludge provided by Metro Vancouver’s Annacis Island wastewater 

treatment (WWT) plant. Their assessment reported results from bench-scale testing of three 

different types of sludges (primary, secondary and digested solids) using a combined HTL-

CHG process similar to the design proposed in this secondary assessment. In certain 

instances, the PNNL report had compositions that did not sum to 100%. To correct this, 

values were normalized as required. A summary of the feedstock composition used in the 

analysis of MSS in this economic assessment is shown in Table 3-12. 

Table 3-12: Primary Sludge Characteristics Adapted from PNNL Report [9] 

Sludge Characteristic Mass Percent (wt%) 

Solids content 10.9 

Carbon content 48.0 

Hydrogen content 6.5 

Oxygen content 33.8 

Nitrogen content 3.7 

Sulphur content 0.5 

Ash content 7.5 
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3.2.1.4.2 Pulp and Paper Sludge (PPS) 

Similar to MSS, a standard composition was required for the analysis of pulp and paper 

sludge (PPS). As will be discussed, a case study using the AV Nackawic Kraft pulp mill 

as a sludge provider was explored. In order to estimate an average composition of the 

sludge produced from a Kraft pulp mill, data from two sources were averaged, normalized 

and used as the basis for the assessment in this report. Due to the relatively high number 

of solids in the two literature values (~40%), it was assumed that the sludge received from 

a pulp and paper supplier would have the same solids content as was used for MSS. The 

purpose of selecting PPS as an alternative feedstock was to evaluate the effect of the 

composition change between the two selected feedstocks, as well as the change in flow rate 

provided. A summary of the compositions obtained from the two sources is shown in Table 

3-13, where the last column indicates the average and normalized value used in this 

economic assessment.  

Table 3-13: Primary Sludge Characteristics used for PPS [66], [67] 

Source: 

(Durai-Swamy, 

Warren, & 

Mansour, 1991) 

(James & Kane, 

1991) 
Values Used 

Sludge 

Characteristic 

Mass Percent 

(wt%) 

Mass Percent 

(wt%) 

Mass Percent 

(wt%) 

Solids content 37.6 40.0 10.9 

Carbon content 55.2 48.0 51.6 

Hydrogen content 6.4 5.7 6.1 

Oxygen content 26.0 36.3 31.2 

Nitrogen content 4.4 1.2 2.7 

Sulphur content 1.0 0.8 0.9 

Ash content 7.1 8.0 7.5 
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3.2.1.5 Engineering Model Description 

The purpose of the engineering model was to predict the economic feasibility of a 

combined HTL-CHG process based on known input parameters. The model is very flexible 

in terms of feedstock type, as well as operating conditions; however, laboratory testing 

(Section 5.0) is required to determine actual feedstock and product characteristics, product 

conversions, optimum operating conditions, and reaction enthalpies, to name a few. In the 

end, the model helps to identify areas of economic concern, therefore informing the user 

of areas that require further experimental investigation.  

The model is broken down into three different sections: mass and energy balances, 

equipment sizing and costing, and economic assessment. Further, the model has individual 

tabs that display different calculations for various criteria. The first tab is the mass and 

energy balance tab, which is a summary of stream information for all three sections of the 

process. It is divided into each respective area (Area 100, Area 200 and Area 300, 

respectively) for ease of readability. Using the stream information presented in the mass 

and energy balance tab, every piece of equipment was sized according to engineering sizing 

procedures, which led to selection of the key sizing parameters. From there, each 

equipment was costed based on historical in-house vendor quotes and prepared Aspen 

HYSYS Capital Costing Simulator costing curves. Equipment costs were then brought to 

present day CAD using past and current Chemical Engineering Plant Cost Indices 

(CEPCIs), as well as historical currency exchange rates from USD to CAD. 

Following costing of equipment, the total capital investment (CAPEX) was calculated by 

summing the total equipment costs then applying historical in-house costing factors. Using 
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a combination of calculations performed in the mass and energy balance section and in the 

equipment costing section, the operating costs (OPEX) were determined. To complete the 

OPEX, known process utilities rates were found, and historical in-house costing factors 

were used to determine the annual cost of several plant systems described in more detail in 

Section 3.2.2. The revenue was estimated based on production rates calculated in the mass 

and energy balance section, which included a feedstock credit that was assumed to be 

received from the wastewater treatment facility. Next, the working capital was determined 

to account for the cash flow required to begin operation of the plant prior to generating 

revenue.  

Lastly, a cash flow tab was included in the model that presents the cumulative cash flow 

for the process taking into account all the above-mentioned criteria. Other information 

presented in this tab includes the net present value, internal rate of return, payback period 

(in years) and return on investment.   

3.2.1.6 Mass Balance Summary for Secondary Economic Assessment 

Table P - 1 in Appendix P is a summary of the results obtained from performing a complete 

mass and energy balance on the proposed design. The results presented are based on the 

base case scenario described earlier (Section 3.2.1.1). The table includes: biocrude 

production, CHG natural gas production, natural gas consumption, and estimated 

combined HTL-CHG recovery.  

  



75 

 

Based on a throughput of 50.5 tonne/day of MSS, roughly 140 barrels (bbl) of biocrude are 

produced each day. This results in a biocrude carbon recovery (ratio of carbon in feed to 

carbon in biocrude) of 57%. Processing aqueous effluent from HTL via CHG results in a 

natural gas production rate of 11,200 m3/day (NTP). Considering that the process requires 

an additional 334 m3/day of natural gas to meet process heating requirements, the CHG 

section of the process can supply over 97% of the natural gas demand. Furthermore, 

incorporating the CHG process results in an additional carbon recovery (carbon in feed to 

CHG natural gas) of roughly 20%. The net carbon recovery of the process, including 

biosolids production (~5% carbon recovery), is therefore 81%. 

Other noteworthy information in Table P - 1 includes a water production rate of 420 

m3/day, all of which is sent to the wastewater treatment facility headworks. This value 

considers the amount of water being consumed in the solids handling sections of both 

processes (HTL and CHG). The deionized water consumption, which is required to wash 

both the sulphur scrubbing and CHG catalysts, is estimated to be 3 m3/day, while over 

5,700 kg/day of biosolids are produced in the HTL area. Operating conditions for the HTL 

and CHG sections of the process are 300°C and 8.6 MPa and 350°C and 16.5 MPa, 

respectively. 

3.2.1.7 Design Criteria 

The following sections describe the values used as inputs for each of the three areas of the 

design. These values were essential to the operation of the engineering model used for the 

secondary economic assessment and require details as to their origin. Each subsequent 

section will include a table defining each input for the circuit area, the value and unit used 
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for calculation, and a basis for each value chosen. The resulting outputs for each process 

stream, along with their block flow diagrams that label stream numbers, are all included in 

Appendices E through G of this report. 

3.2.1.7.1 Hydrothermal Liquefaction (HTL) Circuit Inputs 

The chemical properties used for the HTL section of the process were based on properties 

of water at the given conditions because of the high-water content of the sludge. This 

simplified calculations for densities and heat capacities, the former of which does not vary 

significantly from pure water, and the latter was estimated to be the same as water in 

literature [9], [70]. Gaseous product properties were assumed to be consistent with that of 

carbon dioxide, as the gas is roughly 97% CO2. Lastly, biocrude and biosolid product 

properties were assumed to be the same as reported by PNNL.  

Many of the values used for calculating the mass and energy balances for the HTL section 

of the process were based on the PNNL report using primary sludge as a feedstock. Other 

information was based on standard or in-house engineering values used for equipment 

design. Assumptions include atmospheric conditions being 20°C and 0.1 MPa, a heat loss 

of 5°C through the solids filter press, and gas and biocrude/aqueous effluent fraction 

separation efficiencies. 

A significant assumption used in this section was that the enthalpy change with the HTL 

of MSS was consistent with that of processing wood. An increase or decrease in reaction 

enthalpy has a significant impact on the economics of the process, as more natural gas 

would be required if the reaction is more endothermic than reported. The current design 

also considers a total heat loss of 20°C in the HTL section (heat loss from the reactor 
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materials to the atmosphere, in addition to the amount of energy being consumed by the 

reaction). As a result, to maintain the operating temperature of the reactor, the amount of 

energy lost must be supplied by the hot oil system. The current value of 20°C will be used 

for the purposes of this assessment, however further investigation in the laboratory is 

warranted.  

3.2.1.7.2 Catalytic Hydrothermal Gasification Circuit Inputs 

As was completed for the HTL area of the design, another input section was prepared for 

the CHG section of the process. The chemical properties of aqueous effluent from Area 

100 were based on physical properties of water at the selected temperatures and pressures, 

as the fraction of solids at this stage in the process are almost negligible. The gaseous 

product properties were assumed to be consistent with that of methane, which is the largest 

portion of the product (>90%). Lastly, solids properties were assumed to be the same as 

reported by PNNL.  

Once again, many of the values used for calculating the mass and energy balances for the 

CHG section of the process were based on the PNNL report using secondary sludge HTL 

aqueous effluent as a feedstock. The carbon balance calculated by PNNL using primary 

sludge HTL effluent as a feedstock was only 68%, while the carbon balance using 

secondary sludge HTL effluent was 99%. As most of the calculations performed for the 

mass and energy balances were based on normalized values reported in the PNNL 

assessment, it was decided that normalizing a set of values that were closer to 100% was 

more accurate. The compositions of the two aqueous feedstocks did not differ significantly 
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between primary and secondary sludge data, therefore it was decided that this was a 

reasonable route to take for the CHG section of the process.  

Additionally, deionized (DI) water required for washing the sulphur guard and the reactor 

catalysts was another section of Area 200. The methodology used for selecting the 

temperature at which to operate this stream was based on a patent that claims a process that 

regenerates sulphur poisoned/deactivated Raney nickel and ruthenium over carbon 

catalysts [71].  

As was the case for HTL, the enthalpy of reaction was assumed to be consistent with that 

for processing glucose via catalytic hydrothermal gasification. The value reported for 

glucose is significantly larger than that of the HTL section of the process, and therefore has 

an even larger impact on natural gas consumption. Consequently, further investigation is 

required in laboratory to confirm the validity of the chosen value to improve the accuracy 

of the model. For the purposes of this assessment however, it was decided to use the same 

enthalpy of reaction as glucose as there were very few mentions of reaction energies found 

in literature. 

3.2.1.7.3 Utility Systems Circuit Inputs 

The last circuit prepared was for the Utility Systems area of the process. All process heating 

requirements from either the HTL or CHG areas were calculated in this section of the 

engineering model.  

Values used for calculations in the utility systems area of the process were largely based 

on vendor claims and general heuristics of equipment. Many of the calculations performed 

in this area were based on the heating requirements of the HTL and CHG sections, which 
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dictated the flow rate of oil required for each piece of equipment. The thermal fluid (oil) 

chosen for the process was selected from a vendor whose highest quality oil claimed to 

operate at temperatures up to 400°C. The operating temperature of the hot oil system had 

a significant impact on the thermal efficiency of the proposed design. If there are other 

vendors that claim higher operating temperatures it would be worthwhile to explore the use 

of their product as the energy efficiency will increase. This would result in a lower natural 

gas requirement for the system, therefore reducing the operating costs of the design. 

3.2.2 Secondary Economic Assessment Results 

Using municipal sewage sludge (MSS) as the base case feedstock, a secondary economic 

assessment was prepared to evaluate the economic feasibility of producing biocrude and 

natural gas using a combined hydrothermal liquefaction (HTL) and catalytic hydrothermal 

gasification (CHG) process. A discussion on using pulp and paper waste sludge (PPS) as 

an alternative feedstock is provided, however the primary focus is to use MSS. All the 

information presented in the following sections is based on the outputs of the mass and 

energy balance detailed in Section 3.2.1.7. 

As the current screening study includes more detailed calculations, the accuracy is higher 

than the preliminary assessment initially provided. Consequently, it is estimated that this 

assessment has an accuracy of -30% to +70% but is still considered a Class 5 Estimate 

according to the American Association of Cost Engineering (AACE). As indicated on the 

previous assessment, this level of estimate is typical for project that are 0-2% complete and 

is used for conceptual assessments [56].  
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3.2.2.1 Design Basis and Assumptions for Secondary Economic Assessment 

In addition to the assumptions made in the mass and energy balance calculations, several 

assumptions were carried through when performing economic calculations on the proposed 

process: 

• The base case scenario for the evaluation of MSS was based on the sludge output 

in the city of Halifax, Nova Scotia; 

 

• The case study on PPS used the AV Nackawic Kraft pulp mill as a feedstock 

supplier. The composition of this feedstock is shown in Table 3-13, while the mill 

produces 540 air dry tonnes/day of bleached Kraft dissolving grade pulp, and sludge 

was produced at a rate of 3.5 wt% of the production capacity of the plant [64], [63].  

 

• Equipment costing estimations were completed using a combination of Aspen 

Capital Costing Estimator outputs and in-house historical vendor quotes in US 

dollars (USD). To bring to present day Canadian dollars (CAD), a Chemical 

Engineering Plant Cost Index (CEPCI) of 574.7 was used, as well as an average 

exchange rate of $1.29 CAD to USD from 2015 to 2017 (November) [72], [73]. 

 

• All equipment was assumed to be newly constructed and made in factory 

(equipment costs include shipping to location); 

 

• A one-year construction period was required prior to operation; 

 

• Plant availability was set to 90%, resulting in 328.73 operating days each year; 

 

• Biocrude could be sold for the same amount as regular crude, which was 

approximately $75 CAD/barrel [58]. Sensitivity analyses look at pricing 

fluctuations around this point; 

 

• Biosolids (HTL solids) were assumed to meet environmental regulations regarding 

land application. Selling price was determined based on the amount of biosolids 

that could be applied to an acre of land (4-8 dry tons/acre), and the nutrient value 

contained therein. The resulting selling price of biosolid material was then $23.70 

CAD/tonne [74]; 

 

• Feedstock credits were assumed to be consistent with the techno-economic analysis 

prepared by PNNL, who estimated a feedstock credit of $50 USD/ton in 2016 [46]. 

The value used in this secondary economic analysis was therefore $62.15 

CAD/tonne (2017); 
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• Reagent costs (catalysts) for Raney nickel and ruthenium over carbon were taken 

from the PNNL report, resulting in costs of $99.59 CAD/kg and $344 CAD/kg, 

respectively [9]; 

 

• The HTL-CHG plant had a 20-year lifespan, and a 10% salvage value; 

 

• Electricity rates were taken from a nationwide weighted average (excluding 

Territories and PEI), which amounted to $86.75 CAD/MW-hr for a General Service 

– Medium class [75]; 

• Natural gas prices were also based on a Canada-wide (excluding Territories and 

PEI) weighted average in 2015. The charge in 2018 was then $0.25 CAD/kg [76]; 

 

• Existing land was prepared for the construction of the process (brown field); 

 

• A discount rate of 8% was used for cash flow calculations; 

 

• No annual inflation factor was used for operation and maintenance costs; 

 

• At the midlife of the process (year 10), 50% of the initial capital investment was 

required as a sustaining capital. This accounted for any damaged equipment, piping 

or any materials that would need replacement; 

 

• No additional administration was required; existing WWT staff will cover these 

costs; 

 

• Capital and operating costing factors were based on in-house historical vendor 

quotes; 

 

• Carbon dioxide (CO2) in the CHG gaseous product was low, and did not require 

amine scrubbing/absorption prior to use for process heating; 

 

• Sludge feed did not require any pre-treatment (i.e. no thickening, alkaline pre-

treatment, drying, etc.); 

 

• Water effluent from CHG did not require further treatment and was sent to 

headworks; and 

 

• Gas effluent from HTL did not contain significant amounts of H2 and CH4, and 

therefore did not require any additional treatment. 
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3.2.2.2 Estimated Capital Costs (CAPEX) 

The breakdown of the estimated total capital cost (CAPEX) for the base case combined 

HTL-CHG process is shown in Table 3-14. It was estimated that the total installed capital 

cost for the proposed case is $19,209,000 CAD. A breakdown of each individual costing 

criteria is provided in Appendix B. 

Table 3-14: Estimated CAPEX for the Secondary Economic Assessment 

Criteria 
Cost (CAD, 

2017) 
Description 

Process Equipment Purchase 

Cost 
$5,330,000 

Summation of the equipment costs 

for all three areas (HTL, CHG, 

Utility Systems) 

Direct Cost $6,770,000 

Costs involved with installation, 

piping, wiring, building, etc. 

Factors are applied to the process 

equipment purchase cost to obtain 

this value. 

Indirect Cost $3,267,000 

Engineering, contract, 

commissioning and procurement 

costs. Factors are applied to the 

sum of process equipment 

purchase costs and the sum of 

direct costs to obtain this value. 

Subtotal Cost $15,367,000 Summation of above costs. 

Contingency 25% 

Accounting for additional 

equipment and parts for 

construction and maintenance. 

Total Installed Capital 

Cost 
$19,209,000 

Total CAPEX required for base 

case design. 

Minimum Probable Cost $13,446,000 -30% AACE Class 5 Estimate. 

Maximum Probable Cost $32,655,000 +70% AACE Class 5 Estimate. 
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The equipment purchase costs and direct costs accounted for the largest fractions of the 

total CAPEX for this design, while the indirect costs were the smallest, as shown by the 

pie chart in Figure 3-10. 

Direct costs were calculated as percentages of the process equipment purchase costs, which 

in turn were based on historical in-house vendor quotes. A detailed breakdown of the costs 

associated with each aspect of the total direct cost is given in Appendix B, however the pie 

chart in Figure 3-11 provides a visual representation of the effect that each cost had on the 

total estimated direct cost for the base case scenario. Here, it is shown that the two largest 

direct costs were power distribution and piping, which represented 27% and 24% of the 

total, respectively.  

 

Figure 3-10: Representative Fractions of CAPEX for the Secondary Economic 

Assessment 
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Figure 3-11: Breakdown of Direct Costs for the Secondary Economic Assessment 

The process equipment purchase cost was broken down by section to account for each piece 

of equipment mentioned in Section 3.2.1.3. The CHG section of the process was the largest 

capital investment at roughly 51% of the total equipment cost; the HTL and Utility Systems 

were 36% and 13%, respectively, as shown in Figure 3-12. 

 

Figure 3-12: Breakdown of Individual Capital Costs for Secondary Economic 

Assessment 
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The CHG area represented the largest fraction of the total equipment cost for two reasons: 

1) the total number of pieces of equipment was the highest of all three areas, and 2) the 

operating conditions (temperature and pressure) required were higher than those required 

in the other sections of the process. The CHG section included the deionized water system 

as well as each of the wash water streams for the filtration steps. The latter resulted in four 

extra heat exchangers and three extra pumps compared to Area 100 (HTL). Refer to 

Appendix H for further details on the equipment purchase cost breakdown. 

Similarly, another pie chart (Figure 3-13) was prepared to show the breakdown of indirect 

costs for the system. A more detailed description of each criteria considered is shown in 

Appendix B. Once again, the indirect costs were calculated based on historical in-house 

vendor quotes and were percentages of the sum of process equipment and direct costs. 

 

Figure 3-13: Breakdown of Indirect Costs for the Secondary Economic Assessment 

The largest indirect cost for the proposed design was plant engineering and design, which 

accounted for 44% of the total. 
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3.2.2.3 Estimated Operating Costs (OPEX) 

The operating costs (OPEX) for the base case scenario are summarized in Table 3-15. It 

was estimated that the annual operating cost for this design was $1,962,000 CAD/yr. 

Details concerning the breakdown of each individual cost as well as the factors used in the 

calculations are shown in Appendix C. Table 3-15 shows what each operating cost 

represented as a fraction of the amount of biocrude produced, calculated as a cost per barrel 

of biocrude.   

Based on the cost per barrel of biocrude oil, the largest operating costs were labour, process 

utilities and reagents. A visual representation of the annual OPEX for the design reveals 

the same information in Figure 3-14. 

 

Figure 3-14: Breakdown of OPEX for the Secondary Economic Assessment 
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Table 3-15: Estimated Annual OPEX for the Secondary Economic Assessment 

Criteria 
Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Criteria Description 

Reagents $352,000 $8.33 
Annual catalyst regeneration, makeup oil for 

the heating system, and DI water costs. 

Process 

Consumables 
$3,900 $0.09 

Cost required to replace filter media for filter 

presses. 

Process 

Utilities 
$432,100 $10.23 

Electricity, cooling water and natural gas costs. 

Rates discussed in Section 3.2.2.1. 

Labour $730,000 $17.28 
Estimated annual cost of labour. In total, 12 

employees are required. 

Maintenance 

Consumables 
$90,800 $2.15 

Spare parts inventory based on percentage for 

plant as annual spare part replacement for 

general machinery wear items. Factors are 

based on historical in-house vendor quotes. 

Support 

Laboratories 

Cost 

$45,000 $1.07 
Cost based on consumable and equipment for 

metallurgical support lab and assay operations. 

Health and 

Safety 
$20,000 $0.47 Health and safety training and supplies. 

Technical 

Support 
$25,000 $0.59 

Metallurgical and environmental consulting, 

and permit fees. 

Marketing and 

Sales 
$0 $0.00 Assumed to be provided by WWT facility. 

Packaging and 

Shipping 
$84,500 $2.00 

Crude oil packing into barrel cost. Shipping 

and handling assumed to be paid by end user. 

Subtotal 

Annual 

Operating Cost 

$1,783,300 $42.21 Summation of all above operating costs. 

Contingency 10% - 
Accounting for additional materials or 

operating costs not detailed in above costs. 

Total 

Operating 

Cost 

$1,961,630 $46.43 
Total estimated OPEX for the base case 

scenario including contingency. 

Minimum 

Probable Cost 
$1,248,000 $29.55 -30% AACE Class 5 Estimate. 

Maximum 

Probable Cost 
$3,032,000 $71.76 +70% AACE Class 5 Estimate. 
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As was the case for the preliminary economic assessment, the labour costs were the largest 

operating cost (41%). Here, it was assumed that two operators/laborers were always 

required to monitor the process (8 employees total rotating 4 shifts). Two shift operators, 

each with an average annual value (AAV) of $75,000, would oversee the process while 

two trades helpers ($45,000 AAV each) provided any maintenance needs. Furthermore, a 

total of two general laborers’ ($50,000 AAV each) were required, as well as one technician 

($60,000 AAV) and one engineer ($90,000 AAV) to support the process. In total, 12 

employees were required for the operation of the facility. This number was considered as 

“trimmed” because it was assumed that there were some staff supplied from the WWT 

plant. A case study will later be provided to assess a scenario where fewer (or no) 

employees are required. 

Process utilities accounted for the second largest cost (24%). The largest process utility 

was power consumption (86% of utility costs), which was estimated based on the power 

requirements for pumps, blowers, compressors and agitators. As mentioned, the electricity 

rate was based on a nationally weighted average, excluding the Territories and Prince 

Edward Island. Natural gas accounted for 13% of the utility’s costs, with the remainder 

associated with cooling water. It is worth noting that changes in heats of reaction, heat 

losses, thermal oil operating temperature, and feed solids content, among others, may have 

significant impacts on the natural gas requirements for the process. A case study on 

increasing the solids content of the sludge feedstock will be provided to demonstrate its 

significance on natural gas consumption. 

Lastly, reagents were the third largest operating cost (20%). A visual representation of the 

fraction of reagent cost associated with the Ru/C catalyst required for the CHG reaction 
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(Figure 3-15) demonstrates the significance of protecting the catalyst from sulphur 

poisoning. 

 

Figure 3-15: Breakdown of Reagent Costs for the Secondary Economic Assessment 

Of the portion of reagent costs accounted for in the total OPEX, 95% were associated with 
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3.2.2.4 Revenues for Secondary Economic Assessment 

There were three revenue streams generated from the process: biocrude sales (API 10), 

biosolids sales and a feedstock credit for the treatment of the MSS. A summary of each 

revenue stream, along with their annual production, is shown in Table 3-16. 

Table 3-16: Estimated Revenue Streams for the Secondary Economic Assessment 

Item 
Annual 

Production 

Production 

Units 

Unit 

Revenue 
Revenue Units 

Annual 

Revenue 

(CAD/yr) 

Biocrude 

(API 10) 
42,253 Barrels $75.00 CAD/barrel $3,169,000 

Biosolids 1,744 Tonne $23.70 CAD/tonne $41,300 

Feedstock 

Credit 
16,596 Tonne $62.15 CAD/tonne $1,031,500 

Total Annual Revenue $4,241,800 

 

The largest revenue stream resulted from the sale of biocrude (~75%). As discussed earlier, 

it was assumed that the biocrude produced has the same value as regular crude oil, which 

was $75 CAD/bbl [58]. Due to the low production of biosolids and its relatively low value, 

the resulting annual revenue stream was $41,300 CAD/yr. Lastly, it was assumed that the 

feedstock credit received from the wastewater treatment facility for the treatment of their 

waste sludge was the same as that chosen for the PNNL assessment ($62.15 CAD/tonne), 

therefore an additional $1 Million CAD/yr in revenue was generated. Depending on the 

relationship between CDCI and the WWT facility, this feedstock credit may be subject to 

change. An increase/decrease in the feedstock credit could drastically alter the economics 

of the design, especially in cases where there the sludge flow rate is greater. 
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3.2.2.5 Discussion of Results from the Secondary Economic Assessment 

The capital and operating costs presented were considered preliminary and represented a 

base-case scenario based on the criteria chosen for this secondary economic assessment. A 

summary of the net present value (NPV), discount rate, total capital investment, cash flow 

for each year (1-year construction), payback period, return on investment (ROI) and 

internal rate of return (IRR) is shown in Table 3-17. 

Table 3-17: Economic Summary Table for the Secondary Economic Assessment 

Criteria Result 

Production rate (bbl/yr) 42,300 

Discount Rate 8% 

NPV (CAD) -$316,800 

Total Capital Investment (CAD) $20,664,000 

Annual Cash Flow (CAD/yr) $2,280,000 

Payback Period (Years) 10.8 

ROI 7.3% 

IRR 7.8% 

 

Unlike the results from the preliminary assessment of the project, the annual cash flow and 

ROI calculated for the Halifax scenario were positive. These results support the conclusion 

made in the preliminary economic assessment that the scale of production was one of the 

largest economic drivers of the process. As the population of Halifax was almost six times 

(6x) greater than Moncton, the resulting sludge flow was also greater. Consequently, the 

revenue stream was sufficiently large to overcome the operating costs for the process. In 

subsequent sections, the production rate will be compared to larger cities, which will better 
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demonstrate the effect of capacity on the economics of the process. The only negative value 

reported was the estimated NPV for the design. 

In contrast to the preliminary assessment, the NPV was near the break-even point. The 

climb in NPV was attributed to the increase in sludge flow. Therefore, as will be shown in 

the sensitivity analyses (Section 3.2.2.6), either more flow is required to make this project 

profitable, or areas of OPEX and CAPEX need to be reduced. However, it was still inferred 

that at an investment equivalent to the proposed case at an 8% discount rate, that it was 

better to invest money elsewhere as the return would be greater. Though, from the point of 

view of a municipality or city, applying HTL technology to their wastewater management 

systems may not be all about the economical return. Social and environmental impacts also 

play a big role in the applicability of this design, which for some, may offset the slight 

negative NPV of the system.    

Other areas of improvement compared to the preliminary report included natural gas rates 

and - to a lesser extent – the biosolids revenues. The CHG section of the process had the 

potential to off-set natural gas costs required for process heating. Although not all the 

heating demand was supplied by the CHG of water effluent from HTL, more than 90% of 

the natural gas requirement was supplied in-house, thereby reducing the purchase cost from 

a supplier. Further, the price of natural gas chosen for the preliminary economic assessment 

(Enbridge New Brunswick rates) was much higher than other provinces, so an average 

natural gas rate across Canada (excluding Territories and PEI) was used. Consequently, the 

price of natural gas was reduced by nearly 80%. 
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3.2.2.6 Sensitivity Analyses on Secondary Economic Assessment 

A sensitivity analysis was prepared to evaluate areas that had the largest impact on the 

economic feasibility of the project. Figure 3-16 summarizes the sensitivity analysis for the 

base-case scenario. Aspects chosen for evaluation were crude oil selling price and 

OPEX/CAPEX which were presented in terms of the NPV for the design.  Also shown 

were points marking changes made to certain assumptions of the base case scenario and 

how they affected the NPV. These changes are explained in more detail in the case studies; 

the chosen cases were the effect of using existing employees from the WWT facility, 

decreasing heat loss of the reactors from 20°C to 10°C, and increasing the solids content 

of the sludge feed at the front end of the process from 10.9% to 20%. The graphs for these 

points look similar as shown for the base case scenario, although shifted to the point at 

which they lie on the y-axis. 

 

Figure 3-16: Sensitivity Analysis for the Secondary Economic Assessment 
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The results shown in the graph indicate that with decreases in both OPEX and CAPEX, as 

well as an increase in crude selling price, that positive NPV scenarios do exist for the base 

case. Furthermore, the best-case scenario was a situation where all employees came from 

existing staff at the WWT facility, although both increasing the solids content and 

decreasing the amount of heat loss from the reactors to the environment also improved the 

NPV of the system. Combinations of the above would result in improvements to the process 

NPV. 

3.2.2.6.1 Sensitivity Analysis on OPEX for the Secondary Economic Analysis 

Another sensitivity analysis was prepared to evaluate potential changes in the three most 

significant operating costs: labour, utilities, and reagent costs. The results of varying these 

parameters on the net change of NPV are shown in Figure 3-17. 

 

Figure 3-17: Sensitivity Analysis on OPEX for the Secondary Economic Assessment 
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From the graph, decreases in each criterion resulted in increased NPVs for the system. The 

largest contributor to the NPV was the cost of labour, while the operating cost with the 

least influence was the reagent costs. 

3.2.2.6.2 Sensitivity Analysis on Revenues for the Secondary Economic Assessment 

The last sensitivity analysis performed was on the effect of changing the revenue streams. 

The effect of biocrude price was already shown in Figure 3-16, however the graph in Figure 

3-18 will show the influence each price had on the NPV for the given design. 

 

Figure 3-18: Sensitivity Analysis on Revenues for the Secondary Economic Assessment 
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3.2.2.6.3 Effect of Production Capacity on Biocrude Selling Price 

For the base case scenario, the break-even price (biocrude sales = operating cost) was 

calculated for a range of production capacities. Included on the curve in Figure 3-19 were 

the break-even prices for larger cities (Vancouver, Calgary, Montreal and Toronto), which 

were determined based on the relative population of each city compared to Halifax, and the 

subsequent sludge flow the city would provide. As expected, the curve decayed 

exponentially as economies of scale took effect. 

 

Figure 3-19: Break-Even Biocrude Production for the Secondary Economic Assessment 
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changes to the minimum fuel selling price. All points (i.e. cities) shown on the graph were 

lower than the chosen biocrude selling price of $75 CAD/bbl. 

3.2.2.6.4 Effect of Production Capacity on IRR 

Figure 3-20 demonstrates the effect of biocrude production on the internal rate of return 

(IRR). Once again, the production capacities of Vancouver, Calgary, Montreal and Toronto 

were also shown for comparison. 

 

Figure 3-20: IRR Sensitivity Analysis for the Secondary Economic Assessment 
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3.2.2.7 Case Studies on Secondary Economic Assessment 

In addition to the sensitivity analyses provided, multiple case studies were performed to 

determine the economic feasibility of some realistic scenarios. Five cases were evaluated: 

using existing WWT employees, increasing the solids content of the feedstock from 10.9% 

to 20%, using pulp and paper (PPS) sludge as a feedstock, not marketing biosolids as a 

fertilizer, and decreasing the heat loss from the HTL and CHG reactors from 20°C to 10°C. 

The economic results from each of these scenarios is summarized in Table 3-18. 

Table 3-18: Case Study Summary Table for Secondary Economic Assessment 

 Case Studies 

Criteria 

Base 

Case 

Scenario 

Existing 

Employees 

Increasing 

Solids 

Content 

Using PPS  

Not 

Marketing 

Biosolids 

Reducing 

Reactor 

Heat Loss 

Production 

rate (bbl/yr) 
42,300 42,300 42,300 17,000 42,300 42,300 

Discount 

Rate 
8% 8% 8% 8% 8% 8% 

NPV (CAD) -$0.33M $7.04 M $11.60 M -$8.47 M -$0.13 M $1.87 M 

Total 

Capital 

Investment 

(CAD) 

$20.7 M $20.66 M $14.12 M $11.94 M $20.47 M $20.32 M 

Annual 

Cash Flow 

(CAD/yr) 

$2.28 M $3.08 M $2.85 M $0.35 M $2.28 M $2.49M 

Payback 

Period 

(Years) 

10.8 7.1 5.2 None 10.7 8.7 

ROI 7.3% 7.3% 9.4% 5.3% 7.4% 7.4% 

IRR 7.8% 12.5% 18.4% None 7.9% 9.8% 
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From the results shown in Table 3-18, the best-case scenario was that of increasing the feed 

solids content. A crucial assumption made for this scenario was that the conversion of 

carbon in sludge to biocrude would remain constant with increasing solids content. As 

discussed in Section 2.4.3, sludge with higher solids content would result in less biocrude 

production via HTL. Based on the study discussed in that section, sludge with 20% solids 

resulted in roughly a 45% biocrude yield, while at 10% solids the yield was around 51% 

[10]. Though the change was not significant, it does warrant further investigation in the 

laboratory for a given sludge sample.  

Furthermore, a significant decrease in capital investment occurred when increasing the 

sludge solids content. This was largely due to the differences in physical-chemical 

properties of water between the two scenarios (base case and case study). At elevated 

temperatures and pressures, the heat capacity of water increased significantly as water 

reached its boiling point. Water with a higher heat capacity requires more energy to 

increase in temperature. As a result, the area required for heat exchange increased. There 

was less water in sludge with higher solids content, and so the amount of energy required 

to increase the temperature decreased (hence less area). Consequently, the purchase cost 

for a heat exchanger decreased.  

Another significant area of economic potential involved the number of employees required 

for operation. Given a scenario where all employees would come from the WWT facility, 

the economic feasibility of the process increased significantly. This scenario ultimately 

depended on the relationship with the facility and could potentially impact the sludge credit 

received for treatment. However, for the purpose of this assessment, it was assumed that 

the sludge credit remained constant.  
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The scenario with the least amount of impact was marketing biosolids as fertilizer. The 

amount of biosolid material generated from the process was relatively small when 

compared to the amount of biocrude and natural gas produced so these results were 

expected. Choosing to market biosolids would depend on outside factors, such as 

transportation and storage costs, to determine the actual economic feasibility. 

Lastly, a scenario was prepared to evaluate the use of PPS as an alternative feedstock. In 

the preliminary economic assessment, it was stated that this feedstock was more attractive 

than MSS as it contained a larger percentage of carbon on average, and the flow rate of the 

sludge was greater than the MSS scenario (originally from Moncton WWT). However, 

after altering the geographical location to a bigger city (Halifax), the economics using MSS 

were much more attractive than using PPS. The economic results obtained in this 

assessment for PPS from the AV Nackawic Kraft pulp mill were slightly better than was 

published in the previous assessment but still did not compare to using MSS from a larger 

city center. 

3.2.3 Secondary Economic Assessment Conclusions 

The following conclusions were made based on the information presented in the secondary 

economic assessment for the combined HTL-CHG process for converting MSS to biocrude 

and natural gas: 

• Mass and energy balances were performed for the base case scenario that 

determined the areas of the process that had the largest economic impact (sludge 

solids content, number of employees required for operation, and production rate or 

feedstock rate). 

 

• The mass and energy balances also revealed two areas of uncertainty within the 

process that could potentially have a significant impact on the process economics: 
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the heat of reaction in both HTL and CHG reactions, and the amount of heat loss 

from the reactors to the atmosphere.  

 

• The above-mentioned points, besides number of employees, have a large impact on 

the natural gas demand for the process.  

 

• The economic results for the base case scenario are shown in Table 3-19. 

 

Table 3-19: Economic Summary Table for Secondary Economic Assessment 

Criteria Result 

Feedstock Flow Rate (dry tonne/day) 50.48 

Biocrude Produced (bbl/yr) 42,300 

Revenue (CAD/yr) $4,242,000 

Total Capital Investment (CAD) $20,664,000 

Annual Operating Costs (CAD/yr) $1,962,000 

Annual Cash Flow (CAD/yr) $2,280,000 

Net Present Value (CAD) -$316,800 

Payback Period (Years) 10.8 

Discount Rate 8% 

ROI 7.3% 

IRR 7.8% 

 

• The largest contributor to the annual operating costs was labour. Results from a 

sensitivity analysis indicated that as production capacity increased, the proportion 

of labour costs to the overall operating cost decreased. 

 

• Utilities were the second largest contributor to annual operating costs, with the 

largest utility cost being power consumption. The electricity rate used for the 

secondary economic assessment was a Canada-wide average (excluding Territories 

and PEI). 

 

• There were many scenarios that would result in a positive net present value for the 

design: decreases in OPEX/CAPEX, increasing biocrude selling price, using 

existing WWT staff for operation, increasing feed solids content, and decreasing 

reactor heat losses. Any individual one or set of these changes resulted in positive 

economics for the process. 
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• The effect of natural gas cost on the OPEX of the design was less than was 

determined in the preliminary economic assessment. This was largely due to the 

rate charged by Enbridge New Brunswick, which was corrected by using a 

nationwide average (excluding Territories and PEI).  

 

• Marketing biosolids as a fertilizer did not significantly improve the economics of 

the design. Further research on the market value of biosolids in the geographical 

area of the plant would be required to assess the actual feasibility of marketing this 

product. 

 

• Increasing the production rate of biocrude had positive effects on the internal rate 

of return and the required minimum fuel selling price. Upon reaching a certain 

capacity (~250,000 bbl/yr), the minimum fuel selling price reached a minimum. 

3.2.4 Recommendations for Laboratory Testing 

The following recommendations were made for the proposed project: 

• Lab-scale testing should be done on representative samples of MSS to determine 

its physical and chemical properties, as well as optimum operating conditions for 

biocrude production.  

 

• The heats of reaction for both HTL and CHG must be determined as a function of 

feed composition using lab-scale testing. This will allow the engineering model to 

be more adaptable to different feed types.  

 

• The optimum feed solids content must be determined experimentally in terms of 

biocrude production, while maintaining pumpability and considering economic 

feasibility. 

 

• The optimum conversion rates from feed to biocrude can be experimentally 

determined by changing process parameters such as temperature, pressure, catalyst 

usage, pH, atmosphere (i.e. N2, H2, etc.), presence of secondary solvents, and 

residence time. This would improve the accuracy of the prepared engineering 

model. 

 

• For the calculations, it was assumed that the minimum velocity required to prevent 

plugging in the plug flow reactors was 0.5 m/s. This value must be determined 

experimentally as it will ultimately affect the diameter, length and cost of the 

reactors. 

 

• Following preliminary lab-scale testing using actual sludge samples, a more 

accurate economic assessment could be produced using the engineering model to 

more accurately determine the feasibility of the process. 
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• Following a positive bench-scale test program and positive economic results, a 

continuous or semi-continuous mini-pilot trial could be conducted to further 

investigate the technical aspect of a biocrude production facility on a longer-term 

basis. 
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4.0 Experimental Test Methods 

The following sections will describe in detail the purpose and objectives of the 

experimental section of the project, the equipment used throughout the project, and the 

experimental procedures followed. As per the University of New Brunswick Biohazards 

Safety Committee, a biohazard application for the current study was required due to the 

potential of municipal sewage sludge (MSS) containing pathogens, viruses or other 

potentially harmful materials to humans, animals or plants. The procedure and results of 

this application are also briefly explained in this section. All experiments and analytical 

testing were performed in Head Hall at the University of New Brunswick in Fredericton, 

New Brunswick. 

4.1 Objectives and Purpose of Experimental Testing 

The objective of the experimental section of the project was to investigate some of the 

process conditions that had a strong influence on the economic feasibility of the project. 

This was done based on the information presented in the secondary economic assessment 

of the hydrothermal liquefaction (HTL) of MSS. As mentioned in Section 3.2.4, some of 

the values in the original engineering model were from a Pacific Northwest National 

Laboratory (PNNL) assessment of HTL technology. To prepare the engineering model, 

some assumptions were made: 

• Initial sludge feedstock, and HTL biocrude, aqueous effluent, biosolid and gaseous 

compositional data were based on results from PNNL on the HTL of sludge from 

Metro Vancouver’s Annacis Island wastewater treatment (WWT) plant; 

 

• Carbon conversions observed in a continuous system from the PNNL report were 

used to complete mass and energy balances in the engineering model; 
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• The operating conditions stated by researchers at PNNL were optimized for the 

selected feedstock and thus served as the basis for the model; and 

 

• Heats of reaction for the HTL of MSS were similar to that of wood. 

 

Other recommendations from the secondary economic assessment were not investigated in 

the experimental portion of the project. They are, however, important for future 

experimentation to increase the accuracy of the engineering model. Most notably, testing 

on the catalytic hydrothermal gasification (CHG) of aqueous effluent from the HTL of 

MSS was not performed at this time. As a result, carbon conversions in CHG were assumed 

to be consistent with previously reported results from PNNL. The feedstock for the CHG 

area (i.e. aqueous effluent from HTL) will be updated in the final assessment in this report, 

which ultimately altered certain flow rates in the overall process as well as the process 

economics.  

In order to evaluate the HTL of MSS in laboratory, experimental trials were performed 

using a batch reactor with sludge provided from a local source. Reaction conditions such 

as temperature, residence time and feedstock solids content were manipulated, and the 

resulting changes in product characteristics and feed-to-product carbon conversions were 

noted. Mass balances were performed on each trial on a total basis and an elemental basis. 

Elemental balances were performed for carbon (C), hydrogen (H), nitrogen (N), sulphur 

(S), oxygen (O), and ash (A) content (collectively, CHNSOA) charged into the reactor, and 

the subsequent amount accumulated across each liquefaction product.  

The following were the objectives of the laboratory experiments: 

• Characterize MSS feedstock as received from the Barker Street Treatment Facility 

in Fredericton, New Brunswick for CHNSOA and moisture content; 
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• Perform batch experiments on the liquefaction of MSS while varying operating 

conditions such as feedstock solids content, residence time and reaction 

temperature; 

• Separate and quantify each of the four products after a liquefaction run. The four 

products after an experiment were: biocrude, biosolids, aqueous effluent and gases; 

 

• Characterize each of the liquefaction products for CHNSOA contents; and 

 

• Quantify the heat of reaction for the HTL of municipal sewage sludge. 

 

The collection of data from the experimental trials were used to determine the optimum 

operating conditions for the HTL of MSS. With the optimum operating conditions 

determined, the engineering model was updated.  

4.2 Municipal Sewage Sludge (MSS) Acquisition 

Prior to acquiring MSS samples, the University of New Brunswick required that a biosafety 

application be completed due to the potential health hazards associated with the material. 

The application, as defined by the University of New Brunswick Biohazards Safety 

Committee, requires that [77]: 

“Research and teaching projects involving micro-organisms known to be pathogenic to 

humans, plants or animals and projects involving recombinant DNA, and some genetically 

modified organisms, may not be undertaken unless the proposed project has been found 

acceptable by the Biohazards Safety Committee operating in accordance with the Health 

Canada Laboratory Biosafety Guidelines, 3rd ed., 2004. Research/teaching projects 

involving biohazards must be carried out under the required level of containment 

facilities.” 

Included with the application was the precautionary equipment that would be used 

throughout the project, and the methods followed ensure safe handling of the biohazardous 

material. To support the application, details concerning the following were given: 
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• Descriptions of the laboratory facilities in which the sludge will be handled and 

their safety features; 

 

• Methods and location of sludge pickup, transportation and storage from the Barker 

Street Treatment Facility (BSTF) to the University of New Brunswick Fredericton 

campus; 

 

• Waste management practices; 

 

• Emergency response procedures in the event of contamination of surfaces and/or 

human contact; and 

 

• All required training courses for handling biohazards as directed by the University 

and the Public Health Agency of Canada. 

 

Of most importance from the application in relation to the experimental study was the 

initial decontamination step required after receiving MSS samples. Because the laboratory 

spaces where the sludge was to be handled were considered Containment Level 1 (CL1) 

workspaces, and the sludge was initially considered a Level 2 biohazard, the samples 

needed to be autoclaved (sterilized) in a Containment Level 2 (CL2) laboratory prior to 

handling in CL1 workspaces. To do so, the sludge was collected in a 10-L autoclavable 

carboy at the BSTF and immediately transported to a CL2 laboratory for sterilization. The 

autoclaving procedure involved heating the sludge in a steam-pressurized (15-19 psi) 

autoclave to 121-123°C for a sample volume-dependent period. Afterwards, the sludge was 

no longer considered a Level 2 biohazard, allowing for handling in CL1 workspaces.  

The initial biohazard decontamination steps are important to note moving forward, as it is 

assumed that there would not be any feedstock handling prior to hydrothermal processing 

in industrial applications. Therefore, throughout the HTL experiments it was assumed that 

viruses or pathogens removed during sterilization of the sludge would not affect its 

CHNSOA content, nor the product yields, and carbon conversions observed after a trial. 
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Moving forward, the effect of pathogen and virus content in MSS should be investigated 

to notice their effects through an HTL reaction.  

4.3 Experimental Apparatus  

Excluding the steam-pressurized autoclave used for MSS sterilization, the equipment listed 

in Table 4-1 were the major pieces of equipment used throughout the experimental HTL 

trials. Included in the table is a brief description of the equipment function and purpose in 

relation to the study. Other apparatus, such as glassware and other common chemical 

handling equipment are not mentioned, however, were utilized as necessary. 

Table 4-1: Major Experimental Apparatus used in HTL Experiments 

Equipment Name Equipment Purpose Brief Description 

Parker Autoclave 

Engineers EZE-Seal 

Stirred Laboratory 

Reactor 

Batch liquefaction 

experiments 

Batch reactor assembly used for HTL 

experiments. Equipped with a 1-L 

stainless steel reactor with pressure 

and temperature ratings of 22.75 MPa 

at 454°C, respectively. Also included 

a 3,300 rpm Magnedrive magnetic 

stirrer, a process control tower and a 

digital and analog pressure gauge. 

LECO CHNS-932 

Elemental Analyzer 

Carbon and hydrogen 

measurement 

Performs carbon and hydrogen peak 

analysis on wet and dry samples. 

Antek Series 9000 

NS Analyzer 

Nitrogen and sulphur 

measurement 

Performs nitrogen and sulphur peak 

analysis on wet and dry samples. 

Varian 3400 Gas 

Chromatograph 

(GC) 

Heating gaseous 

samples prior to 

analysis 

Due to a broken thermal conductivity 

detector within this piece of 

equipment, this device was used to 

preheat gaseous samples prior to 

analysis through a residual gas 

analyzer. 

SRS Residual Gas 

Analyzer (RGA) 200 

Gaseous compound 

measurement in 

gaseous samples 

Performs programmable gaseous 

compound peak analysis on gaseous 

samples. 
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Details on the procedures involved with each equipment, as well as calibration curve 

preparations are provided in Section 4.4.  

4.4 Experimental Procedures 

The following sections describe the experimental procedures for the HTL of MSS. The 

overall procedure can be divided into four main procedures: 

1. Feedstock characterization. 

 

2. Hydrothermal liquefaction experiments. 

 

3. Products separation. 

 

4. Products analysis. 

4.4.1 Feedstock Characterization Procedures 

To begin, characterization of the MSS feedstock, as received from the Barker Street 

Treatment Facility (BSTF) and autoclaved on the University of New Brunswick campus, 

was performed. The sludge feedstock was characterized for the following: 

• Moisture content; 

 

• Ash content; 

 

• Carbon, hydrogen, sulphur, and nitrogen content; and 

 

• Calorific value. 

 

The oxygen content of MSS, biocrude, aqueous effluent, biosolids and product gases 

produced via the HTL of MSS was calculated by difference. The following sections will 
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describe the methodologies used to determine each of the mentioned characteristics of the 

sludge. 

4.4.1.1 Feedstock Preparation Procedures for Characterization 

Prior to evaluating MSS for its chemical and physical properties, a standard practice 

prepared by ASTM International was performed in order to improve the suitability of the 

material for compositional analysis [78]. ASTM E1757 (Standard Practice for Preparation 

of Biomass for Compositional Analysis) outlined three individual methods used for the 

preparation of biomass for compositional analysis, which were classified as: (1) large 

quantities of dry biomass (>20g), (2) very wet biomasses at risk of degradation if allowed 

to stand for longer periods of time, including sludges, and (3) very wet biomasses at risk 

of degradation if allowed to stand for longer periods of time and are heat sensitive, denoted 

as Method A, B and C, respectively. The method chosen for the preparation of MSS for 

compositional analysis was Method B, as the material was not sensitive to heat (45°C) and 

was considered a very wet feedstock.  

4.4.1.2 Determination of Feedstock Moisture Content 

Prior to beginning analytical testing on MSS, the moisture content of the material needed 

to be determined. To do so, another ASTM International method was followed to ensure 

that the procedure met international standards. ASTM E1756 (Standard Test Method for 

Determination of Total Solids in Biomass) outlined two methods to determine the total 

solids (or moisture) content of biomass: (1) drying the sample in an oven at 105°C, and (2) 

employing an automated moisture analyzer. These were denoted as Test Method A and B, 
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respectively [79]. Test Method A in ASTM E1756 was performed because the equipment 

required for Test Method B was not available at the time of analysis.  

 

4.4.1.3 Determination of Feedstock Ash Content 

The procedure used to determine the ash content of MSS samples was performed after 

drying MSS samples (Section 4.4.1.2). Samples suitable for ash testing needed to be dry 

so that there was no water content being removed from the sample throughout heating of 

MSS. The procedure outlined in ASTM E1755 (Standard Test Method for Ash in Biomass) 

was followed to determine the ash content of MSS [80].  

4.4.1.4 Determination of Feedstock Carbon and Hydrogen (CH) Content 

MSS suitable for carbon and hydrogen (CH) testing was prepared in accordance with the 

methods explained in Section 4.4.1.2 (Determination of Feedstock Moisture Content). The 

instrument used to determine the CH content of MSS was a LECO CHNS-932 Elemental 

Analyzer. This instrument no longer had the capability to determine the nitrogen and 

sulphur content of a sample, however, the CH content of a sample could still be determined 

within a 0.2% certainty. A separate instrument was used to determine the nitrogen and 

sulphur content of the samples, as explained in Section 4.4.1.5. An image of the elemental 

analyzer used to determine the CH content of MSS is shown in Figure 4-1.  
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Figure 4-1: LECO CHNS-932 Elemental Analyzer 

Prior to testing an MSS sample, a calibration curve was prepared using a compound of 

known composition. The compound chosen to prepare the instrument for calibration was 

glucose (C6H12O6). Displayed in Figure 4-2 are the results from the preparation of a 

calibration curve for determining the CH content of MSS samples. 

 

Figure 4-2: Carbon and Hydrogen Calibration Curve Prepared for MSS 
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Also shown on the graph in Figure 4-2 are the trendline equations for hydrogen (grey) and 

carbon (black), and the regression (R2) values indicating the accuracy of the data points. If 

an R2 value was below 0.98 (98%) for either set of data, outlying data points were re-

assessed by performing another run using a similar glucose sample weight.  

Once the calibration curve was prepared, MSS samples were characterized for CH 

contents. Masses of the samples loaded into the analyzer were consistently 2-3 mg. After 

each sample run, the CH peak areas displayed on the CHNS unit were recorded. A 

minimum of three trials was performed to ensure consistency. After three trials were 

performed, the carbon and hydrogen mass percentages of the sample were calculated, and 

if there were significant differences between the runs, another test was performed.  

To calculate the carbon and hydrogen mass percentages of MSS, the recorded peak areas 

were subtracted by the average of the two blank aluminum runs performed prior to the 

glucose calibration (i.e. carbon/hydrogen area minus blank aluminum pan carbon/hydrogen 

area). Once the adjusted areas were determined, the areas were then plugged into each 

equation in Figure 4-2, for carbon and hydrogen, respectively. Lastly, the calculated mass 

of carbon/hydrogen was divided by the mass of the sample used in the trial to determine 

the weight percent of each element in the original sample. 

4.4.1.5 Determination of Feedstock Nitrogen and Sulphur (NS) Content 

MSS samples appropriate for nitrogen and sulphur (NS) content testing were prepared 

according to the procedures outlined in Section 4.4.1.2. The instrument used to determine 

the NS content of MSS was an Antek Series 9000 NS Analyzer. An image of the apparatus 

used for NS testing on the sewage sludge samples is shown in Figure 4-3. 
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Figure 4-3: Antek Series 9000 NS Analyzer 

Prior to testing samples for NS content, calibration curves were prepared for each element. 

To do so, the quantity of NS in the MSS samples needed to be estimated. The amount of 

NS in the samples was estimated using a combination of: (1) values found in literature, and 

(2) performing qualitative runs on the samples through the apparatus with existing 

calibration. The NS analyzer used in this testing program was calibrated based on the 

sensitivity of the NS detectors in the apparatus. The manual provided with the equipment 

explained the procedure to adjust the sensitivity of each detector in the apparatus based on 

the NS content of the samples. 

The issue with following literature values to estimate the NS contents of MSS was that the 

composition varies upon the geographical location it was received. To solely utilize NS 

concentrations of MSS found in literature may result in wasted time and calibrants, as they 

may not be representative of the samples under evaluation. Literature values were used as 

a reference point prior to adjusting the sensitivity of the NS detectors in the apparatus.  
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This initial procedure was a trial and error approach to estimating the composition of the 

sewage sludge. The purpose of performing this step was to determine the range of NS 

contents of MSS to prepare calibrants of similar composition, which were then used to 

generate a calibration curve. The nitrogen calibrant used in this procedure was quinoline 

(C9H7N) and for sulphur was dibenzothiophene (C12H8S). Both calibrants were prepared 

using toluene as a solvent. The masses of quinoline and dibenzothiophene used were 

recorded, and the mass of toluene added to each solution was noted to calculate the exact 

concentration nitrogen and sulphur in each calibrant.  

After the NS calibrations were performed, the Ncents (for nitrogen) and Scents (for 

sulphur) values shown on the display were recorded. For nitrogen, this was a measurement 

of the amount of light produced from the combustion of nitrogen to nitric oxide, measured 

by way of chemiluminescence [81]. For sulphur, this was a measurement of the amount of 

light absorbed by sulphur dioxide produced from the combustion of sulphur, known as 

ultraviolet fluorescence. Both materials were combusted in the presence of oxygen. 

Similar to how the peak areas and mass of glucose were used to generate a calibration curve 

for the CH analyzer, the Ncents and Scents values combined with the masses of quinoline 

and dibenzothiophene were used to create a calibration curve for the NS contents of MSS. 

The NS calibration curves displayed the Ncents and Scents values used to calculate the 

masses of each element (nitrogen and sulphur) in the quinoline and dibenzothiophene 

samples. The masses of sulphur and nitrogen in each sample were determined by 

multiplying the mass percent of the element under investigation (ppm of nitrogen in 

quinoline; ppm of sulphur in dibenzothiophene) by the mass of the sample used for each 
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run. The calibration curve prepared for NS analysis of municipal sewage sludge (MSS) is 

shown in Figure 4-4. 

 

Figure 4-4: Nitrogen and Sulphur Calibration Curve Prepared for MSS 

Once again, shown on the graph in Figure 4-4 are the trendline equations for both sulphur 
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Once the calibration curve was prepared, trials on MSS samples were performed. Masses 

of the samples were consistently 5-6 mg, which was within the range of mass used for the 

quinoline and dibenzothiophene calibrations (~4-8 mg). After each sample run, the 

nitrogen and sulphur peaks displayed on the desktop computer were recorded. A minimum 

of three trials was performed to ensure consistency. After three trials were performed, the 

nitrogen and sulphur mass percentages of the sample were calculated, and if there were 

significant differences between the runs, another test was performed.  
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To calculate the NS mass percentages of MSS, the Ncents and Scents values were plugged 

into each equation in Figure 4-4, for nitrogen and sulphur, respectively. Lastly, the 

calculated mass of nitrogen/sulphur was divided by the mass of the sample used in the trial 

to determine the weight percent of each element in the original sample. 

4.4.1.6 Determination of Calorific Value (CV) 

The calorific value (CV) of municipal sewage sludge (MSS) samples was estimated using 

a correlation by Channiwala and Parikh, as shown in Equation 4.5 [82]. 

𝐶𝑉 = 0.349 ∗ 𝐶 + 1.1783 ∗ 𝐻 + 0.1005 ∗ 𝑆 − 0.1034 ∗ 𝑂 − 0.0151 ∗ 𝑁 − 0.0211 ∗ 𝐴  (4.5) 

Where: 

CV = Calorific value (MJ/kg) 

C = Carbon mass percentage in sample (wt%) 

H = Hydrogen mass percentage in sample (wt%) 

S = Sulphur mass percentage in sample (wt%) 

O = Oxygen mass percentage in sample (wt%) 

N = Nitrogen mass percentage in sample (wt%) 

A = Ash mass percentage in sample (wt%) 

 

The correlation has been proven to be valid for fuels in the form of gases, liquids, coals, 

biomass materials, chars, and residue-derived fuels with carbon, hydrogen, oxygen, 

nitrogen, sulphur and ash contents within the ranges shown in Table 4-2. It was originally 

derived using 225 data points and validated for 50 data points, with an absolute error of 

1.45% and no bias error. 
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Table 4-2: Composition Ranges for Channiwala and Parikh Correlation [82] 

Element Acceptable Range (wt%) 

Carbon 0-92.25% 

Hydrogen 0.43-25.15% 

Oxygen 0-50.00% 

Nitrogen 0-5.60% 

Sulphur 0-94.08% 

Ash 0-71.4% 

 

4.4.2 Hydrothermal Liquefaction (HTL) Experimental Procedures 

Hydrothermal liquefaction (HTL) experiments were broken down into two general 

procedures: autoclave preparation and experimental trials. The former procedure involves 

the steps necessary to prepare the autoclave apparatus for an experimental run, while the 

latter explains the procedure when performing a liquefaction trial, including data 

collection. 

Prior to preparing the HTL apparatus for a trial, it was important to ensure that the 

equipment was thoroughly cleaned with a chemical solvent such as ethanol, and that there 

was enough feedstock available. The autoclave was always cleaned after a trial; therefore, 

an inspection was only necessary to ensure no leftover material remained on the walls of 

the reactor.  

The reactor used for batch experiments was a Parker Autoclave Engineers EZE-Seal Stirred 

Laboratory Reactor, with a 1-L reactor volume, and a pressure rating up to 3,300 psi at 

850°F (22.75 MPa and 454°C) [83]. The reactor was equipped with a 3,300 rpm 

Magnedrive magnetic stirrer and a process control tower capable of controlling the 
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temperature and mixing speed of the system. The pressure inside the vessel was monitored 

from two pressure gauges, one digital and one analog, that was physically attached to the 

face of the instrument. The image in Figure 4-5 displays the reactor assembly used in HTL 

experiments. The autoclave preparation procedure for the HTL experimental trials is 

detailed in Appendix Q.  

 

Figure 4-5: Parker Autoclave Engineers Reactor used for HTL Experiments 

Liquefaction trials were performed according to standard laboratory procedures. In 

summary, this first steps involved purging and pressurizing the reactor with nitrogen gas 

at 300 psig to ensure that there was no oxygen present in the chamber and to suppress water 

from boiling during heat up. Once pressurized, the reactor heating jacket was turned on to 

a preset operating temperature, and the reactor was allowed to maintain that operating 

temperature for the desired residence time. Finally, the heating jacket was turned off via 

the process control tower and force cooled to room temperature with the help of a couple 

of fans.  
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4.4.3 Products Separation Procedures 

There were four products that required separation after experimental trials: gases, biosolids, 

biocrude and aqueous effluent. The procedures outlined in Appendix Q explain the steps 

required to collect each of these products. Dichloromethane (DCM) was used as a solvent 

during these procedures to facilitate the separation of biocrude from aqueous effluent. 

DCM is an organic solvent and was chosen as the solvent for the recovery of biocrude as 

it is water insoluble, has a low boiling point, and also has a strong ability to recover 

biocrude [84].   

4.4.4 Products Analysis Procedures 

The following sections detail the analysis of the four products separated from the 

hydrothermal liquefaction (HTL) of municipal sewage sludge (MSS). Characterization 

procedures were similar to those followed for the characterization of MSS presented in 

Section 4.4.1, with slight modifications for deviations in CHNSOA contents of each 

product. 

4.4.4.1 Gases Characterization Procedures 

The gases produced via the HTL of MSS and collected in the gas sampler were 

characterized using a gas chromatograph (GC) equipped with a residual gas analyzer 

(RGA). The GC available for gas analysis did not have a functioning thermal conductivity 

detector, which was required to detect chemical compounds in a gaseous stream. Instead, 

the GC was used to heat the gas samples, which were subsequently analyzed through the 

RGA. The systems were connected via piping, and helium was used as the carrier gas 
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between units. To determine the composition of the gaseous product, calibration curves for 

compounds that are present in the gas were first prepared.  

The RGA was capable of being programmed to detect up to 10 different compounds in a 

gas sample. The compounds of interest, which were chosen based on the compounds with 

the highest relative volumes from the PNNL report findings, and their mass spectrums were 

programmed into the device. The RGA subsequently returned curves for each compound 

on a time-pressure graph. The peak areas from those curves were then used to determine 

the composition of the gas after comparing the results to calibration data made with a gas 

of known composition and volume.  

The gaseous compounds that were selected for this work were: 

• Carbon dioxide (CO2); 

• Methane (CH4); 

• Oxygen (O2); 

• Hydrogen (H2); 

• Nitrogen (N2); 

• Carbon monoxide (CO); 

• Hydrogen sulfide (H2S); 

• Ethane (C2H6); 

• Propane (C3H8); and 

• Butane (C4H10). 

Unfortunately, of the compounds listed, only CO2 and H2 were quantifiable using the 

apparatus available. The other gases, although maybe present in the product gas, were too 
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low in relative concentration and therefore below the detection limit of the RGA. As a 

result, it was not possible to quantify CH4, O2, N2, CO, H2S, C2H6, C3H8 and C4H10 in the 

product gas. Therefore, nitrogen and sulphur contents, although maybe present in the 

product gas, were not reported for HTL gases. These elements were expected to be in low 

to trace amounts according to PNNL, which would have a little effect on the material 

balances and ultimately no effect on the process economics.  

4.4.4.2 Biosolids Characterization Procedures 

The biosolid by-product from the HTL of MSS was very similar to the sludge feedstock in 

terms of handling, and therefore the same characterization methods were followed to 

analyze biosolids for their composition. The characterization methods included analyzing 

the product for: 

1. Moisture content, which was determined upon collecting the sample. 

2. Ash content (Section 4.4.1.3). 

3. Carbon and hydrogen contents (Section 4.4.1.4). 

4. Nitrogen and sulphur contents (Section 4.4.1.5). 

4.4.4.3 Aqueous Effluent Characterization Procedures 

Once again, the procedures used to characterize the sludge feedstock were followed to 

characterize the aqueous effluent from the HTL of MSS. Aqueous effluent was 

characterized for the following: 

1. Solids content (Section 4.4.1.2). 

2. Carbon and hydrogen contents (Section 4.4.1.4). 
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3. Nitrogen and sulphur contents (Section 4.4.1.5). 

4. Ash content (Section 4.4.1.3). 

The first analysis on aqueous effluent was to determine its solids content. Once completed, 

the solid residue leftover after a solids content test was used for carbon, hydrogen, nitrogen, 

sulphur and ash determinations. This method of approach for aqueous effluent 

characterization was consistent with the characterization of MSS. 

4.4.4.4 Biocrude Characterization Procedures 

Lastly, biocrude was analyzed for the following contents: 

1. Carbon and hydrogen contents (Section 4.4.1.4). 

2. Nitrogen and sulphur contents (Section 4.4.1.5). 

3. Ash content (Section 4.4.1.3). 

4. Calorific value (Section 4.4.1.6). 

4.5 Heat of Reaction Discussion 

Due to the nature of the autoclave setup used for the experiments, a voltage and current 

data logger was purchased and installed on the Autoclave Engineers reactor assembly to 

monitor the power output to the reactor heating jacket throughout the length of a trial. At 

the time, the power consumption of the reactor jacket would be used to determine the 

endothermic or exothermic nature of the reaction. In return, the heat of reaction for the 

HTL of MSS may be calculated.  

Based upon several trials using well known standards, it was determined that the heat of 

reaction for this reaction was too small to accurately measure with the experimental setup. 
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The relatively low heat of reaction was difficult to separate from the surrounding noise (i.e. 

heat loss to the environment), making an accurate estimate of the heat of reaction difficult. 

Future work should investigate the heat of the reaction with a more sensitive setup.  

4.6 Experimental Testing Matrix 

The target experiments for the HTL experiments of this project include varying the 

feedstock solids content, reaction residence time, operating temperature. An experimental 

matrix is shown in Table 4-3. In total, 11 trials were initially planned. 

Table 4-3: Hydrothermal Liquefaction Batch Experimental Testing Matrix 

Trial Number 
Temperature 

(°C) 

Solids Content 

(wt%) 

Residence Time 

(min) 

1 280 10 30 

2 290 10 30 

3 300 10 30 

4 310 10 30 

5 320 10 30 

6 300 10 10 

7 300 10 20 

8 300 10 40 

9 300 5 30 

10 300 15 30 

11 300 20 30 

 

The first four trials were focused on observing the effect of varying the operating 

temperature of the system, while holding feedstock solids content and reaction residence 

time constant at 10wt% and 30 minutes, respectively. The range of temperatures chosen 
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for this assessment were 280°C to 320°C in 10°C increments. This range of temperatures 

was chosen as several HTL experiments found in literature had temperature variations that 

were normally presented in 30-100°C increments, typically from 200°C to 400°C [10], [11], 

[85], [86]. The basis of the engineering model was from experimental results published by 

the Pacific Northwest National Laboratory, who stated an optimum operating temperature 

of 300°C for their sludge feedstock. The goal of the temperature trials was to observe 

smaller temperature variations around the claimed optimum temperature [9]. Then, 

observations could be made on the effect of small incremental changes in operating 

temperature on the carbon conversion to biocrude, as small changes in operating 

temperatures could have significant effects on the economic feasibility of the design. 

The second set of trials (Trials 6-8) varied the reaction residence time while holding the 

operating temperature and feedstock solids content constant at 300°C and 10wt%, 

respectively. The range of residence times chosen for testing were from 10 minutes to 40 

minutes in 10-minute increments. Once again, small changes in residence times were 

chosen for evaluation as the reaction residence time has a strong influence on the capital 

and operating costs of the process. 

The last three trials (Trials 9-11) varied the feedstock solids content while holding the 

operating temperature and reaction residence time constant at 300°C and 30 minutes, 

respectively. The feedstock solids content loaded into the batch reactor varied by 5wt% 

from 5wt% to 20wt%. As already discussed, the feedstock solids content has one of the 

largest impacts on the economic feasibility of the design. The aim of these experiments 

was to determine the optimum and most feasible feedstock solids loading for the HTL of 

MSS. 
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5.0 Experimental Results and Discussion 

The following sections detail the experimental results observed from the hydrothermal 

liquefaction (HTL) of municipal sewage sludge (MSS) in a batch reactor. Detailed herein 

are the overall and elemental mass balances and carbon conversions results observed for 

the experimental trials listed in Section 4.6. As mentioned, the focus of the experiments 

was to vary the operating temperature, reaction residence time, and feedstock solids 

content. A discussion on the sludge feedstock as received by the Barker Street Treatment 

Facility (BSTF) will be provided, which will be followed by individual testing results from 

the aforementioned trials. 

5.1 Feedstock Characterization Results 

The sludge samples were acquired after being approved by the University Biosafety 

Committee from the Barker Street Treatment Facility (Fredericton, New Brunswick). The 

sludge was a mixture of filtered primary and secondary sludge and was sterilized in an 

autoclave on the University of New Brunswick campus to kill pathogens and bacteria, 

making handling of the sludge much less hazardous. 

Following the procedures described in Section 4.4.1, sludge was characterized for: Carbon 

(C), Hydrogen (H), Nitrogen (N), Sulphur (S), Oxygen (O), Ash (A) (collectively, 

CHNSOA), and moisture content. An image of the sludge prior to drying is shown in Figure 

5-1. 



127 

 

 

Figure 5-1: Post-Autoclaved Wet Municipal Sewage Sludge 

The sludge was sieved into 3 separate size fractions: +20-mesh (greater than 841µm), -20-

mesh (less than 841µm), and -80-mesh (less than 180µm). A head sample of the sterilized 

MSS was then analyzed for CHNSOA (dry basis) and moisture content. The results are 

summarized in Table 5-1, with primary sludge compositions as reported by the Pacific 

Northwest National Laboratory (PNNL) shown for comparison. 

Table 5-1: Results from Characterization of MSS  

Property 

(+20) 

Fraction 

(wt%) 

(-20) 

Fraction 

(wt%) 

(-80) 

Fraction 

(wt%) 

Calculated 

Sludge 

Composition 

(wt%) 

Head 

Sample 

Assay 

(wt%) 

PNNL 

Average 

Primary 

Sludge 

(wt%) [9] 

Carbon 39.5% 41.3% 39.9% 40.4% 43.8% 47.8% 

Hydrogen 6.1% 5.8% 5.9% 5.9% 7.2% 6.5% 

Nitrogen 1.2% 1.2% 1.1% 1.2% 0.5% 3.6% 

Sulphur 0.5% 0.5% 0.6% 0.5% 0.6% 0.5% 

Oxygen 41.1% 40.1% 32.4% 37.9% 32.9% 33.6% 

Ash 11.7% 10.7% 20.1% 13.9% 15.0% 7.5% 

Solids - - - 23.1% 23.1% 11.9% 

Mass Dist.  22.5% 46.0% 31.4% 100% 100% 99.5% 
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The sludge from the BSTF had a carbon content of approximately 44wt% carbon (dry 

basis), which was consistent with the primary sludge analyzed in the PNNL report. The 

slight difference in relative carbon contents can be attributed to the sludge samples used in 

this assessment being a mixture of primary and secondary sludges, while the PNNL values 

are strictly for primary sludge. Typically, primary sludge contains more carbon than 

secondary sludge [9]. As can be seen, the calculated totals for CHNSOA produced a 

relatively close match to the head sample assay results. Further sampling of the sludge 

should converge these values even more in the future. Preliminary screening results 

indicated that there tended to be a higher proportion of fines (-20 micron) compared to the 

other sizes and may represent an area of future investigation. Moving forward, results 

obtained from the head sample assay were used for mass balance purposes. 

5.2 Effect of Operating Temperature 

The preliminary set of trials were focused on varying the operating temperature of the HTL 

reactor from 280°C to 320°C in 10°C increments. Unfortunately, after performing a practice 

trial at 310°C, it was noticed that the pressure of the system was nearing the limits of the 

rupture disc inside the autoclave reactor. The rupture disc burst pressure was 2746 psig at 

22°C, and the pressure of the system reached 2000psig at 310°C. As fears of the rupture 

disc rupturing arose, it was decided to not pursue a trial at 320°C. Trials at elevated 

temperatures should, however, be investigated in the future to observe the effects that 

elevated temperatures have on the conversion of carbon from MSS to biocrude in an HTL 

reaction. 
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5.2.1 Mass Balances on HTL Temperature Trials 

Mass balances were performed for each HTL trial of MSS involving a change in operating 

temperature. These were performed based on the results observed from the characterization 

of the initial feedstock (Section 5.1) and the amount of dry sludge loaded into the batch 

reactor in each trial. Complete mass balances are shown in Appendix P, with an example 

of the trial with the closest convergence on carbon shown in Table 5-2. Shown in Table 

5-2 are the results of the HTL of MSS performed at 300°C with an initial solids content 

loading of 10wt% and residence time of 30 minutes. The results are shown on a dry basis. 

Table 5-2: Elemental Mass Balances at 300°C, 10wt%, and 30min Residence Time 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 68.6% 44.0% 26.3% 27.2% 104% 

Hydrogen 7.2% 8.3% 5.1% 2.2% 0.4% 61% 

Nitrogen 0.5% 1.3% 1.2% 0.3% 0.0% 144% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 60% 

Oxygen 32.9% 21.2% 49.0% 11.7% 72.4% 113% 

Ash 15.0% 0.1% 0.4% 59.1% 0.0% 86% 

Total Mass Balance: 101% 

 

In order to have confidence in the values reported, the balances must be sensible. In Table 

5-2, an elemental balance of 100% would have indicated that the amount of material loaded 

into the reactor was perfectly accounted for. Due to errors associated with carrying material 

through a multi-step separation procedure and assay accuracy, it is rare to achieve a perfect 

100% balance.  
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The balance of interest in Table 5-2 was carbon. At 104%, this balance indicated that the 

carbon was well accounted for. This fact was important as the carbon balance almost 

exclusively dictated conversion and product splits, as further displayed in Section 5.2.2. 

As a point of reference, the PNNL report had carbon balances ranging from 94-111%, 

depending upon the particular test and feedstock [9]. 

As can be seen in Table 5-2, oxygen (113%) and ash (86%) also balanced. Sulphur (60%) 

and nitrogen (144%) were off, however that was expected with trace elements (originally 

present in less than 1wt% in the feed). These trace elements were more difficult to balance 

with small batch tests as a difference of a few milligrams drastically impacted the balance. 

It was anticipated that hydrogen (61%) would have balanced a bit better, and additional 

testing may improve those results. Several theories to explain why the hydrogen balance 

was so far off were investigated, however it ultimately had little impact on the economics 

of the proposed design as they are driven primarily by carbon.  

Biocrude produced from this trial was analyzed as 68.6 wt% carbon, which was consistent 

with the crude produced in the PNNL report (67-71 wt% carbon) [9]. A summary of the 

remaining balances for trials with varying temperature is provided in Table 5-3. 
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Table 5-3: Summary of Elemental Balances for Temperature Variation Trials 

Element 
Balance (%) 

280°C 290°C 300°C 310°C 

Carbon 105% 105% 104% 108% 

Hydrogen 63% 60% 61% 64% 

Nitrogen 162% 165% 144% 156% 

Sulphur 80% 64% 60% 59% 

Oxygen 111% 111% 113% 111% 

Ash 86% 85% 86% 86% 

Total: 101% 101% 101% 102% 

 

In general, the elemental balances were consistent across the varying temperature trials 

performed on the HTL of MSS. On a total mass basis (i.e. sum of mass of dry products 

over mass of dry MSS loaded into reactor), the trials were consistent, ranging from 101-

102%. This indicated that all (slightly more) of the dry solid material was accounted for in 

each trial. 

5.2.2 Effect of Temperature on Carbon Conversions 

The carbon conversions from MSS to HTL products (biocrude, aqueous effluent, biosolids 

and gases) varying operating temperatures are shown in Figure 5-2. 
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Figure 5-2: Carbon Conversions at Varying HTL Operating Temperatures (10wt% solids 

content and 30-minute residence time) 

As shown in the graph, an increasing trend in carbon conversion from MSS to biocrude 

was observed when increasing the operating temperature from 280°C to 310°C. These 

results were expected, as an increase in operating temperature would lead to an increase in 

thermal decomposition of MSS. Aqueous effluent, biosolids and gases did not display 

significant deviations in carbon conversions with small changes in operating temperature. 

One set of data was provided for each trial, and error bars show the average standard 

deviation from the results obtained during the carbon analysis for each product type (i.e. 

biocrude, biosolids, aqueous and gases).  

Also observed in the data was a general increase in carbon conversion to biocrude and 

gases and a slight decrease in carbon conversion to aqueous effluent and biosolids with 

increases in operating temperature. As previously stated, an increase in operating 

temperature increased the thermal degradation of MSS biocrude, and to a lesser extent, 
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gases. It would be expected that an increase in operating temperature from 310°C would 

result in a further increase in carbon conversion to gases, and eventually a decrease in 

carbon conversion to biocrude. At elevated temperatures, biocrude, aqueous effluent and 

biosolids would begin to experience decarboxylation and thermal cracking reactions, thus 

decreasing the carbon content of those streams and increasing the carbon content of the 

gaseous product [87], [88].  

As there were no replicate trials performed at this time, the results presented in Figure 5-2 

are considered preliminary and represent a batch HTL experiment with varying operating 

temperatures. Therefore, it is important to note that carbon conversions observed in the 

presented data may not be representative of process conditions. Furthermore, an 

inconsistency was shown in data for trials with temperatures of 290°C and 300°C for 

biocrude, which demonstrates the need to perform replicate trials. These two trials 

displayed unusual trends when compared to the overall tendency in the data (64% at 290°C 

and 63% at 300°C).  

As it was initially assumed that 300°C was considered the optimal operating temperature 

for the HTL of MSS based on information presented by PNNL, replicate trials on every 

operating temperature tested in Figure 5-2 would provide justification to propose that small 

deviations in operating temperature from 300°C do not significantly affect the carbon 

conversions from feedstock to product. Then, lower operating temperatures could be 

recommended, which would decrease the natural gas demand of the process, and thus the 

operating costs would lower and improve the economic feasibility of the process. 
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5.3 Effect of Residence Time 

The secondary set of experimental trials performed on the HTL of MSS were focused on 

varying the residence time of the HTL reaction upon reaching reaction temperature. 

Residence times under investigation ranged from 10 minutes to 40 minutes in 10-minute 

increments. The reactor temperature was held constant at 300°C throughout these trials, 

and the initial solids content of the feedstock was also held constant at 10wt%. 

5.3.1 Mass Balances on HTL Residence Time Trials 

Mass balances were completed on trials with varying reaction residence times based on the 

feedstock characterization results (Section 5.1) and the amount of dry sludge loaded into 

the reactor for each trial. A complete breakdown of the mass balances is shown in Appendix 

P, and a summary table with each of the balances from the residence time trials is shown 

in Table 5-4. 

Table 5-4: Summary of Elemental Balances for Residence Time Variation Trials 

Element 
Balance (%) 

10-min 20-min 30-min 40-min 

Carbon 94% 101% 104% 101% 

Hydrogen 57% 58% 61% 58% 

Nitrogen 152% 130% 144% 146% 

Sulphur 60% 61% 60% 60% 

Oxygen 90% 108% 113% 112% 

Ash 87% 85% 86% 85% 

Total: 89% 98% 101% 99% 
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Elemental balances were consistent for each element for the residence time trials. Overall, 

the balance with the lowest total convergence was observed in the 10-minute residence 

time trial. As there was only one trial performed for each residence time variation, further 

testing should improve the accuracy of the assessment and lead to a closer convergence for 

that trial. Trials with a 20-minute, 30-minute and 40-minute residence time nearly 

converged to within 2% of the total dry mass loaded into the reactor, consistent with the 

results displayed across the temperature trials. Once again, this indicated that the dry mass 

loaded into the reactor was accounted for throughout product characterizations.   

5.3.2 Effect of Residence Time on Carbon Conversions 

The carbon conversions from MSS to each product (biocrude, aqueous effluent, biosolids 

and gases) in a batch HTL reaction with varying reaction residence times are shown in 

Figure 5-3. 

 

Figure 5-3:Carbon Conversions at Varying HTL Reaction Residence Times (10wt% 

feedstock solids content and 300°C) 
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As observed in Figure 5-3, there was not a substantial trend observed in the conversion of 

carbon to biocrude with small variations in the reaction residence time. Initially, it was 

expected that an increase in reaction residence time would have resulted in an increased 

carbon conversion to biocrude, as it there would have been more time for the HTL reactions 

to take place. However, due to the length of the heating period required for the reactor to 

reach reaction temperature, slight deviations in reaction residence time did not display any 

conclusive trends with respect to the conversion of carbon from MSS to biocrude. The 

length of time the reactor required to reach reaction temperature for each residence time 

trial is shown in Figure 5-4. 

 

Figure 5-4: Reactor Temperature Throughout Residence Time Trials 

The heating period for each trial was consistent, and the sole difference between trials was 

the total length of time to complete the trial. The information displayed in Figure 5-4, along 
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liquefaction reactions may begin to occur around 200°C, depending on the feedstock [3]. 

According to the information presented in Figure 5-4, the reactor was at 200°C within 30 

minutes of beginning each trial. The desired reaction temperature (300°C) was then noticed 

roughly 95 minutes (+/- 5 minutes) into a trial. Therefore, there was at least an hour prior 

to reaching reaction temperature where liquefaction reactions could have commenced.  

The additional 10 to 40 minutes after reaching 300°C did not increase the carbon 

conversion to biocrude as most of the liquefaction reactions had likely already occurred. 

Hence, the additional time added on the backend of the reaction did not have a significant 

effect on the experimental results. Further testing on shorter reaction times (if possible) 

would provide evidence to these claims, where a drop-off in carbon conversion to biocrude 

would be expected at shorter residence times. Alternatively, the reactor setup may not be 

able to demonstrate the effect of residence times on the conversion of carbon to biocrude 

through an HTL process due to the elongated heating periods required of the system. 

5.4 Effect of Feedstock Solids Content 

The final set of experimental trials performed on the HTL of MSS were focused on varying 

the feedstock solids content into the reactor. Solids loadings of 5wt%, 10wt%, 15wt% and 

20wt% were tested. The reactor temperature was held constant at 300°C throughout these 

trials, and the reaction residence time was consistently 30 minutes. 

After completing a trial with a 20wt% feedstock solid loading it was immediately noticed 

that the liquefaction products in the reactor displayed different physical characteristics than 

the other trials. The material leftover in the reactor was much more viscous, which caused 

problems throughout the products separation process. An attempt was made to filter solids 



138 

 

from the product slurry, which was unsuccessful as there was a significant amount of tar-

like material in the mixture. Once poured into the Büchner funnel, the liquid filtrate flow 

almost immediately ceased. Further inspection of the contents revealed that tar-like 

substances were blocking the flow of liquids through the filter paper. As a result, the trial 

was abandoned due to handling issues with the material. Future testing should include a 

revised procedure to separate extremely viscous substances from the product mixture. It is 

expected that the increase in feedstock solids content likely required a combination of 

higher reaction temperature and longer residence time to increase the conversion of the 

HTL reaction.   

5.4.1 Mass Balances on HTL Feedstock Solids Content Trials 

The final set of mass balances were prepared for the feedstock solids content trials. A 

complete breakdown for each trial is shown in Appendix P, and a summary table of the 

balances from the feedstock solids content trials is shown in Table 5-5. 

Table 5-5:Summary of Elemental Balances Feedstock Solids Content Variation Trials  

Element 
Balance (%) 

5wt% 10wt% 15wt% 

Carbon 96% 104% 103% 

Hydrogen 56% 61% 58% 

Nitrogen 128% 144% 160% 

Sulphur 55% 60% 59% 

Oxygen 108% 113% 105% 

Ash 83% 86% 89% 

Total: 95% 101% 98% 
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The elemental balances observed were consistent with the results obtained from the 

temperature and residence time trials. Once again, carbon, oxygen and ash balances were 

well accounted for, while hydrogen, sulphur and nitrogen balances were further from 

converging.  

5.4.2 Effect of Feedstock Solids Content on Carbon Conversions  

Carbon conversions from MSS to biocrude, aqueous effluent, biosolids and gases with 

varying feedstock dry solid loadings are shown in Figure 5-5. 

 

Figure 5-5: Carbon Conversions at Varying HTL Feedstock Solid Contents (300°C and 30-

minute residence time) 

Generally, a higher feedstock solids content improved the conversion of carbon from MSS 

to biocrude. However, an increase from 10wt% to 15wt% did not increase the carbon 
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residence time) to improve the conversion of the HTL reaction. From the information 

gathered, at 300°C and a 30-minute reaction residence time, the optimum feedstock solids 

content was 10wt%. As only one trial was performed for each variation in feedstock solids 

content, further testing would improve the accuracy of this observation. 

Also noticed with increasing feedstock solids content were decreases in carbon conversions 

to gaseous and aqueous products, and an increase in carbon conversion to biosolids. Once 

again, sub-optimal operating temperatures and residence times may be attributed to these 

results. An increase in carbon conversion to biosolids suggests that there was less carbon 

converted throughout the HTL reaction from MSS to biocrude, aqueous and gaseous 

products. This would be attributed to unreacted sludge in the biosolid by-product, thereby 

increasing the carbon content of the material, and thus the apparent carbon conversion to 

biosolids in those trials. 

5.5 Discussion of Results 

As previously mentioned, it is important to note that the experimental results are 

preliminary as there were no repeat trials performed for the conditions tested. Tests were 

completed to observe fluctuations in carbon conversions at varying in operating conditions, 

because the economic model primarily relies on carbon. A comparative view of the carbon 

conversions from each experimental trial is shown in Table 5-6, with PNNL results also 

shown. 
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Table 5-6: Summary of Carbon Conversions Observed in Experimental Trials 

Experimental 

Conditions 

Carbon to 

Biocrude 

(wt%) 

Carbon to 

Aqueous 

(wt%) 

Carbon to 

Biosolids 

(wt%) 

Carbon to 

Gases (wt%) 

280°C, 10wt%, 

30min 
60.9% 11.2% 15.6% 17.2% 

290°C, 10wt%, 

30min 
63.5% 9.9% 14.2% 17.8% 

300°C, 10wt%, 

30min 
63.2% 9.1% 13.1% 18.7% 

310°C, 10wt%, 

30min 
67.3% 8.7% 12.9% 18.7% 

300°C, 10wt%, 

10min 
60.4% 8.8% 13.8% 11.1% 

300°C, 10wt%, 

20min 
60.6% 9.5% 13.2% 18.1% 

300°C, 10wt%, 

40min 
60.6% 8.5% 13.4% 18.7% 

300°C, 5wt%, 

30min 
56.1% 9.8% 11.2% 19.0% 

300°C, 15wt%, 

30min 
61.8% 9.2% 15.3% 17.1% 

PNNL Report – 

Primary Sludge 
56.6% 25.9% 4.8% 12.7% 

 

Experimental conditions in the PNNL report were at 300, 11.9wt% feedstock solids 

content, and a 30-minute residence time in a continuous plug flow system [9]. The HTL 

experiments detailed in this report were performed in a batch reactor, and were performed 

at various operating temperatures, initial solids loadings and residence times.  

Because the reactor required a significant amount of time to heat to the reaction temperature 

(as shown in Figure 5-4), and also required some time to cool to room temperature, a greater 
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carbon conversion to biocrude was observed when compared to the PNNL findings. 

Additionally, carbon conversion to gases and biosolids were higher than the PNNL report, 

while the carbon conversion to aqueous effluent was lower.  

Based on the results shown in Table 5-6, the highest carbon conversion to biocrude 

(67.3wt%) occurred at an operating temperature of 310°C, 10wt% initial solids content and 

30-minute residence time, while the lowest carbon conversion (56.1wt%) was observed at 

reaction conditions of 300°C, 5wt% solids loading and 30-minute residence time. Due to 

the small variations in temperature and solids loading between those two trials, it is difficult 

to be conclusive towards the optimal and sub-optimal conditions of the reaction. Additional 

testing on continuous systems with a larger range of operating conditions would better 

demonstrate the effects of temperature, residence time and feed solids loadings on the 

carbon conversions of the proposed system.  

Although the experimental results do not necessarily provide definitive operating 

conditions to produce the highest quantity of biocrude, they do provide information related 

to feedstock and product compositions, as well as carbon distributions among products 

produced in via the HTL of MSS. These values will be input into the economic model to 

update the economics of the process with relatable data. Consequently, HTL-related data 

originally from the PNNL report will be replaced with in-house experimental data. 

However, reaction conditions from the PNNL report will continue to serve as a basis in the 

model as the experimental results did not provide sufficient evidence to the contrary. 
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6.0 Updated Economic Assessment 

An updated economic assessment was prepared to provide Chief Defense Contractors Inc. 

(CDCI) experimental data on the hydrothermal liquefaction (HTL) of locally sourced 

municipal sewage sludge (MSS). The following is an updated version of the secondary 

economic assessment presented in Section 3.2. Updated capital and operating costs, 

revenues, and economic summaries are provided based on the experimental results 

observed in Section 5.0.  

As there were no tests performed on the catalytic hydrothermal gasification (CHG) section 

of the process, values from the Pacific Northwest National Laboratory (PNNL) were again 

used as the basis for this assessment. Testing on the CHG of aqueous effluent from the 

HTL process will be completed in the future. Sensitivity analyses and case studies were 

also not provided as they would reveal the same trends as shown earlier, with slight 

variations in base case net present values and internal rate of returns.    

The updated economic assessment is at the same accuracy as the previous assessment. 

Therefore, the results in the following sections are within a -30% to +70% range and are 

considered a Class 5 Estimate according to the American Association of Cost Engineering 

(AACE). As previously indicated, this level of estimate is typical for project that are 0-2% 

complete and is used for conceptual assessments [56]. 

6.1 Updated Design Basis and Assumptions 

Many of the assumptions in the secondary assessment still apply in this updated version. 

Assumptions that varied from the previous assessment include: 
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• The base case scenario for the evaluation of the HTL of municipal sewage 

sludge is still based on sludge output in the city of Halifax, Nova Scotia, with 

sludge compositions as reported in Section 5.0;  

 

• Product compositions and carbon conversions observed at 300°C, 10wt% solids 

and a 30-minute residence time were input into the model. Elemental balances 

were normalized to 100%; 

 

• Equipment costing estimations were completed using a combination of Aspen 

Capital Costing Estimator outputs and in-house historical vendor quotes in US 

dollars (USD). To bring to present day (November 2018) Canadian dollars 

(CAD), a Chemical Engineering Plant Cost Index (CEPCI) of 616.5 was used, 

as well as an average exchange rate of $1.30 CAD to USD from 2015 to 2018 

(November) [72], [89]; 

  

• Biocrude can be sold for the same amount as regular crude, which was an 

average of approximately $87 CAD/barrel in 2018 [90]; and 

 

• Feedstock credits were assumed to be consistent with the techno-economic 

analysis prepared by PNNL, who estimated a feedstock credit of $50 USD/ton 

in 2016 [46]. The value used in this updated assessment was therefore updated 

to $67.02 CAD/tonne (2018). 

In summary, changes in the HTL circuit inputs between the second economic assessment 

and the updated assessment were in terms of the compositions of the feedstock and the 

products, as well as the carbon conversions observed from the experimental trials. These 

did not vary substantially between the two assessments, other than the oxygen and 

hydrogen contents of the biocrude. Neither of these properties had an influence on the 

economics of the process as they are primarily driven by carbon, however the elevated 

oxygen content of the biocrude observed in laboratory would require upgrading prior to 

refining. Upgrading processes are not within the scope of the project, although are 

important to note for CDCI when marketing their crude product.  
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6.2 Updated Capital Costs (CAPEX) 

A breakdown of the estimated total capital investment (CAPEX) for the updated economic 

assessment is shown in Table 6-1. The updated total CAPEX is roughly $21,375,000 CAD. 

Capital costs from the secondary were updated to November 2018 CAD from March 2017 

CAD to better illustrate the results from the input changes into the economic model. A 

breakdown of each individual costing criteria is provided in Appendix B. 

Table 6-1: Updated CAPEX for the Updated Economic Assessment 

Criteria 
Old Cost 

(CAD, 2018) 

New Cost 

(CAD,2018) 
Description 

Process 

Equipment 

Purchase Cost 

$5,718,000 $5,932,000 

Summation of the equipment 

costs for all three process 

areas. 

Direct Cost $7,262,000 $7,533,000 

Costs involved with 

installation, piping, etc. 

Factors are applied to the 

process equipment purchase 

cost to obtain this value. 

Indirect Cost $3,505,000 $3,635,000 

Engineering, contract, 

commissioning and 

procurement costs. Factors are 

applied to the sum of process 

equipment purchase costs and 

the sum of direct costs to 

obtain this value. 

Subtotal Cost $16,485,000 $17,100,000 Summation of above costs. 

Contingency 25% 25% 

Accounting for additional 

equipment and parts for 

construction and maintenance. 

Total CAPEX $20,606,000 $21,375,000 
Total CAPEX required for 

base case design. 

Minimum 

Probable Cost 
$14,424,000 $14,963,000 -30% AACE Class 5 Estimate. 

Maximum 

Probable Cost 
$35,030,000 $36,338,000 +70% AACE Class 5 Estimate. 
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Results for the total CAPEX of the design did not vary substantially from the secondary 

economic assessment. The slight increase in capital costs are attributed to the variations in 

carbon conversions in the updated engineering model, which altered the flow rates of 

products and hence the sizing of certain equipment. The total installed capital cost 

increased by roughly 4% from the secondary economic assessment (from $21.6 M CAD to 

$21.4 M CAD). 

Once again, equipment purchase costs and direct costs accounted for the largest fractions 

of the total CAPEX for the updated economic assessment, while the indirect costs were the 

smallest at 35%, 44% and 21%, respectively.  

6.3 Updated Operating Costs (OPEX) 

The updated operating costs (OPEX) compared to the results from the secondary economic 

assessment are displayed in Figure 6-1. The new estimated OPEX for the design is 

$2,371,000 CAD/yr (or $56.25 CAD/bbl of biocrude produced), whereas the previous 

OPEX was estimated at $2,105,000 CAD/yr (or $46.43 CAD/bbl of biocrude produced), 

both in 2018 CAD. Details concerning the breakdown of operating costs for the updated 

economic assessment are provided in Appendix D. 
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Figure 6-1: Pie Chart Comparison of OPEX from Secondary Economic Assessment (left) 

and Updated OPEX (right) 

The most notable change in OPEX was for process utilities, which increased from $463,500 

CAD/yr (updated to 2018 CAD) to $742,100 CAD/yr. The increase in utilities costs were 

due to a larger natural gas demand for the updated process. The increase in natural gas 

requirements was in part a result of the changes to the initial solids content of MSS between 

the two assessments (10.9wt% vs 10wt%), and the decrease in carbon content of the 

aqueous effluent stream from the HTL process (1.47wt% vs 0.42wt%).  

The slight change in feedstock solids content resulted in a larger heating requirement for 

water through the process, while the decrease in aqueous effluent carbon content decreased 

the production of natural gas in the CHG section of the process, thereby increasing the 

demand of the supplied natural gas. Due to the increase in natural gas costs in the updated 

assessment, the relative proportions of other operating costs decreased (most notably the 

labour costs). Generally, however, those costs did not change significantly from the 

previous assessment. 
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6.4 Updated Revenue Streams 

The three revenue streams from the process were also updated to demonstrate the changes 

the inputs had on biocrude and biosolid flow rates. The sludge feedstock flow rate remained 

constant between the two assessments, and therefore the feedstock credit also remained the 

same. A summary of the updated revenue streams and production rates in comparison to 

the results from the secondary economic assessment are shown in Table 6-2.  

Table 6-2: Updated Revenue Streams 

Assessment Item 
Annual 

Production 

Production 

Units 

Annual 

Revenue 

(CAD/yr) 

Secondary 

Economic 

Assessment 

Results 

Biocrude  

(API 10) 
42,253 Barrels $3,169,000 

Biosolids 1,744 Tonne $41,300 

Feedstock 

Credit 
16,596 Tonne $1,112,000 

Total Annual Revenue: $4,332,300 

Updated 

Results 

Biocrude  

(API 10) 
42,159 Barrels $3,668,000 

Biosolids 4,361 Tonne $103,300 

Feedstock 

Credit 
16,596 Tonne $1,112,000 

Total Annual Revenue: $4,883,300 

 

In comparison to the previous assessment, the annual production of biocrude decreased. 

The production of biocrude depended on the feedstock solids content, feedstock carbon 

content, carbon conversion from MSS to biocrude, and carbon content of the biocrude 

produced, all of which differed between assessments. The most significant of those changes 
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was the carbon content of the sludge reported by PNNL and characterized from the Barker 

Street Treatment Facility (BSTF). In the PNNL report, their primary sludge contained 

approximately 48wt% carbon, whereas sludge from the BSTF had a carbon content of 

44wt% [9]. However, even though the biocrude production rate decreased, the annual 

revenue from the sale of biocrude increased. This was due to the change in biocrude selling 

price, which at the time of preparing the secondary economic assessment was cheaper than 

the current selling price of crude oil ($75 CAD/bbl vs $87 CAD/bbl).  

Also noticed was an increase in annual biosolids production. Again, this was due to some 

of the carbon-related input changes into the model mentioned for biocrude. Most notably, 

the carbon conversion to biosolids observed in laboratory was 12.7%, whereas the PNNL 

reported 4.8% [9].  

6.5 Summary of Updated Economic Results 

A summary of the net present value (NPV), discount rate, total capital investment, cash 

flow for each year (1-year construction), payback period, return on investment (ROI) and 

internal rate of return (IRR) from the updated economic assessment is shown in Table 6-3, 

with values from the previous assessment shown for comparison. 
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Table 6-3: Updated Economic Summary Table 

Criteria 
Old Results  

(2018 CAD) 

New Results 

 (2018 CAD) 

Feedstock Flow Rate (dry 

tonne/day) 
50.48 50.48 

Biocrude Production rate 

(bbl/yr) 
42,300 42,200 

Total Revenue (CAD/yr) $4,332,300 $4,883,000 

Total Capital Investment 

(CAD) 
$20,606,000 $21,375,000 

Annual Operating Costs 

(CAD/yr) 
$2,105,000 $2,371,000 

Annual Cash Flow 

(CAD/yr) 
$2,446,000 $2,511,000 

Discount Rate 8% 8% 

NPV (CAD) -$316,800 -$684,600 

Payback Period (Years) 10.8 10.9 

ROI 7.3% 7.5% 

IRR 7.8% 7.6% 

 

There were not significant changes observed in the economic results between the two 

assessments. Criteria such as revenue, initial capital investment, annual operating costs, 

and ROI were slightly greater in the updated assessment. A slightly less NPV is noticed in 

the new results, however, as discussed in Section 3.2, there are several scenarios that would 

result in positive NPVs for the proposed design. These include using existing employees 

from the wastewater treatment facility instead of hiring new ones, decreases in estimated 

operating costs and capital investments, increases in biocrude selling price, and decreases 

in reactor heat loses. The payback period of the design did not change significantly, and 

the IRR was slightly less in the updated economic results. The trends shown in the case 
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studies and sensitivity analyses in the secondary economic assessment still apply to the 

updated results, with slight changes to the base case NPV/IRR for those graphs.   
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7.0 Conclusions 

The presented thesis contains information related to a combined hydrothermal liquefaction 

(HTL) and catalytic hydrothermal gasification (CHG) process capable of treating 

municipal sewage sludge (MSS) and producing biocrude and natural gas. A preliminary 

economic assessment was prepared to evaluate two potential feedstocks in the HTL-CHG 

process: pulp and paper sludge (PPS) and MSS. This was a high-level assessment prepared 

based on information found in literature and was used to determine the optimal of the two 

feedstocks if located in New Brunswick to produce biocrude via an HTL process. The 

results from the preliminary assessment indicated that for either feedstock, major increases 

in sludge flowrates were required to improve the economics of the proposed design. In the 

end, it was concluded that PPS was the higher potential feedstock as there was more of it 

available in New Brunswick, and it had a higher initial carbon content than MSS. A 

summary of the economic results from the preliminary assessment (in 2017 CAD) is shown 

in Table 7-1. 

From the information presented in the preliminary economic assessment, and after a 

discussion with Chief Defense Contractors Inc. (CDCI), a secondary economic assessment 

was prepared to continue with the evaluation of a combined HTL-CHG process using MSS 

as a feedstock. Although the preliminary assessment demonstrated that PPS was the more 

attractive feedstock source, CDCI had decided that they would like to continue to pursue 

MSS as a primary feedstock as it is a more stable source than PPS, and that they would be 

open to receiving their feedstock from a different source (i.e. larger cities) to increase the 

flow rate into the system. As a result, the secondary assessment summarized the results 
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from an economic engineering model designed to predict the economic feasibility of a 

combined HTL-CHG process using MSS as a base feedstock with PPS as a selectable 

option. The results from this assessment were used to determine the areas of the process 

with the largest impacts on the economic viability of the design. 

Table 7-1: Summary of Preliminary Economic Results Comparing MSS to PPS 

 Cost MSS PPS 

Feedstock Flow Rate (dry tonne/hr) 8.78 18.9 

Biocrude Produced (bbl/yr) 4,700 15,700 

Revenue (CAD/yr) $352,000 $1,174,000 

Total Capital Investment (CAD) $15,426,000 $25,400,000 

Annual Operating Costs (CAD/yr) $1,380,000 $1,589,000 

Cash Flow (CAD/yr) -$1,029,000 -$566,500 

Net Present Value (CAD) -$28,118,000 -30,810,000 

Payback Period (Years) None None 

ROI -6.7% -1.6% 

IRR None None 

 

Compared to the preliminary assessment, the results from the secondary economic 

assessment revealed several scenarios where positive economic results were attainable. 

Also shown in this assessment was that the feedstock solids content, number of employees 

required for operation, and feedstock flow rate were the areas of the process with the largest 

economic impact. Furthermore, there were some areas of uncertainty in the engineering 

model that had an influence the economic feasibility of the design, such as the HTL and 

CHG heats of reaction, and the amount of heat loss from the reactors to the atmosphere. 

Other than number of employees during operation, all the mentioned criteria had a 

significant impact on the natural gas demand for the process, and ultimately the economic 
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feasibility of the design. Based on these results, several recommendations were made to 

improve the accuracy of the assessment, of which included performing batch laboratory 

experiments on the HTL of MSS samples from a local source. A summary of the economic 

results (in 2017 CAD) in the secondary economic assessment is shown in Table 7-2. 

Table 7-2: Summary of Economic Results from Secondary Economic Assessment 

Criteria Result 

Feedstock Flow Rate (dry tonne/day) 50.48 

Biocrude Produced (bbl/yr) 42,300 

Revenue (CAD/yr) $4,242,000 

Total Capital Investment (CAD) $20,664,000 

Annual Operating Costs (CAD/yr) $1,962,000 

Annual Cash Flow (CAD/yr) $2,280,000 

Net Present Value (CAD) -$316,800 

Payback Period (Years) 10.8 

Discount Rate 8% 

ROI 7.3% 

IRR 7.8% 

 

Based on the results from the secondary economic assessment, an experimental plan was 

devised to quantify some of the values input into the engineering model. This included 

characterizing MSS as received from the Barker Street Treatment Facility in Fredericton, 

New Brunswick, performing batch HTL experiments on the sludge at varying operating 

conditions, characterizing HTL products, and quantifying the heat of reaction from the 

HTL of MSS. The latter objective could not be completed as the apparatus used for 

quantifying the heat of the reaction was not able to detect very small energy changes within 

the autoclave reactor.  
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The experimental trials focused on varying the reaction operating temperature, residence 

time, and the initial feedstock solids content. As each trial was only performed once and 

there were only small deviations observed in the mentioned operating conditions, the 

optimum operating conditions were not conclusively stated. However, the data from the 

experiments provided information related to the characteristics of the sludge feedstock, the 

carbon conversions from feedstock to each product, and the characteristics of the products, 

all of which were used to prepare another economic assessment on the HTL-CHG process.   

The last economic assessment performed in this report was an updated version of the 

secondary assessment using experimental values on the HTL of MSS instead of data from 

PNNL. Results from this assessment were compared to the secondary assessment to 

provide CDCI with more realistic values that are relevant to where they are geographically 

situated. The updated results compared to the results from the secondary assessment (all in 

2018 CAD) are displayed in Table 7-3. 
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Table 7-3: Updated Economic Results for a Combined HTL-CHG Process using MSS 

Criteria Old Results  New Results 

Feedstock Flow Rate (dry tonne/day) 50.48 50.48 

Biocrude Production rate (bbl/yr) 42,300 42,200 

Total Revenue (CAD/yr) $4,332,300 $4,883,000 

Total Capital Investment (CAD) $20,606,000 $21,375,000 

Annual Operating Costs (CAD/yr) $2,105,000 $2,371,000 

Annual Cash Flow (CAD/yr) $2,446,000 $2,511,000 

Discount Rate 8% 8% 

NPV (CAD) -$316,800 -$684,600 

Payback Period (Years) 10.8 10.9 

ROI 7.3% 7.5% 

IRR 7.8% 7.6% 

 

Overall, the following conclusions were drawn from the information presented in this 

report: 

• The primary drivers for the economic feasibility of a combined HTL-CHG process 

are the feedstock/product flow rates, feedstock solids content, and the number of 

employees required for operation.  

 

• Areas of uncertainty in the process that influence the economic feasibility of the 

design are the heats of reaction for the HTL of municipal sewage sludge and the 

CHG of aqueous effluent from the HTL process.  

 

• Preliminary experimental results using a batch reactor indicate that small deviations 

in operating temperature, feedstock solids content, and residence time do not 

significantly alter the carbon conversions in the HTL reaction. Further testing on 

the tested conditions and a wider range of operating conditions is necessary to 

confirm that small changes from 300°C, 10wt% feedstock solids content and a 30-

minute residence do not affect the carbon conversion from MSS to biocrude.  

• Elevated operating temperatures (from 280°C to 310°C) begin to display greater 

carbon conversions from feedstock to biocrude. Repeated trials on the chosen 

operating temperatures would aid in confirming these observations. Additional 
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trials at higher operating temperatures may also display a peak in the conversion of 

carbon from MSS to biocrude. 

 

• The autoclave used for batch experiments required a significant amount of time to 

heat to the desired reaction temperature, during which most of the liquefaction 

reactions occurred. As a result, deviations in reaction residence times did not 

display any conclusive trends in carbon conversions to biocrude.  

 

• An increase in feedstock solids content from 5wt% to 10wt% increased the carbon 

conversion from MSS to biocrude. Increasing the solids content further did not 

improve the carbon conversion to biocrude (from 10wt% to 15wt%). It is expected 

that elevated operating temperatures and longer residence times may be required to 

improve the breakdown of components in MSS to produce biocrude. 

 

• It was not possible to quantify the heat of reaction for the HTL of MSS with the 

autoclave reactor available. Several variables, including heat losses and apparatus 

heat capacities were too difficult to distinguish from the amount of heat being 

absorbed/released from the HTL reaction using a voltage and current data logger. 
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8.0 Recommendations 

The following are the recommendations made for future experiments and technical 

evaluation of the hydrothermal liquefaction (HTL) of municipal sewage sludge (MSS) and 

the catalytic hydrothermal gasification (CHG) of aqueous effluent: 

• Additional testing on MSS for carbon, hydrogen, sulphur, nitrogen, oxygen, ash 

and moisture content is required to increase the accuracy of its composition. 

 

• Repeat trials on temperature variations to validate if temperatures greater than 

300°C increase the carbon conversion from MSS to biocrude. Perform tests at 

higher operating temperatures to determine the peak carbon conversion to biocrude. 

 

• Modification of the batch reactor is required to decrease the heating period to 

reaction conditions to observe the effects of changes to residence times in the HTL 

of MSS. Changes to the PID settings in the control tower may alter the heating rate 

of the heating jacket.  

 

• A revised procedure must be prepared to handle HTL products with a higher initial 

solids content loading. A large centrifuge may provide sufficient separation of the 

product phases from the reactor, of which the liquid phases may be siphoned and 

subsequently analyzed. 

 

• Tests with a higher initial solids content should be performed at higher temperatures 

and longer residence times to confirm if more intense operating conditions are 

required to breakdown MSS with higher initial solids loadings. 

 

• Batch experiments on the CHG of aqueous effluent from HTL must be performed. 

Variations in operating conditions such as temperature and residence time should 

be explored, as well as the effect of different catalyst types. 

 

• The extent of the deactivation of the Raney nickel guard bed and the catalyst inside 

the CHG reactor must be experimentally determined. As it stands, both materials 

have a lifespan of five years in the engineering model. 

 

• A method to dispose of the solid metal sulfide material accumulated on both 

catalysts in the CHG area must be determined. To do so, characterization of the 

waste material must be performed in the laboratory. 

 

• Experimental testing is required on continuous HTL and CHG systems through 

plug flow reactors. Once performed, the systems should be combined and analyzed.  
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• All data from the above-mentioned recommendations needs to be input into the 

engineering model and the design should be re-evaluated at that time. 

 

• If the results remain positive after testing a continuous HTL-CHG system, a pilot 

plant project should be investigated using outlet MSS flow from a wastewater 

treatment facility. The results from this assessment would confirm the potential 

applicability of the proposed process in an industrial setting. 
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Appendix A – Preliminary Economic Assessment Assumptions and 

Costing Factors 

Table A- 1: Economic Assumptions in Techno-Economic Analysis by PNNL [46] 

 

Table A- 2: Costing Factors Used in Techno-Economic Analysis by PNNL [46] 
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Table A- 3: Mass and Energy Flows from Techno-Economic Analysis by PNNL [46] 

 

Table A- 4: Summary of Economics in Techno-Economic Analysis by PNNL [46] 
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Appendix B – CAPEX Costing Factors used in Engineering Model 

Table B- 1: Direct Costing Factors Used for CAPEX Estimates  

Direct Cost Factor Notes 

Delivery of process equipment to site 5% Shipment to fabrication site.  

Installation of process equipment 16% Installation only. 

Process piping materials and installation 30% Supplied and installed. 

Process control systems, field instruments, 

and instrument wiring 
18% Supplied and installed. 

Power distribution, wiring and power 

disconnect 
35% Supplied and installed. 

Process building, foundation, structure 

and services 
20% Supplied and installed. 

Site infrastructure and support facilities - Assumed existing. 

Site works (grubbing, excavation, roads, 

drainage) 
- Assumed existing. 

Tailing disposal - Assumed existing. 

Analytical / Metallurgical Laboratory 

Equipment 
2% Supplied and installed. 

Office Furniture, Computers and 

Equipment 
1% Supplied and installed. 

Warehouse and Yard Management 

Equipment 
- 

Assumed existing. 

Land Purchases - Assumed existing. 

 

Table B- 2: Indirect Costing Factors Used for CAPEX Estimates 

Indirect Cost Factor 

Plant engineering and design 12% 

Procurement and contract management 5% 

Construction supervision and field cost 5% 

Plant commissioning, shake-down 5% 
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Appendix C – OPEX Costing Factors Used in Secondary Economic 

Assessment 

Table C- 1: Reagent Costs for OPEX Estimates in Secondary Assessment 

Reagent Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

CHG Catalyst (Ru/C) 
$344 

CAD/kg 
970 kg/yr $333,535 $7.89 

CHG Sulfur Scrubber 

Guard Bed (Raney 

Nickel) 

$99.59 

CAD/kg 
144 kg/yr $14,325 $0.34 

Makeup Oil 
$2.33 

CAD/kg 
794 kg/yr $1,852 $0.04 

Demineralized Water 
$7.93 

CAD/m3 
309 m3/yr $2,448 $0.06 

Subtotal Reagent Cost $352,160 $8.33 

 

Table C- 2: Process Consumable Costs for OPEX Estimates in Secondary Assessment 

Process Consumable Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Filter media for all 

filters 

$100 

CAD/m2 39.37 m2 $3,937 $0.09 

 

Table C- 3: Utility Costs for OPEX Estimates in Secondary Assessment 

Utility Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Power cost 
$86.75 CAD/MW-

hr 
4,286 MW-hr $371,806 $8.80 

Cooling water $0.02 CAD/m3 136,264 m3 $2,044 $0.05 

Natural Gas $0.25 CAD/kg 220,567 kg $54,281 $1.28 

Subtotal Utility Cost $432,069 $10.23 
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Table C- 4: Labour Costs for OPEX Estimates in Secondary Assessment 

Labour Type 
Salary 

(CAD/yr) 

Number of 

Employees 

Cost per 

Barrel 

(CAD/bbl) 

Engineer $90,000 1 $2.13 

Technicians / Assayers $60,000 1 $1.42 

Shift Operators $75,000 4 $7.10 

Mobile Equipment / General 

Laborers 
$50,000 2 $2.37 

Trades Helper $45,000 4 $4.26 

Subtotal Labour Cost $730,000 12 $17.28 

 

Table C- 5: Maintenance Consumables for OPEX Estimates in Secondary Assessment 

Maintenance 

Consumable 

Unit Cost – 

Description 

Annual Cost 

(CAD/yr) 

Cost per Barrel 

(CAD/bbl) 

Spare parts 

(mechanical and 

electrical): 

1% - Of total 

equipment costs. 
$53,303 $1.26 

Lubricants (gear 

box oil, hydraulic 

and grease): 

$5.50 – CAD kg 

per tonne per day of 

feed. 

$5,553 $0.13 

Piping, valve and 

chute work repairs: 

2% - Of total 

process piping 

materials and 

installation. 

$31,982 $0.76 

Subtotal Maintenance Consumables 

Cost 
$90,839 $2.15 
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Table C- 6: Support Laboratories for OPEX Estimates in Secondary Assessment 

Cost 
Unit Cost 

(CAD/unit) 

Number of 

Units 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Analytical 

support 

laboratory 

consumables: 

$10.00 

CAD/sample 

2,500 

samples/yr 
$25,000 $0.59 

Services to 

analytical 

equipment: 

Annual Rate - $10,000 $0.24 

In-house test 

budget: 
Annual Rate - $10,000 $0.24 

Subtotal Support Laboratories Cost $45,000 $1.07 

 

Table C- 7: Health and Safety for OPEX Estimates in Secondary Assessment 

Cost Annual Cost (CAD/yr) 
Cost per Barrel 

(CAD/bbl) 

Health and Safety training: $10,000 $0.24 

Health and Safety supplies: $10,000 $0.24 

Subtotal Health and Safety 

Cost 
$20,000 $0.47 

 

Table C- 8: Technical Support for OPEX Estimates in Secondary Assessment 

Cost Annual Cost (CAD/yr) 
Cost per Barrel 

(CAD/bbl) 

Metallurgical consulting services: $25,000 $0.59 

Environmental consulting and 

support services - compliance 

tests: 

$0 $0.00 

Permit fees $0 $0.00 

Subtotal Technical Support 

Cost: 
$25,000 $0.59 
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Appendix D – OPEX Costing Factors Used in Updated Economic 

Assessment 

Table D - 1: Reagent Costs for OPEX Estimates in Updated Assessment 

Reagent Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

CHG Catalyst (Ru/C) 
$369 

CAD/kg 
1,048 kg/yr $386,792 $9.17 

CHG Sulfur Scrubber 

Guard Bed (Raney 

Nickel) 

$106.83 

CAD/kg 
155 kg/yr $16,609 $0.39 

Makeup Oil 
$2.33 

CAD/kg 
829 kg/yr $1,935 $0.05 

Demineralized Water 
$7.93 

CAD/m3 
64 m3/yr $506 $0.01 

Subtotal Reagent Cost $405,843 $9.63 

 

Table D - 2: Process Consumable Costs for OPEX Estimates in Updated Assessment 

Process Consumable Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Filter media for all 

filters 

$100 

CAD/m2 39.37 m2 $3,937 $0.09 

 

Table D - 3: Utility Costs for OPEX Estimates in Updated Assessment 

Utility Unit Cost 
Annual 

Consumption 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Power cost 
$86.75 CAD/MW-

hr 
4,067 MW-hr $352,828 $8.37 

Cooling water $0.02 CAD/m3 147,309 m3 $2,210 $0.05 

Natural Gas $0.25 CAD/kg 1,556,912 kg $383,156 $9.09 

Subtotal Utility Cost $742,131 $17.60 
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Table D - 4: Labour Costs for OPEX Estimates in Updated Assessment 

Labour Type 
Salary 

(CAD/yr) 

Number of 

Employees 

Cost per 

Barrel 

(CAD/bbl) 

Engineer $90,000 1 $2.13 

Technicians / Assayers $60,000 1 $1.42 

Shift Operators $75,000 4 $7.12 

Mobile Equipment / General 

Laborers 
$50,000 2 $2.37 

Trades Helper $45,000 4 $4.27 

Subtotal Labour Cost $730,000 12 $17.32 

 

Table D - 5: Maintenance Consumables Costs for OPEX Estimates in Updated 

Assessment 

Maintenance 

Consumable 

Unit Cost – 

Description 

Annual Cost 

(CAD/yr) 

Cost per Barrel 

(CAD/bbl) 

Spare parts 

(mechanical and 

electrical): 

1% - Of total 

equipment costs. 
$59,316 $1.41 

Lubricants (gear 

box oil, hydraulic 

and grease): 

$5.50 – CAD kg 

per tonne per day of 

feed. 

$5,553 $0.13 

Piping, valve and 

chute work repairs: 

2% - Of total 

process piping 

materials and 

installation. 

$35,590 $0.84 

Subtotal Maintenance Consumables 

Cost 
$90,839 $2.15 
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Table D - 6: Support Laboratories for OPEX Estimates in Updated Assessment 

Cost 
Unit Cost 

(CAD/unit) 

Number of 

Units 

Annual Cost 

(CAD/yr) 

Cost per 

Barrel 

(CAD/bbl) 

Analytical 

support 

laboratory 

consumables: 

$10.00 

CAD/sample 

2,500 

samples/yr 
$25,000 $0.59 

Services to 

analytical 

equipment: 

Annual Rate - $10,000 $0.24 

In-house test 

budget: 
Annual Rate - $10,000 $0.24 

Subtotal Support Laboratories Cost $45,000 $1.07 

 

Table D - 7: Health and Safety Costs for OPEX Estimates in Updated Assessment 

Cost Annual Cost (CAD/yr) 
Cost per Barrel 

(CAD/bbl) 

Health and Safety training: $10,000 $0.24 

Health and Safety supplies: $10,000 $0.24 

Subtotal Health and Safety 

Cost 
$20,000 $0.47 

 

Table D - 8: Technical Support Costs for OPEX Estimates in Updated Assessment 

Cost Annual Cost (CAD/yr) 
Cost per Barrel 

(CAD/bbl) 

Metallurgical consulting services: $25,000 $0.59 

Environmental consulting and 

support services - compliance 

tests: 

$0 $0.00 

Permit fees $0 $0.00 

Subtotal Technical Support 

Cost: 
$25,000 $0.59 
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Appendix E – Block Flow Diagrams 

 

Figure E - 1: Hydrothermal Liquefaction BFD (Area 100) 
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Figure E - 2: Catalytic Hydrothermal Gasification BFD (Area 200) 
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Figure E - 3: Utility Systems BFD (Area 300) 
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Appendix F – Secondary Economic Assessment Stream Results 

Table F - 1: Mass Balance Summary for Area 100 in Secondary Assessment 
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Table F - 2: Mass Balance Summary for Area 200 in Secondary Assessment 
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Table F - 3: Mass Balance Summary for Area 300 in Secondary Assessment 
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Appendix G – Updated Economic Assessment Stream Results 

Table G -  1: Mass Balance Summary for Area 100 in Updated Assessment 
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Table G -  2: Mass Balance Summary for Area 200 in Updated Assessment 
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Table G -  3: Mass Balance Summary for Area 300 in Updated Assessment 
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Appendix H – Secondary Economic Assessment Equipment Costs 

Table H - 1: HTL Equipment Costs in Secondary Assessment (Area 100) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2017) 

TNK-101 Process feed tank $50,000 

PUM-101 (A&B) Process feed pumps $19,100 

HEX-101 Feed preheater $1,037,100 

HEX-102 Feed heater $59,200 

PFR-101 

(No. 1-3) 
HTL reactor $44,500 

SEP-101 HTL gas separator $8,700 

SEP-102 HTL solids separator $582,800 

CVR-101 
HTL solids handling 

conveyor 
$44,200 

SEP-103 HTL oil-water separator $35,900 

HTL Pellets 
HTL solids pelletizer 

(not shown on PFD) 
$50,000 
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Table H - 2: CHG Equipment Costs in Secondary Assessment (Area 200) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2017) 

PUM-201 (A/B) Process feed pumps $55,400 

HEX-201 Feed preheater  $2,068,400 

HEX-202 Feed heater  $78,500 

SEP-201 Solids separator $147,400 

CVR-201 Solids handling conveyor $22,100 

SEP-202 (A/B) Sulfur removal unit $36,400 

PFR-201 (A/B) 

(No. 1-3) 
CHG reactor $89,600 

HEX-205 
Products cooling heat 

exchanger 
$73,900 

SEP-203 Products gas separator $5,400 

TNK-201 
Water product intermediate 

storage tank 
$40,900 

PUM-202 (A/B) 
CHG water to HTL solids 

filtration pumps 
$3,300 

HEX-207 
CHG water to HTL solids 

filtration heat exchanger 
$15,200 

PUM-203 (A/B) 
CHG water to CHG solids 

filtration pumps 
$6,600 

HEX-206 
CHG water to CHG solids 

filtration heat exchanger 
$20,600 

PUM-204 (A/B) DI water pumps $13,000 

HEX-203 DI water preheater  $12,900 

HEX-204 DI water heater  $14,500 
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Table H - 3: Utility Systems Equipment Costs in Secondary Assessment (Area 300) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2017) 

VSL-301 Hot oil expansion tank $86,700 

PUM-301 A/B Hot oil circulation pumps $10,400 

HEX-302 Hot oil boiler $497,200 

PUM-302 A/B Air blower $19,800 

COM-301 
CHG natural gas 

compressor 
$82,600 
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Appendix I – Updated Economic Assessment Equipment Costs 

Table I - 1: HTL Equipment Costs in Updated Assessment (Area 100) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2018) 

TNK-101 Process feed tank $57,200 

PUM-101 (A&B) Process feed pumps $21,700 

HEX-101 Feed preheater $1,119,000 

HEX-102 Feed heater $70,400 

PFR-101 

(No. 1-3) 
HTL reactor $48,200 

SEP-101 HTL gas separator $9,800 

SEP-102 HTL solids separator $628,400 

CVR-101 
HTL solids handling 

conveyor 
$47,700 

SEP-103 HTL oil-water separator $38,800 

HTL Pellets 
HTL solids pelletizer 

(not shown on PFD) 
$50,000 
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Table I - 2: CHG Equipment Costs in Updated Assessment (Area 200) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2018) 

PUM-201 (A/B) Process feed pumps $61,300 

HEX-201 Feed preheater  $2,381,000 

HEX-202 Feed heater  $88,200 

SEP-201 Solids separator $159,000 

CVR-201 Solids handling conveyor $23,800 

SEP-202 (A/B) Sulfur removal unit $39,200 

PFR-201 (A/B) 

(No. 1-3) 
CHG reactor $97,000 

HEX-205 
Products cooling heat 

exchanger 
$82,500 

SEP-203 Products gas separator $4,700 

TNK-201 
Water product intermediate 

storage tank 
$45,600 

PUM-202 (A/B) 
CHG water to HTL solids 

filtration pumps 
$5,700 

HEX-207 
CHG water to HTL solids 

filtration heat exchanger 
$26,500 

PUM-203 (A/B) 
CHG water to CHG solids 

filtration pumps 
$7,200 

HEX-206 
CHG water to CHG solids 

filtration heat exchanger 
$22,300 

PUM-204 (A/B) DI water pumps $13,300 

HEX-203 DI water preheater  $10,300 

HEX-204 DI water heater  $15,600 
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Table I - 3: Utility Systems Equipment Costs in Updated Assessment (Area 300) 

Tag Number Equipment Description 
Equipment Cost  

(CAD, 2018) 

VSL-301 Hot oil expansion tank $95,400 

PUM-301 A/B Hot oil circulation pumps $11,700 

HEX-302 Hot oil boiler $554,300 

PUM-302 A/B Air blower $20,100 

COM-301 
CHG natural gas 

compressor 
$75,800 
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Appendix J – Municipal Sewage Sludge Characterization Data 

1. Carbon and hydrogen data. 

 

Figure J – 1: Carbon and Hydrogen Calibration Curve 
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Table J -  1:  MSS Carbon and Hydrogen Characterization Data 
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2. Sulphur and nitrogen data. 

 

Figure J - 2: Nitrogen and Sulphur Calibration Curve 
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Table J -  2: MSS Nitrogen and Sulphur Characterization Data 
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3. Ash testing data. 

Table J -  3: MSS Ash Characterization Data 

Sample Name 
Container 

Weight (g) 

Container and 

Prepared 

Biomass 

Weight (g) 

Mass of Ash 

and Container 

(g) 

Mass Percent 

of Ash in 

Sample (wt%) 

(-80) MSS 8.6528 9.1025 8.7428 20.01% 

(-80) MSS 10.2762 10.7103 10.3642 20.27% 

(-20) MSS 9.4512 9.6872 9.4762 10.59% 

(-20) MSS 8.6532 8.9275 8.6826 10.72% 

(+20) MSS 16.6708 17.1767 16.7298 11.66% 

(+20) MSS 10.2764 10.9658 10.3587 11.94% 

Original MSS 9.4237 9.9889 9.5071 14.76% 

Original MSS 10.2129 10.8242 10.3060 15.23% 

 

4. Heating value determination of feedstock samples. 

Table J -  4: MSS Heating Value Determination Data 

Sample 

Name 

Carbon 

Weight 

Percent 

(wt%) 

Hydrogen 

Weight 

Percent 

(wt%) 

Oxygen 

Weight 

Percent 

(wt%) 

Sulfur 

Weight 

Percent 

(wt%) 

Nitrogen 

Weight 

Percent 

(wt%) 

Ash 

Weight 

Percent 

(wt%) 

Higher 

Heating 

Value 

(MJ/kg) 

Higher 

Heating 

Value 

(kJ/kg) 

(-80) 

MSS 
39.94% 5.87% 32.36% 0.57% 1.12% 20.14% 17.12 17,123 

(-20) 

MSS 
41.31% 5.81% 40.60% 0.45% 1.17% 10.66% 16.87 16,870 

(+20) 

MSS 
39.48% 6.08% 41.10% 0.50% 1.18% 11.66% 16.48 16,483 

Original 43.81% 7.19% 32.95% 0.56% 0.49% 14.99% 20.09 20,092 
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Appendix K – Hydrothermal Liquefaction Testing Data 

1. Experimental data. 

Table K - 1: Experimental Data for the HTL of MSS 

Experimental 

Conditions: 

Empty 

Sludge 

Beaker 

Weight (g) 

Sludge and 

Beaker 

Weight (g) 

Dried 

Sludge 

Weight (g) 

Sludge, 

Water and 

Beaker 

Weight (g) 

Filter 

Paper 

Weight (g) 

Empty 

Biosolids 

Beaker 

Weight 

(g) 

280°C, 10%, 

30min 
173.97 304.15 30.02 474.05 0.64 229.39 

290°C, 10%, 

30min 
173.96 304.95 30.21 473.98 0.63 229.38 

300°C, 10%, 

30min 
173.97 304.82 30.18 473.96 0.63 229.37 

310°C, 10%, 

30min 
173.96 304.38 30.08 474.00 0.63 229.37 

300°C -10%-

10min 
173.98 304.24 30.04 474.05 0.63 229.37 

300°C -10%-

20min 
174.00 304.68 30.14 474.41 0.64 229.36 

300°C -10%-

40min 
173.98 304.29 30.05 474.03 0.64 229.37 

300°C -5%-

30min 
173.98 239.4 15.09 475.42 0.64 229.38 

300°C -15%-

30min 
173.98 369.22 45.02 474.25 0.63 229.39 

Experimental 

Conditions: 

Wet 

Biosolids, 

Paper and 

Beaker 

Weight (g) 

Dried 

Biosolids, 

Paper and 

Beaker 

Weight (g) 

Empty 

Biocrude 

Container 

Weight (g) 

Biocrude 

and 

Container 

Weight (g) 

Empty 

Aqueous 

Flask 

Weight (g) 

Aqueous 

and 

Flask 

Weight 

(g) 

280°C, 10%, 

30min 
248.63 237.07 164.21 176.07 190.43 462.82 

290°C, 10%, 

30min 
249.03 236.6 164.37 176.73 190.42 470.16 

300°C, 10%, 

30min 
248.00 236.57 167.44 179.63 190.42 469.62 

310°C, 10%, 

30min 
247.98 236.49 164.75 177.4 190.41 469.93 
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300°C -10%-

10min 
251.83 236.43 164.96 177.3 190.44 463.67 

300°C -10%-

20min 
249.57 236.45 165.23 176.9 190.44 466.95 

300°C -10%-

40min 
247.15 236.39 165.65 177.6 190.42 464.34 

300°C -5%-

30min 
236.1 232.97 165.18 170.46 190.44 480.56 

300°C -15%-

30min 
266.77 240.41 166.71 184.42 190.44 443.94 

 

Table K - 2: HTL Testing Data 

Experimental 

Conditions: 

Initial N2 

Pressure 

(psi) 

Dry Sample 

Mass (g) 

Wet 

Sample 

Mass (g) 

Feedstock 

Solids 

Content 

(wt%) 

Mixer 

Speed (+/-

5 rpm) 

Final N2 

Pressure 

(psi) 

280°C, 10%, 

30min 
307 30.02 300.08 10.00% 350 356 

290°C, 10%, 

30min 
312 30.21 300.02 10.07% 350 365 

300°C, 10%, 

30min 
314 30.18 299.99 10.06% 350 373 

310°C, 10%, 

30min 
311 30.08 300.04 10.02% 350 368 

300°C -10%-

10min 
310 30.04 300.07 10.01% 350 366 

300°C -10%-

20min 
314 30.14 300.41 10.03% 350 374 

300°C -10%-

40min 
314 30.05 300.05 10.02% 350 375 

300°C -5%-

30min 
315 15.09 301.44 5.00% 350 354 

300°C -15%-

30min 
316 45.02 300.27 14.99% 350 390 

Experimental 

Conditions: 

Initial 

Temperature 

(°C) 

Final 

Temperature 

(°C) 

Final N2 

Pressure – 

Corrected 

(psig) 

Crude 

Mass (g) 

Aqueous 

Mass (g) 

Biosolids 

Mass (g) 

280°C, 10%, 

30min 
24 37 340.46 11.86 272.39 18.60 
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290°C, 10%, 

30min 
24 35 351.45 12.36 279.74 19.02 

300°C, 10%, 

30min 
24 38 355.56 12.19 279.20 18.00 

310°C, 10%, 

30min 
24 36 353.15 12.65 279.52 17.98 

300°C -10%-

10min 
24 39 347.71 12.34 273.23 6.43 

300°C -10%-

20min 
24 40 354.14 11.67 276.51 6.45 

300°C -10%-

40min 
24 39 356.27 11.95 273.92 6.38 

300°C -5%-

30min 
24 39 336.28 5.28 290.12 2.95 

300°C -15%-

30min 
24 38 371.79 17.71 253.50 10.39 

  

  



230 

 

Appendix L – Biocrude Characterization Data 

Table L - 1: Biocrude Carbon and Hydrogen Characterization Data 
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Table L - 2: Biocrude Nitrogen and Sulphur Data 
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Table L - 3: Biocrude Ash Characterization Data 

Sample Name 
Container 

Weight (g) 

Container and 

Prepared 

Biomass 

Weight (g) 

Mass of Ash 

and Container 

(g) 

Mass Percent of 

Ash in Sample 

(wt%) 

280°C-10%-

30min 
10.1600 10.5709 10.1603 0.07% 

280°C -10%-

30min 
9.4242 10.0494 9.4245 0.05% 

290°C -10%-

30min 
10.2129 10.6424 10.2134 0.12% 

290°C -10%-

30min 
8.6541 9.0102 8.6546 0.14% 

300°C -10%-

30min 
10.2765 10.7457 10.2769 0.09% 

300°C -10%-

30min 
9.7774 10.1849 9.7776 0.05% 

310°C -10%-

30min 
9.4242 10.1549 9.4245 0.04% 

310°C -10%-

30min 
10.1608 11.0688 10.1609 0.01% 

300°C -10%-

10min 
18.6696 19.0376 18.6698 0.05% 

300°C -10%-

10min 
9.4234 9.955 9.4236 0.04% 

300°C -10%-

20min 
18.6724 19.1968 18.6726 0.04% 

300°C -10%-

20min 
8.6541 8.8757 8.6543 0.09% 

300°C -10%-

40min 
9.4232 9.8789 9.4235 0.07% 

300°C -10%-

40min 
16.6724 17.4421 16.6727 0.04% 

300°C -5%-

30min 
9.4528 9.5704 9.4529 0.09% 

300°C -5%-

30min 
10.1619 10.2594 10.162 0.10% 
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300°C -15%-

30min 
8.6552 8.8903 8.6554 0.09% 

300°C -15%-

30min 
10.4053 10.6907 10.4056 0.11% 
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Table L - 4: Biocrude Heating Value Calculations 

Sample 

Name 

Carbon 

Weight 

Percent 

(wt%) 

Hydrogen 

Weight 

Percent 

(wt%) 

Oxygen 

Weight 

Percent 

(wt%) 

Sulfur 

Weight 

Percent 

(wt%) 

Nitrogen 

Weight 

Percent 

(wt%) 

Ash 

Weight 

Percent 

(wt%) 

Higher 

Heating 

Value 

(MJ/kg) 

Higher 

Heating 

Value 

(kJ/kg) 

280°C, 

10%, 

30min 

67.51% 8.36% 0.61% 21.91% 1.55% 0.06% 31.18 31,183 

290°C, 

10%, 

30min 

68.01% 7.94% 0.56% 21.81% 1.56% 0.13% 30.86 30,861 

300°C, 

10%, 

30min 

68.57% 8.31% 0.53% 21.19% 1.34% 0.07% 31.56 31,562 

310°C, 

10%, 

30min 

70.08% 8.46% 0.50% 19.56% 1.38% 0.03% 32.43 32,426 

300°C -

10%-

10min 

64.47% 7.45% 0.51% 26.26% 1.26% 0.05% 28.59 28,592 

300°C -

10%-

20min 

68.57% 8.24% 0.57% 21.36% 1.20% 0.06% 31.47 31,466 

300°C -

10%-

40min 

66.82% 7.96% 0.53% 23.32% 1.32% 0.05% 30.32 30,315 

300°C -

5%-

30min 

70.28% 8.69% 0.54% 19.14% 1.26% 0.09% 32.82 32,820 

300°C -

15%-

30min 

68.85% 7.83% 0.49% 21.28% 1.45% 0.10% 31.08 31,080 
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Appendix M – Aqueous Effluent Characterization Data 

Table M - 1: Aqueous Effluent Carbon and Hydrogen Data (dry basis) 
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Table M - 2: Aqueous Effluent Nitrogen and Sulphur Data (dry basis) 
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Table M - 3: Aqueous Effluent Ash Characterization Data 

Sample Name 
Container 

Weight (g) 

Container and 

Prepared 

Biomass 

Weight (g) 

Mass of Ash 

and Container 

(g) 

Mass Percent of 

Ash in Sample 

(wt%) 

280°C -10%-

30min 
16.6705 17.858 16.6726 0.18% 

280°C -10%-

30min 
10.2758 11.4477 10.2781 0.20% 

290°C -10%-

30min 
10.274 11.37 10.278 0.36% 

290°C -10%-

30min 
9.775 10.462 9.776 0.15% 

300°C -10%-

30min 
10.158 10.852 10.161 0.43% 

300°C -10%-

30min 
9.422 10.146 9.425 0.41% 

310°C -10%-

30min 
16.6728 17.9104 16.6737 0.07% 

310°C -10%-

30min 
9.0474 10.0517 9.0485 0.11% 

300°C -10%-

10min 
8.654 9.4362 8.6557 0.22% 

300°C -10%-

10min 
9.4513 10.2607 9.4534 0.26% 

300°C -10%-

20min 
18.673 19.4093 18.6738 0.11% 

300°C -10%-

20min 
10.4049 11.1545 10.406 0.15% 

300°C -10%-

40min 
10.213 10.9418 10.2148 0.25% 

300°C -10%-

40min 
10.1603 10.915 10.1615 0.16% 

300°C -5%-

30min 
9.7766 10.5751 9.7779 0.16% 

300°C -5%-

30min 
10.2757 11.064 10.2769 0.15% 
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300°C -15%-

30min 
10.406 11.1901 10.407 0.13% 

300°C -15%-

30min 
10.2143 11.0021 10.2152 0.11% 

 

Table M - 4: Aqueous Solids Content Characterization Data 

Sample Name 
Container 

Weight (g) 

Container and 

Aqueous 

Weight (g) 

Final Weight 

(g) 

Percent Total 

Solids at 105°C 

(wt%) 

280°C, 10%, 

30min 
9.0471 12.7318 9.0903 1.17% 

290°C, 10%, 

30min 
9.4587 14.018 9.5061 1.04% 

300°C, 10%, 

30min 
18.6939 31.1445 18.8159 0.98% 

310°C, 10%, 

30min 
29.1984 48.8045 29.3788 0.92% 

300°C -10%-

10min 
38.336 57.258 38.516 0.95% 

300°C -10%-

20min 
29.191 48.244 29.372 0.95% 

300°C -10%-

40min 
42.553 62.631 42.731 0.89% 

300°C -5%-

30min 
42.542 62.986 42.647 0.51% 

300°C -15%-

30min 
16.654 28.761 16.839 1.53% 
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Appendix N – Biosolids Characterization Data 

Table N - 1: Biosolids Carbon and Hydrogen Characterization Data 
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Table N - 2: Biosolids Nitrogen and Sulphur Characterization Data 
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Table N - 3: Biosolids Ash Characterization Data 

Sample Name 
Container 

Weight (g) 

Container and 

Prepared 

Biomass 

Weight (g) 

Mass of Ash 

and Container 

(g) 

Mass Percent of 

Ash in Sample 

(wt%) 

280°C-10%-

30min 
10.1604 10.862 10.5462 54.99% 

280°C -10%-

30min 
9.4251 10.0598 9.7699 54.32% 

290°C -10%-

30min 
16.669 17.346 17.058 57.46% 

290°C -10%-

30min 
8.647 9.098 8.914 59.20% 

300°C -10%-

30min 
10.21 10.862 10.585 57.52% 

300°C -10%-

30min 
9.448 10.004 9.785 60.61% 

310°C -10%-

30min 
10.399 10.981 10.749 60.14% 

310°C -10%-

30min 
9.044 9.663 9.410 59.13% 

300°C -10%-

10min 
16.6713 17.3416 17.0943 63.11% 

300°C -10%-

10min 
10.4045 11.0172 10.761 58.12% 

300°C -10%-

20min 
9.4236 10.0288 9.782 59.22% 

300°C -10%-

20min 
10.2762 10.9194 10.6563 59.10% 

300°C -10%-

40min 
9.4526 10.0169 9.7894 59.68% 

300°C -10%-

40min 
10.4056 11.0024 10.7598 59.35% 

300°C -5%-

30min 
18.6714 19.1921 19.0047 64.01% 

300°C -5%-

30min 
9.423 9.9662 9.7657 63.09% 
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300°C -15%-

30min 
10.1605 10.8121 10.5353 57.52% 

300°C -15%-

30min 
10.2139 11.1298 10.743 57.77% 

 

Table N - 4: Biosolids Heating Value Calculations 

Sample 

Name 

Carbon 

Weight 

Percent 

(wt%) 

Hydrogen 

Weight 

Percent 

(wt%) 

Oxygen 

Weight 

Percent 

(wt%) 

Sulfur 

Weight 

Percent 

(wt%) 

Nitrogen 

Weight 

Percent 

(wt%) 

Ash 

Weight 

Percent 

(wt%) 

Higher 

Heating 

Value 

(MJ/kg) 

Higher 

Heating 

Value 

(kJ/kg) 

280°C, 

10%, 

30min 

29.23% 2.33% 12.96% 0.54% 0.29% 54.66% 10.5 10,500 

290°C, 

10%, 

30min 

28.55% 2.20% 10.16% 0.49% 0.27% 58.33% 10.32 10,316 

300°C, 

10%, 

30min 

26.29% 2.16% 11.74% 0.47% 0.27% 59.06% 9.3 9,298 

310°C, 

10%, 

30min 

26.26% 2.27% 11.09% 0.46% 0.29% 59.63% 9.48 9,476 

300°C -

10%-

10min 

28.16% 2.24% 8.23% 0.48% 0.29% 60.61% 10.37 10,374 

300°C -

10%-

20min 

27.09% 2.06% 10.99% 0.44% 0.26% 59.16% 9.53 9,535 

300°C -

10%-

40min 

27.71% 2.15% 9.84% 0.48% 0.31% 59.52% 9.97 9,974 

300°C -

5%-

30min 

25.14% 1.81% 8.81% 0.46% 0.23% 63.55% 8.7 8,699 

300°C -

15%-

30min 

28.66% 2.40% 10.45% 0.48% 0.36% 57.64% 10.58 10,581 
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Appendix O – Gases Characterization Data 

Table O - 1: Gases Characterization Data 

Experimental 

Trial 

Sample 

Number 
C (g) C (wt%) H (g) H (wt%) O (g) O (wt%) 

280°C-10%-

30min 

1 2.27 27.2% 0.04 0.46% 6.05 72.4% 

2 2.28 27.2% 0.04 0.46% 6.08 72.4% 

3 2.26 27.2% 0.04 0.46% 6.01 72.4% 

4 2.24 27.2% 0.04 0.45% 5.98 72.4% 

5 2.21 27.2% 0.04 0.46% 5.90 72.4% 

290°C-10%-

30min 

1 2.37 27.2% 0.04 0.46% 6.31 72.4% 

2 2.41 27.2% 0.04 0.45% 6.41 72.4% 

3 2.36 27.2% 0.04 0.46% 6.28 72.4% 

4 2.38 27.2% 0.04 0.45% 6.33 72.4% 

5 2.28 27.2% 0.04 0.46% 6.08 72.4% 

300°C-10%-

30min 

1 2.46 27.2% 0.04 0.46% 6.55 72.4% 

2 2.46 27.2% 0.04 0.45% 6.57 72.4% 

3 2.46 27.2% 0.04 0.44% 6.55 72.4% 

4 2.49 27.2% 0.04 0.42% 6.63 72.4% 

5 2.47 27.2% 0.04 0.43% 6.58 72.4% 

310°C-10%-

30min 

1 2.44 27.2% 0.04 0.43% 6.49 72.4% 

2 2.53 27.2% 0.04 0.42% 6.73 72.4% 

3 2.51 27.2% 0.04 0.41% 6.69 72.4% 

4 2.39 27.2% 0.04 0.43% 6.36 72.4% 

5 2.43 27.2% 0.04 0.42% 6.47 72.4% 

300°C-10%-

10min 

1 1.55 27.1% 0.04 0.66% 4.13 72.2% 

2 1.45 27.1% 0.04 0.70% 3.86 72.2% 

3 1.49 27.1% 0.04 0.68% 3.98 72.2% 

4 1.41 27.1% 0.04 0.73% 3.75 72.2% 

5 1.40 27.1% 0.04 0.73% 3.73 72.2% 

300°C-10%-

20min 

1 2.41 27.2% 0.04 0.43% 6.41 72.4% 

2 2.34 27.2% 0.04 0.44% 6.23 72.4% 
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3 2.37 27.2% 0.04 0.44% 6.31 72.4% 

4 2.40 27.2% 0.04 0.42% 6.40 72.4% 

5 2.42 27.2% 0.04 0.42% 6.45 72.4% 

300°C-10%-

40min 

1 2.52 27.2% 0.04 0.46% 6.70 72.4% 

2 2.51 27.2% 0.04 0.45% 6.70 72.4% 

3 2.42 27.2% 0.04 0.46% 6.45 72.4% 

4 2.44 27.2% 0.04 0.45% 6.51 72.4% 

5 2.42 27.2% 0.04 0.45% 6.46 72.4% 

300°C-5%-

30min 

1 1.27 27.1% 0.04 0.85% 3.39 72.1% 

2 1.24 27.1% 0.04 0.86% 3.30 72.1% 

3 1.26 27.1% 0.04 0.85% 3.35 72.1% 

4 1.25 27.1% 0.04 0.86% 3.34 72.1% 

5 1.25 27.1% 0.04 0.87% 3.32 72.1% 

300°C-15%-

30min 

1 3.37 27.2% 0.04 0.34% 8.97 72.5% 

2 3.33 27.2% 0.04 0.34% 8.87 72.5% 

3 3.39 27.2% 0.04 0.32% 9.02 72.5% 

4 3.37 27.2% 0.04 0.32% 8.98 72.5% 

5 3.38 27.2% 0.04 0.31% 9.00 72.5% 
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Appendix P – Complete Mass Balance Data 

Table P - 1: Overall Mass Balance Summary for Secondary Assessment 

Criteria Parameter Value Unit 

Feedstock Data 

Total feed flow rate (dry) 50,485 kg/day 

Feedstock solids content (dry) 10.88 % 

Feedstock carbon content (dry) 51.60 % 

Feedstock hydrogen content (dry) 6.05 % 

Feedstock oxygen content (dry) 31.15 % 

Feedstock nitrogen content (dry) 2.80 % 

Feedstock sulphur content (dry) 0.90 % 

Feedstock ash content (dry) 7.50 % 

Process Carbon 

Recovery 

Biocrude carbon recovery 56.7 % 

Biosolids carbon recovery 4.8 % 

CHG natural gas carbon recovery 19.7 % 

HTL-CHG combined carbon 

recovery 
81.2 % 

Biocrude 

Composition 

Biocrude carbon content 67.2 % 

Biocrude hydrogen content 8.4 % 

Biocrude oxygen content 6.7 % 

Biocrude nitrogen content 3.5 % 

Biocrude sulphur content 0.5 % 

Biocrude ash content 0.3 % 

Biocrude moisture content 13.4 % 

Production 

Rates 

Biosolids production 5,701 kg/day 

Biocrude production 138 bbl/day 

Biocrude production 45,394 bbl/yr 

CHG natural gas production 11,193 m3/day 

CHG water production 418 m3/day 

Operating 

Conditions 

HTL operating temperature 300 °C 

HTL operating pressure 8.59 MPa 

CHG operating temperature 350 °C 

CHG operating pressure 16.5 MPa 

Consumption 

CHG deionized water 

consumption 
2.95 m3/day 

Overall natural gas consumption 334 m3/day 

Hot oil duty requirement 2,846 kW 

Cooling water duty requirement 541 kW 
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Table P - 2: Mass Balance Summary for 280C, 10wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 67.5% 46.5% 29.2% 27.2% 105% 

Hydrogen 7.2% 8.4% 5.3% 2.2% 0.5% 63% 

Nitrogen 0.5% 1.5% 1.1% 0.3% 0.0% 162% 

Sulphur 0.6% 0.6% 0.8% 0.5% 0.0% 80% 

Oxygen 32.9% 21.9% 46.1% 13.1% 72.4% 111% 

Ash 15.0% 0.1% 0.2% 54.7% 0.0% 86% 

Total Mass Balance: 101% 

 

Table P - 3:  Mass Balance Summary for 290C, 10wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 68.0% 45.2% 28.6% 27.2% 105% 

Hydrogen 7.2% 7.9% 5.1% 2.2% 0.5% 60% 

Nitrogen 0.5% 1.6% 1.1% 0.3% 0.0% 165% 

Sulphur 0.6% 0.6% 0.3% 0.5% 0.0% 64% 

Oxygen 32.9% 21.8% 47.9% 10.2% 72.4% 111% 

Ash 15.0% 0.1% 0.3% 58.3% 0.0% 85% 

Total Mass Balance: 101% 
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Table P - 4: Mass Balance Summary for 300C, 10wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 68.6% 44.0% 26.3% 27.2% 104% 

Hydrogen 7.2% 8.3% 5.1% 2.2% 0.4% 61% 

Nitrogen 0.5% 1.3% 1.2% 0.3% 0.0% 144% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 60% 

Oxygen 32.9% 21.2% 49.0% 11.7% 72.4% 113% 

Ash 15.0% 0.1% 0.4% 59.1% 0.0% 86% 

Total Mass Balance: 101% 

 

Table P - 5: Mass Balance Summary for 310C, 10wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 44.4% 26.3% 27.2% 70.1% 108% 

Hydrogen 7.2% 5.2% 2.3% 0.4% 8.5% 64% 

Nitrogen 0.5% 1.4% 0.3% 0.0% 1.4% 156% 

Sulphur 0.6% 0.2% 0.5% 0.0% 0.5% 59% 

Oxygen 32.9% 48.7% 11.1% 72.4% 19.6% 111% 

Ash 15.0% 0.1% 59.6% 0.0% 0.0% 86% 

Total Mass Balance: 102% 
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Table P - 6: Mass Balance Summary for 300C, 10wt%, 10-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 64.5% 44.6% 28.2% 27.1% 94% 

Hydrogen 7.2% 7.4% 4.6% 2.2% 0.7% 57% 

Nitrogen 0.5% 1.3% 1.9% 0.3% 0.0% 152% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 60% 

Oxygen 32.9% 26.3% 48.3% 8.2% 72.2% 90% 

Ash 15.0% 0.0% 0.2% 60.6% 0.0% 87% 

Total Mass Balance: 89% 

 

Table P - 7: Mass Balance Summary for 300C, 10wt%, 20-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 68.6% 48.0% 27.1% 27.2% 101% 

Hydrogen 7.2% 8.2% 5.1% 2.1% 0.4% 58% 

Nitrogen 0.5% 1.2% 1.4% 0.3% 0.0% 130% 

Sulphur 0.6% 0.6% 0.3% 0.4% 0.0% 61% 

Oxygen 32.9% 21.4% 45.2% 11.0% 72.4% 108% 

Ash 15.0% 0.1% 0.1% 59.2% 0.0% 85% 

Total Mass Balance: 98% 
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Table P - 8: Mass Balance Summary for 300C, 10wt%, 40-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 66.8% 46.1% 27.7% 27.2% 101% 

Hydrogen 7.2% 8.0% 5.1% 2.1% 0.5% 58% 

Nitrogen 0.5% 1.3% 1.6% 0.3% 0.0% 146% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 60% 

Oxygen 32.9% 23.3% 46.8% 9.8% 72.4% 112% 

Ash 15.0% 0.1% 0.2% 59.5% 0.0% 85% 

Total Mass Balance: 99% 

 

Table P - 9: Mass Balance Summary for 300C, 5wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 70.3% 43.7% 25.1% 27.1% 96% 

Hydrogen 7.2% 8.7% 3.7% 1.8% 0.9% 56% 

Nitrogen 0.5% 1.3% 1.4% 0.2% 0.0% 128% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 55% 

Oxygen 32.9% 19.1% 50.7% 8.8% 72.1% 108% 

Ash 15.0% 0.1% 0.2% 63.5% 0.0% 83% 

Total Mass Balance: 95% 
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Table P - 10: Mass Balance Summary for 300C, 15wt%, 30-min 

Element 
Feedstock 

(wt%) 

Biocrude 

(wt%) 

Aqueous 

(wt%) 

Biosolids 

(wt%) 

Gases 

(wt%) 

Balance 

(%) 

Carbon 43.8% 68.9% 46.8% 29.1% 27.2% 103% 

Hydrogen 7.2% 7.8% 5.0% 2.5% 0.3% 58% 

Nitrogen 0.5% 1.5% 1.5% 0.4% 0.0% 160% 

Sulphur 0.6% 0.5% 0.3% 0.5% 0.0% 59% 

Oxygen 32.9% 21.3% 46.2% 10.0% 72.5% 105% 

Ash 15.0% 0.1% 0.1% 57.6% 0.0% 89% 

Total Mass Balance: 98% 
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Appendix Q – HTL Experimental Procedures 

Q.1 Autoclave Preparation Procedure 

To prepare the autoclave reactor for an HTL trial, the following procedure was performed: 

1. Ensure the reactor is clean and all parts required for assembly are available and 

accounted for. 

 

2. Place an empty beaker onto an analytical scale and record the weight to the nearest 

0.01 g.  

 

3. Weigh a specified amount of sludge material into a beaker. To be consistent, the 

reactor was always filled with 300 g of material. For example, if the trial requires 

10 wt% solids, weigh the appropriate amount of sludge (based on solids content of 

MSS) and record to the nearest 0.01 g. 

 

4. Add the balance of 300 g of distilled water into the beaker and record the weight of 

the beaker and contents to the nearest 0.01 g.  

 

5. Pour the distilled water and sludge from the beaker into the reactor. Weigh the 

emptied beaker and record to the nearest 0.01 g.  

 

6. Screw in the stirrer into the reactor assembly. Tighten the stirrer an extra quarter-

turn using two 7/16” wrenches.  

 

7. Place the holding ring around the reactor (large ring with bolt holes), the seal ring 

on top of the reactor (small ring that goes into grooves on top of reactor), and then 

move the reactor onto the reactor assembly as shown in Figure Q - 1.  

 

Figure Q - 1: Reactor Place on Assembly 



263 

 

8. Crank the wheel on the side of the reactor assembly until the reactor is flush against 

the head of the assembly. If necessary, adjust the positioning of the reactor holder 

to line up the bolt holes on the holding ring with those of the reactor head as shown 

in Figure Q - 2. 

 

Figure Q - 2: Reactor Lifted on Assembly 

9. Brush the threads of the reactor bolts with the provided anti-seize graphite powder 

using a bristle brush. Hand tighten the bolts in the pattern shown in Figure Q - 3. 

 

Figure Q - 3: Bolt Torqueing Order 

10. Once the bolts are hand tightened, use a torque wrench to torque each of the bolts, 

following the same tightening pattern shown in Figure Q - 3. Begin with 10 ft-lbs 

of torque, then 20 ft-lbs, 30 ft-lbs, 40 ft-lbs and finally 45 ft-lbs. Each torque setting 

should be performed twice on each bolt to ensure that the bolt has been properly 

fastened. 
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11. Perform a leak test on the torqued assembly using the hydrogen gas supply. Charge 

the reactor with ~400 psig of hydrogen. Use the hydrogen leak tester to test for leaks 

around the apparatus. Be sure to check around the bolts on the head of the assembly 

and any areas that there should be a seal. If the detector detects a leak, disassemble 

and reassemble the reactor. 

 

12. Discharge the hydrogen gas from the reactor using the gas relief valve.  

 

13. Attach the heating jacket around the outside of the reactor. 

 

14. Open the water-cooling valve to direct water through the magnetic stirrer motor. 

This is necessary to avoid overheating of the motor. 

Q.2 Collection of Gaseous Samples from Autoclave Reactor 

To collect a gaseous sample for characterization, the following steps were performed: 

1. Depressurize the reactor to ~100 psig. This will protect the gas sampling assembly 

from over-pressurization. Gases are assumed to be uniformly mixed inside the 

reactor. 

 

2. Ensure that all the valves on the assembly are closed and connect the gas sampling 

assembly to the gas relief valve using the Swagelok fittings. 

  

3. Open the gas relief valve on the reactor apparatus and the gas entry valve on the 

gas sampling assembly.  

 

4. Wait until the pressures on the reactor assembly and the gas sampling assembly 

reach equilibrium.  

 

5. Close the valves on both instruments. 

 

6. Remove the gas sampler from the reactor assembly. 

 

7. Empty the remaining gases from the reactor into the fume hood via the gas relief 

valve. 

Q.3 Reactor Content Removal Procedure 

The procedure that was performed to ensure that all reaction products were recovered was: 

1. Unbolt and lower the reactor from the reaction assembly. 

 

2. Rinse the stirrer with DCM into the reactor before removing it from the apparatus. 

Be careful to ensure that any leftover material on the stirrer falls into the reactor. 
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3. Remove the reactor from the reactor assembly and walk it over to the fume hood. 

 

4. Carefully pour the reactor contents into a large glass beaker (~1,000 mL). 

  

5. Using an aluminum rod, scrape out any material remaining in the reactor into the 

beaker.  

 

6. Rinse the walls of the reactor with DCM and pour the contents into the beaker. 

Repeat until the rinse from the reactor appears clear, indicating that there is no 

biocrude remaining in the vessel. Also rinse the aluminum rod into the beaker. 

 

7. Clean the reactor, stirrer and accessories with soap and water, and provide a final 

rinse with ethanol. Wipe the reactor head from the reactor assembly with paper 

towel soaked in acetone. 

Q.4 Biosolids Separation Procedure 

The following procedure was performed to acquire biosolid samples: 

1. Weigh a quantitative filter paper (1-5 µm) on an analytical scale and record to the 

nearest 0.01 g.  

 

2. Place the filter paper into a Büchner funnel and wet the paper with some distilled 

water to create a seal. 

 

3. Place the funnel onto a vacuum filtration flask. Ensure there is a snug fit between 

the flask and the funnel. 

 

4. Hook a plastic hose onto the flask and connect the other end of the hose to a vacuum 

pump. 

 

5. Plug in the vacuum pump and turn on the device. 

 

6. Slowly pour the contents of the beaker with biocrude dissolved in DCM, aqueous 

effluent, biosolids onto the filter paper, starting from the center and being careful 

not to overfill the funnel.  

 

7. Rinse the inside of the beaker with DCM to recover any leftover material on the 

walls of the beaker.  

 

8. Allow the vacuum pump to draw liquid from the filtered solids until there is little 

to no dripping occurring (~10 seconds in between droplets). 

 

9. Turn off the vacuum pump and remove the hosing from the vacuum filtration flask. 

 

10. Carefully remove the Büchner funnel with filtered solid material from the top of 

the filtration flask and place it onto a new, clean vacuum filtration flask. 
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11. Re-attach the hosing to the new vacuum filtration flask and turn on the vacuum 

pump. 

 

12. Slowly pour the filtered aqueous effluent and biocrude dissolved in DCM onto the 

filtered solid material. Be careful not to overfill the funnel. 

 

13. Allow the vacuum pump to draw liquid from the filtered solids until there is little 

to no dripping occurring (~10 seconds in between droplets). 

 

14. Rinse the filtered solids with DCM and allow the pump to draw the liquid until 

dripping stops. Repeat two more times. 

 

15. Weigh an empty and dry container and record to the nearest 0.01 g. 

 

16. Remove the Büchner funnel together with filtered solids and filter paper from the 

filtration flask. Place the filter paper and solids into the dry container with the help 

of a spatula. Scrape any remaining material from the funnel into the container. 

 

17. Weigh the container, filter paper and biosolid material and record to the nearest 

0.01 g. 

 

18. Place the container and contents into an oven at 105°C overnight. 

 

19. Remove the container and contents from the oven and reweigh and record the final 

weight of the dried material to the nearest 0.01 g. 

 

20. Collect the dried biosolid material in a container with lid for further analysis. Label 

the container with the date, contents and reaction conditions of the trial. 

Q.5 Aqueous Effluent Separation Procedures 

To separate the aqueous effluent from the DCM-biocrude mixture, the following procedure 

was performed: 

1. Place a separatory funnel onto a support stand.  

 

2. Pour the contents of the vacuum filtration flask into the separatory funnel. Rinse 

the filtration flask with DCM to remove any residual material from the flask. 

 

3. Allow the mixture to separate for 10-15 minutes. Take pictures before and after to 

observe if any changes occurred during the settling period. An example of the 

finalized separation of biocrude/DCM from aqueous effluent is shown in Figure Q 

- 4. The lower layer is the denser DCM-biocrude mixture while the upper layer is 

the aqueous effluent. 
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Figure Q - 4: Separated Biocrude/DCM and Aqueous Effluent 

4. Once it is deemed that the separation process is complete, weigh a labelled dry and 

empty Erlenmeyer flask and record the weight to the nearest 0.01 g. Label the flask 

for the aqueous effluent fraction. 

 

5. Place an empty and dry round-bottom flask underneath the separatory funnel on the 

support stand. 

 

6. Carefully empty the lower layer of the mixture into the round-bottom flask. Place 

a cover over the flask to avoid DCM evaporation and contamination of the contents. 

 

7. Empty the remaining aqueous effluent fraction into the aqueous effluent labelled 

flask. Weigh the flask and contents and record to the nearest 0.01 g. 

 

8. Empty the aqueous effluent into smaller glass storage containers with lids and label 

the contents with the date, contents and reaction conditions. 

Q.6 Biocrude Separation Procedure 

The last product that required separation was biocrude from DCM. Due to the amount of 

DCM used throughout the separation process, a two-stage separation procedure was 

performed, as follows: 
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1. Place a magnetic stir bar inside the round-bottom flask containing DCM and 

biocrude. 

 

2. Prepare a temperature-controlled heating plate with stirring capability inside the 

fume hood. Place a bowl on the stirring plate. 

 

3. Connect the round-bottom flask to a support stand and lower the flask into the 

empty bowl. Top the bowl with water. 

 

4. Attach a glass condenser pipe to the round bottom flask using a glass connector. 

The condenser pipe should be held up with a support stand.  

 

5. Attach the other end of the condenser pipe to a clean and dry DCM-labelled 

Erlenmeyer flask using another glass connector. 

 

6. Hook one end of the rubber tubing attached to the condenser tube to a tap for water 

inlet and direct the other end of the tube into the sink for water outlet inside the 

fume hood. 

 

7. Plug the top of the connection piece between the flask with DCM/biocrude and the 

condenser pipe with a thermocouple. The thermocouple is used to monitor the 

temperature of the vapors produced during the evaporation process and is connected 

to a Type-K digital thermometer. 

 

8. Turn on the stirrer and slowly increase the heat on the heating plate. 

 

9. Monitor the temperature of the vapors as they exit the DCM-biocrude flask and the 

drop-rate of the condensed DCM into the other flask. Continue heating until the 

temperature of the vapors begins to drop, and droplets of condensed DCM no longer 

form.  

 

10. Turn off the heating plate and disconnect the condenser assembly from the two 

Erlenmeyer flasks. 

 

11. Cover the collected DCM to avoid evaporation. 

 

12. Weigh an empty and dry dark-brown glass container with lid and record to the 

nearest 0.01 g. 

 

13. Pour the contents of the biocrude round-bottom flask into the glass container. Rinse 

the round-bottom flask and stirring magnet with DCM to collect all residual 

biocrude in the glass container. 

 

14. Using a support stand, lower the container and contents into the water bath. 
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15. Plug the container with biocrude/DCM with a rubber cork. The rubber cork should 

have two holes: an inlet for nitrogen flow and an outlet hole.  

 

16. Connect a 500 mL/min flowmeter to a nitrogen cylinder flowline. Place the outlet 

of the line into the rubber cork. 

 

17. Turn on the heating plate to 70°C and open the nitrogen cylinder to 30 psig. Set the 

flow rate of nitrogen to 350 mL/min. 

 

18. Allow nitrogen to flow over the biocrude/DCM mixture overnight to ensure 

complete removal of DCM from the mixture.  

 

19. Disconnect the nitrogen line from the glass container and allow the outer surface of 

the container to air dry. Place the cover back on the glass container. 

 

20. Once dried, weigh the container and biocrude contents on an analytical scale and 

record to the nearest 0.01 g. 
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