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EXECUTIVE SUMMARY 

 Under the supervision of a representative from the Bechtel Corporation, the 

principles of value engineering are applied to the aluminum smelting process. By examining 

the plant’s overall footprint, the monetary and environmental costs can be determined and 

minimized through different value engineering techniques.  

In this case, the focus is on smelting, a costly process in terms of both environmental 

footprint and the amount of energy it uses. The process radiates a tremendous amount of 

heat through the flue gas that it produces. In order to be released into the atmosphere, the 

flue gas must be scrubbed of its contaminants, which is more effective after the gas has 

been cooled. Currently, the gas is cooled via heat transfer with water, which then discharges 

the heat to the atmosphere. Using value engineering techniques, a system that harvests this 

excess energy from the aluminum smelting process in order to increase overall plant 

efficiency was designed.  

The recommendation is to use the hot water left over from the gas cooling process to 

pre-heat combustion air used in the anode baking furnace. Whatever heat is left over will be 

discharged into nearby tailing ponds. This proposal surpassed all others in merit and offers 

the shortest payback period and the highest return on investment. It is expected to save 

over 9$ million in energy costs over its 25 year life cycle. In addition, this proposal uses 

existing, straightforward technology, reduces the plant’s carbon dioxide emissions by over 

2,000 tonnes annually, and meets or surpasses all safety requirements. 
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1 INTRODUCTION 

The principles of value engineering can be applied to a wide range of products, 

structures, and systems. In this case, the object of interest is an aluminum smelting process. 

The aluminum smelting process operates continuously and requires the input of a 

tremendous amount of energy, much of which is dispelled in the form of heated off gas. The 

smelting process can be summarized as follows: 

1. A compound known as bauxite is mined and crushed. 

2. Through the Bayer Process, alumina is extracted from the bauxite. 

3. Alumina (Al2O3) is roasted in calciners to remove all moisture. 

4. The oxygen-aluminum bonds in alumina are broken through electrolysis. 

5. The electrolysis process produces carbon-dioxide and hydrogen fluoride 

gases. These waste gases are a major source of waste heat. These gases need 

to be scrubbed. 

6. The aluminum sinks to the bottom of the pots, is extracted, and transported 

to the casting facility. 

7. More alumina is added, continuing the process. 

The sub-process of concern is the point at which the off-gas is released and scrubbed. 

Figure 1 shows a schematic of the path the energy follows in the system. After the off-gas is 

produced, it must be cooled in order to be treated efficiently in the gas treatment center. 

The gas is cooled via heat transfer with water. Currently, the water discharges the heat 

gained from the off-gas directly into the atmosphere – a large waste of recoverable energy. 

Finding a way to harvest and utilize this energy would not only facilitate easier off-gas 

cleaning but lessen the footprint and improve the efficiency of the smelting plant.  

 
Figure 1 - Schematic of Off-Gas Cooling 
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2 METHODOLOGY 

The methodology followed for this project stemmed from the seven phases of the 

value engineering process, which are discussed in more detail in the following sections. 

1 Organization 
2 Information 
3 Functional Decomposition 
4 Creativity 
5 Evaluation 
6 Development 
7 Implementation 

 

2.1 Organization and Information Phases  

 The organization and information phases involved interpreting and organizing the 

data known about the process and using it to establish a mandate. The team reviewed the 

given data and used it to summarize the goals of the project, and to conceptualize ideas 

about the form that the final solution might take.  

It is required that smelters operate continuously and there are several constraints 

on the solution: there can be no water inside the pot-rooms, and the final solution must be 

able to operate continuously and be able to adapt to seasonal temperature fluctuations. The 

limits were also discussed; the team would focus its efforts on only the heat generated by 

the smelter, and would also target only cold-climate smelters.  

Several goals of the project were established based on the team’s first impressions of 

the project: the system had to increase the value and reduce the energy consumption of the 

plant, and have low implementation costs.  A simple mandate that outlined the goals of the 

workshop was then determined: 

Mandate: Provide a conceptual design of a system to utilize extracted waste heat from 

smelting process while reducing overall costs. 

Table 1, shown on the next page, summarizes the information made available by Bechtel for 

the purpose of this study. 
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Table 1 - Given Data 

Temperature of Off-gas 120℃ 

Waste heat source Water at 70-75℃ 

Flow rate of water 1m3/min for each cooling unit 

Number of cooling units 48 

Maximum return temperature of water 60℃ 

Potential cold source Rivers or tailing ponds at 1-20℃ 

Cold climate mean temperature 7.5℃ 

Climatic temperature range -25 to 35 ℃ 

Peak hot water demand for showers and lavatories 250 employees/ hour 

Peak hot water demand for smelter cafeterias (3 
meals) 

350 employees/meal/day 

Utility demand during weekends Half of demand during weekdays 

Peak furnace combustion 2500m3/hour of natural gas 

Number of fans in heat dissipation fan system 48 

Total cost of fan system $360,000 

Cost of electricity for industrial use $0.06/kWh 

Cost of natural gas for industrial use $4.0/GJ 
 

 

Functional Decomposit ion 

 After reviewing the given information, the mandate was decomposed into the 

functions that are needed to accomplish it. Performing a functional analysis clarifies the 

needs and constraints of the project in terms of functions, and ignores possible solutions.  In 

this way, the finer points of the process were discussed and organized in a coherent, precise 

manner, which led to a greater understanding of the overall needs. Because this process is 

iterative, the team found that the functional analysis also revealed other facets of the 

problem and raised more questions, such as whether the water involved in the process 

were potable, and the safety requirements for the solution. In this way, the problem was 

broken down into its most basic components and could be understood fully.  
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The team used several different methods to analyze the functions the final solution 

had to perform: 

1 Intuitive Research 
2 Environmental Analysis 
3 Sequential Analysis 
4 Reference Product Analysis 

 

The functions were then divided into basic/primary functions, or the functions that 

are absolutely essential for the final goal, and secondary functions, or those that support the 

primary functions. 

Intuitive Research 

 In this step, the team used the known information and common sense to establish 

some main functions of the final solution. The intuitive aspect of this method was most 

useful for establishing the basic functions of the process. The results were a few broad 

functions that could later be broken down into constraints and secondary functions: 

→ Maximize extraction (of energy) 
→ Reduce Temperature (of waste water) 
→ Simplify Maintenance 
→ Simplify Construction 
→ Reduce Maintenance 

It is evident that although the above functions are essential for accomplishing the objectives 

of the project, they are the results of a rudimentary analysis of the needs of the project, and 

have many sub-functions hidden in them. The team decided to move on to other methods to 

determine these functions. 

Environmental Analysis 

 Because a main requirement for the solution was not only to reduce costs but also to 

ensure the safety of plant workers and to increase the plants sustainability, the team 

examined the relationship of the system with the surrounding environment. Here, the 

environment refers mainly to the infrastructure surrounding the smelting house and the 

areas in which workers could interact with the new system. It also referred to aspects of the 

natural environment that must be protected. 
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The team defined several different elements of the environment that the system 

affected, and used them to extract more functions. The result was a diagram that linked the 

functions to the system, shown blow in Figure 2. 

This method was most useful for identifying functions in terms of worker safety and 

protection of the system from the surrounding environment. 

 

 

Sequential Analysis 

 The team then examined the process in terms of the different steps it would follow 

to accomplish the goal. The results are as follows: 

 

Figure 3 - Sequential Analysis 
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IS PUMPED 
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Figure 2 - Results of Environmental Analysis 
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Each step was analyzed and discussed. The team clarified why each step was needed, 

how it contributed to the final goal and described it as a function. The results are shown 

below: 

Table 2 - Sequential Analysis 

Step Verb Noun 
H2O pumped from off-gas Bring Water 
Transportation Pump Water 
Extract Heat Extract Heat 
Pumped Back Pump Water 

 

Movements and Efforts Analysis 

 The movements and efforts analysis involves identifying forces applied to the 

product and subsequently determining the functions required to accommodate or resist 

those forces. In addition, the clearances, or how to minimize the footprint area, were 

discussed. The results are shown in Table 3 and Table 4, below. 

Table 3 - Movements and Efforts Analysis: Clearances 

Clearances 
Does not Block: 
Roadways 
Snow Clearing 
Maintenance 
Minimizes Obstruction 

 

Table 4 - Movements and Efforts Analysis: Efforts 

Efforts 
Resists: 
Frost 
Corrosion 
Expansion (temp. change) 
Soil Contaminants 
Atmospheric Contaminants (saline, gaseous 
fluoride) 
Seismic Forces 
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Examining what possible forces that could lead to the failure of the system sparked a 

discussion about what would happen in case of failure, and in what ways the resulting 

damaging effects could be negated. For example, if the system did not operate continuously, 

emissions could escape to the atmosphere. Therefore, it was determined that reliability was 

key, and that contingencies and backup cooling must be available. Protection from leakage 

also involves monitoring the system. These ideas can be summarized as functions: 

→ Provides contingencies 
→ Monitors system 
→ Controls off-gas (minimizing fluctuations in temperature) 

Reference Product Analysis 

 By examining competitors and other reference products and decomposing them into 

their various functions, it is possible to construct a baseline for design. This technique 

allows one to surpass their competitors. In this case, the reference product is a set of pipes 

that circulate the hot water, with fans that facilitate heat transfer into the atmosphere. This 

is described in more detail in Section 3.1.  

Organizing functions 

Once all the various functions that needed to be achieved had been listed, the 

functions were organized in relationship with each other. This was done by creating a 

F.A.S.T. (Functional Analysis System Technique) diagram. The functions were organized by 

asking the questions, ‘how is a function achieved?’, and ‘why is a function achieved?’. 

Functions which answer the former question are placed to the right of the diagram, and 

those that answer the latter are placed to the left. 

After numerous iterations, the F.A.S.T. diagram took the shape of a tree-diagram. At 

the extreme left of the diagram was the base function, which was to ‘utilize the waste heat’. 

All other secondary functions were placed to the right. The F.A.S.T. diagram is shown in on 

the next page, in Figure 4. 
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The purpose of the F.A.S.T. diagram is to: 

• Group the functions 

• Validate the functions 

• Creating a hierarchy of the functions 

The diagram is an important tool in proceeding with the creativity phase and coming up 

with possible solutions. 
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2 Reduce 
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Figure 4 - F.A.S.T Diagram 
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All the identified functions were then characterized by: 

• Criteria 

• Level 

• Flexibility 

By characterizing all the functions, it became clear how a specific function would be 

achieved. The various parameters associated with each function were also listed. This 

exercise allowed identification of constraints and the flexibilities available for each function. 

The function characterization is shown in Table 4 in the appendix. 
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2.2 Creativity Phase  

 The creativity phase is unlike the previous phases in that it uses unstructured 

thinking to generate ideas. By ignoring the feasibility of concepts, the team was able to 

generate a wide range of possible solutions. Both brainstorming and an analysis of the 

surrounding plant area (See Figure 2) were used. The different processes operating within 

the plant were determined and examined in order to see which areas could potentially use 

the excess heat energy. Several opportunities were found in the cast house, tailing pond, 

carbon area, and the cafeteria. The results of the creativity session are shown in Table 2. 

 

Figure 5 - General Map of Smelting Plant 
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Table 5 – Concept Generation Results 

Idea Description 
1 Heating water for cafeteria and showers 
2 Heat pitch for use in plant 
3 Preheating Combustion Gases in Cast House 
4 Running pipes under roadways/lots to facilitate ice removal in winter 
5 Radiant heating of offices 
6 Charge a battery with steam to power on-site golf carts 
7 Accelerate composting 
8 Accelerate composting and produce biogas 
9 Construct an on-site Laundromat 

10 Construct a biomass boiler 
11 Evaporate process water to minimize effluence 
12 Use heat to make fuel from oil in the cafeteria 
13 Harvest energy to power desalination plant 
14 Waste heat pyrolysis (incineration method) 
15 Convert heat to electricity with Kalina or Rankine Cycle 
16 Dump heat in Tailing Pond 
17 Convert heat to electricity with Stirling Engine 
18 Dehydration processes (evaporating water out of biofuel) 

 

 

Evaluation  

 The evaluation phase analyses the benefits and disadvantages of all the generated 

concepts, retaining only the best few concepts for further development. The evaluations for 

each individual concept can be found in Appendix 5.2. Based on how well they 

accomplished the given functions, each concept was given a ranking in a ‘Gut Feel’ Index. A 

scale of 1 (worst) to 10 (best) was chosen. 

 

 

 

 

 



19 
 
Table 6 - Gut Feel Index 

Idea Emily Laurent Leon Nicholas Christoph Average 
1 8 6 8 7 6 7.0 
2 5 3 4 3 5 4.0 
3 9 7 8 7 9 8.0 
4 2 3 1 2 3 2.2 
5 6 8 5 5 6 6.0 
6 3 5 2 4 5 3.8 
7 2 4 1 4 3 2.8 
8 8 6 9 7 8 7.6 
9 7 6 8 4 5 6.0 

10 3 5 4 2 5 3.8 
11 5 5 7 4 6 5.4 
12 4 7 5 3 5 4.8 
13 7 8 4 5 4 5.6 
14 2 2 1 2 3 2.0 
15 9 9 8 8 7 8.2 
16 7 9 4 6 5 6.2 
17 8 7 8 7 9 7.8 
18 2 1 3 4 1 2.2 

 

From the ‘Gut Feel’ Index, the best 6 concepts were chosen for further development. The 

chosen concepts were: 

• Convert heat to electricity with Kalina or Rankine Cycle 

• Preheating Combustion Air in the Baking Furnace 

• Convert heat to electricity with Stirling Engine 

• Accelerate composting and produce biogas 

• Heating water for cafeteria and showers 

• Dump heat in  Tailing Pond 
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3 CONCEPTS 

3.1 Reference Case 

 The reference case is a heat dissipation fan system that dumps the heat into the 

atmosphere. The hot water generated by the smelter circulates in pipes, and the heat is 

transferred through heat exchangers and dissipated by fans.  

The system comprises of 48 dry cooling units that use approximately 900 Watts/unit 

to dump heat. Approximately 480 kW of energy is needed to run the entire system (dispose 

of heat, run pumps, etc). 

Advantages 

• Sufficiently cools the off-gases, and is capable of dissipating all the heat energy 

• Simplicity in implementing and operating 

• Widely used in industry 

• Low maintenance and low risks involved 

• Elevated, so allows for good dispersion 

• Uses less energy that current off-gas scrubbing procedure 

Disadvantages 

• Does not improve overall sustainability of the plant 

• Wastes heat energy that can be used to replace other sources of energy 

• Relatively low savings compared to other proposed solutions 

• Not compact 

Table 6, located on the following page, summarizes the costs associated with the fan cooling 

system. 
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Table 7 - Summary of Cost Analysis for Reference Case 

Capital Expenses (Life of 15 years) $ CAD 

Heat dissipation fan system $360,000 

Annual Operational Expenses  

Electricity Costs  $252,288 

Repair and maintenance (5% of annual Cap.Ex.)  $1,200 

Risk and uncertainty (3% of annual Cap.Ex.) $720 

Total Expenses  

Total Operational Expenses $254,208 

Total Operational Expenses (over 15 years) $3,813,120 

Total capital and operational expenses (over 15 
years) 

$4,173,120 

 

 

3.2 Heating Water for Use in Plant Util it ies 

Concept Overview 

 Since there is significant need of hot water in the smelting plant, the waste heat can 

be used to offset the cost of heating. There are over 350 employees on site, all which require 

shower and lavatory facilities in addition to a full cafeteria facility. All these utilities require 

hot water that could be provided from our heat off gases. 

Advantages 

• Inexpensive solution 

• Can offset electrical costs 

• Low maintenance 

• Low hazard 

Disadvantages 

• Does not harness much energy 

• Long return on investment 
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Assumptions 

• Minimum hot water usage scenario is 100 employees present showering after their 

shift, maximum hot water usage is 350 employees 

• Allowance of a 20% increase to account for lavatories hot water used at end of shift  

• A shower lasts 5 minutes. 

• Minimum cold water temperature is 5°C. 

• Average shower temperature is 40°C. 

• Hot water heater setpoint is 60°C (to avoid occurrence of legionella) 

• Minimum cafeteria occupancy is 175 workers per seating (3 seatings a day)  

• Maximum shower head mass flow rate=8.33kg/min 

Investment Required 

To realize this project some investment must be made in building piping throughout 

the facility as a well as retrofitting the boiler room. Installation of the piping may be 

disruptive to the daily work for a short period of time, but would not be a very extensive 

construction project. More disruptive would however be the retrofitting of the boiler room 

with a new heat exchanger and piping layout, to feed the boiler. This would incur significant 

costs as well as some disruption to normal hot water usage.  

 

Cost Analysis 
Table 8 - Summary of Cost Analysis for Heating Water for Plant Utilities 

Capital Expenses  $ CAD 

Piping and Installation costs 275,000 

Boiler room retrofitting 100,000 

Freight (6% of annual CapEx) 16,500 

Annual Operational Expenses  

Maintenance (1% of annual CapEx)  2,750 

Annual Savings  

Savings 32,450 

Total Expenses  

Total Capital Expenses 391,500 
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Total capital and operational expenses (over 30 
years) 

474,000 

Return per annum 16,650 

Findings and Recommendations 

From the cost analysis of the hot water utility system, it can be seen that there is a 

good return on a yearly basis. It has the potential of off-setting some significant costs,  does 

not require a very large initial investment, and does not cause substantial disruption to 

daily plant operation. However, it does have some significant disadvantages. Firstly, when 

looking at the breakeven point for this system, it is evident that it will take at least 13 years 

to begin seeing a return on the investment. This is a long period of time for a simple system; 

it takes almost half the total life-time of the system. Secondly, the system only extracts 62 

kW of energy. When comparing that to the 48 MW available in the system this is quite an 

insignificant amount; in fact it is less than one percent of the total energy. This means it 

leaves the cooling system virtually unaffected and could not be a primary solution by any 

means. Due to the insignificant impact on cooling and the long breakeven time, this 

proposal was deemed unsuitable for implementation and eliminated as a viable solution to 

our problem.  

 

3.3 Preheating Combustion Gases  

Concept Overview 

 This proposal consists of redirecting a portion of the hot water generated from the 

flu gas cooling process to the anode baking furnace, where water-to-air heat exchangers 

pre-heat the combustion air used in the furnace. Excess hot water is pumped through 

nearby tailing ponds such that the heat is rejected at the required rate. 

Pre-heat combustion gases with waste heat to reduce fuel consumption is an 

effective tool used in many industries, including thermal power stations, enamel industry, 

glass production, and steel production. EnergySC, an American Energy Resource consulting 

company claims that “For fuel-fired industrial heating processes, one of the most potent 

ways to improve efficiency and productivity is to preheat the combustion air going to the 

burners.” Although this process is most commonly used for higher quality waster heat 
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(~300°C +), the analysis presented here shows that pre-heating combustions gases is a 

viable option given our particular problem specifications. 

Advantages 

• Requires less electricity to operate compared to the reference case (cooling fans) 

• The plant’s overall natural gas bill is reduced 

• System is simple, low cost, and reliable 

• Minimal maintenance is required, reducing overhead and logistics 

• Reduced natural gas consumption results in decreased greenhouse gas emissions 

Disadvantages 

• Only a portion of the waste heat is recovered and put to use 

• The effectiveness of the combustion air pre-heating varies seasonally, depending on 

local ambient temperatures 

• Continual water flow regulation is required to ensure constant heat rejection rates 

• Extra piping has potential to obstruct current infrastructure 

Investment 

• Piping & trenching 

• Water flow pumps 

• Heat exchangers23 

• Monitoring equipment (thermocouples, flow gauges, etc.) for system control, run 
pumps, etc.) 

Assumptions 

• Combustion air enters the furnace at ambient temperatures 

• Ideal combustion process 

• Combustion process uses 20% excess air 

• Average current fuel consumption of 2500 Nm3/hour 

• Natural gas is approximated as pure methane 

• Ideal heat exchangers, with 90% efficiency 

• Water input temperature of 75°C 
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Table 8, located on the following page, summarizes the costs associated with preheating 

combustion gases and dumping the remaining heat into the nearby tailing ponds. 

 

Table 9 - Cost Summary for Preheating Combustion Gases and Dumping into Tailing Pond 

Capital Expenses  $ CAD 

Piping (material cost) 
Piping (trenching cost) 
Piping (underwater installation) 
Water-to-Air Heat Exchangers (42 units @ $280 each) 
        Heat Exchanger Instillation (12%) 
        Heat Exchanger Safety Redundancies (15%) 

$200,000 
$1,200,000 

$60,000 
$11,760 

$1,411 
$1,764 

Annual Operational Expenses  

Electricity Costs  $45,300 

Repair and maintenance (2%)  $43,800 

Total Expenses $1,474,935 

Total Operational Expenses $89,100 

Total Operational Expenses (over 20 years) $1,782,000 

Total capital and operational expenses (over 20 years) $3,256,935 
 

Findings and Recommendations  

Using the waste-heat to pre-heat combustion air used in the anode baking furnace is 

an effective method to reduce natural gas consumption thereby decreasing plant costs and 

CO2 emissions. The effectiveness of the pre-heating is dependent on ambient temperatures, 

and would thus the system would need to be constantly monitored and tuned in order to 

maintain thermal equilibrium with the flu-gases being cooled. Overall, however, the system 

is expected to be extremely reliable, since it relies only on simple, dependable equipment 

and technology. 

The effectiveness of the water-to-air heat exchangers increases almost logarithmically 

with increased hot water flow, such that after a certain point, sending more water to pre-

heat the combustion air only gives very marginal increases in effectiveness. Since the cost 

associated with piping increases as the water flow increases (though the cost of trenching 
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remains nearly constant), it is not recommended to transport all of the hot water from the 

flu gas cooling process to the anode baking furnace to pre-heat combustion air. Instead, a 

compromise must be found between heat exchanger effectiveness and piping costs. Figure 

6, shown on the next page, illustrates the change in energy transferred to the combustion 

air vs. the water flow rate (in percent of total flow). 

Based on our heat transfer and cost analyses, we recommend directing ~7.5% of the 

total hot water flow to the anode baking furnace to pre-heat combustion gases, while the 

other 92.5% should be sent to the tailing ponds to reject the heat. By dividing the total 

energy transfer by the cost of piping associated with the corresponding flow rate, we can 

determine the rate of energy extraction per dollar cost of piping. Figure 7, on the next page, 

illustrates this point. 

This concept requires very little initial investment (~$1.5 million) compared to the 

other proposals and a very high return on investment (24.9% over 20 years) from savings 

generated from reduced natural gas and electricity consumption. The reduction in annual 

CO2 emissions also improves Bechtel’s “green” image, and may garner carbon tax breaks or 

government subsidies, depending on the locality of the aluminum smelter being considered. 

Figure 6 – Preheating Energy Extraction vs. Water Flow 
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3.4 Production of Electricity using a Kalina Cycle 

Concept Overview 

This proposal consists of using the hot water to generate electricity using a Kalina 

cycle. The Kalina cycle is a thermodynamic power cycle that uses an ammonia-water 

mixture as a working fluid. Hot water at 75°C will be taken from the off-gas cooling system 

and brought to the Kalina cycle unit where heat will be extracted from it by means of a heat 

exchanger. The water cooled at less than 60°C would then flow back to the off-gas cooling 

system. This process requires a cold water source to be used as a heat sink. The 

thermodynamic process that takes place produces work that can be converted to electricity. 

The Kalina cycle is comparable to the Organic Rankine Cycle (ORC) in that it can operate at 

lower temperatures than other popular power cycles that use superheated steam. However, 

its efficiency can be 20% better than the ORC at temperatures lower than 200°C. 
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Figure 8 - Kalina Cycle 

Advantages 

• Recover heat from off-gasses 

• Produce electricity from waste heat 

• Steady continuous operation 

• Closed-loop system 

Disadvantages and Risks 

• Relatively new technology compared to other power cycles 

• Working with ammonia requires particular attention. 

• Requires heat sink 

Specif ications 

• Efficiency 8% 

• Temperature gradient 15°C 

• Electrical output 3.8MW 
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Investment Required 

• 1 Kalina cycle unit, including heat exchangers, generator, closed loop piping and 

working fluid. 

• Building to house Kalina Unit 

• Piping from off-gas cooling to Kalina cycle unit 

• Piping and pumping  for the heat sink 

• Training of monitoring personnel 

Assumptions 

• Heat Sink Temperature: TC = 10 ˚C 

• Electricity Cost  Cel = 0.06$/kWh21 

• Hot water properties at 65 ˚C 

• Expected life 20 years 

Electricity Production 

Efficiency of a Kalina cycle ranges from 8 to 12% of heat energy converted to 

electricity. Since the current implementations of the cycle use heat source higher than 80˚C, 

little experimental data exists for lower temperatures. For this reason, it can be assumed 

that the cycle will not perform at optimal efficiency at least for the first year.  In order to 

stay conservative in our assumptions, we assume an efficiency of 8%. The electricity output 

is then calculated to be 

𝑃𝑒𝑙 = 𝑞 ∗ 𝜂 = 48𝑀𝑊ℎ ∗ 0.08 = 3.84 𝑀𝑊𝑒𝑙 

Kalina Unit Cost 

Based on analysis of other installations, the capital cost of a Kalina unit can be 

approximated as 1800 $/kWel. This is the cost as sold by the manufacturer and includes hot 

and cold water heat exchangers, electricity generator, working fluid, closed loop piping and 

pumping and installation. 

𝐶𝑜𝑠𝑡𝑢𝑛𝑖𝑡 = 1800 ∗ 3840 = 6 912 000$ 

No extra piping is required for hot water circulation. However, piping is required for 

the cold water (heat sink) circulation. It is estimated that 1000m of piping will be 

necessary, at a cost of 500$/m for piping and trenching. The total cost of piping is 500 000$. 
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Energy Savings 

Based on an electricity cost of 0.06$/kWh, the savings that this Kalina unit yields can 

be calculated as: 

𝐶𝑜𝑠𝑡𝑒𝑙 = 0.06 ∗ 38400 ∗ 24 ∗ 365 = 2 018 000$/𝑦𝑟 

The following tables summarize the costs of implementing a Kalina cycle and outline the 

resulting savings. 

Table 10 - Summary of Cost Analysis for Kalina Cycle 

Expenses  $ CAD 

Kalina Unit $6,914,000 

Heat Sink Pipes $500,000 

Installation (12%)  $830,000 

Freight (6%)  $415,000 

Contingency (3%) $207,000 

Building $207,700 

Total CapEx $9,073,000 

Annual Operational Expenses $181,000 

Annual Maintenance Expenses $272,000 

Total OpEx  $454,000 
 

Table 11 - Savings from Kalina Cycle 

 
CapEx Opex Energy Cost Net Savings/year 

Kalina Cycle $9,073,000 $454,000 -$2,018,000 $1,564,000 

Reference Case $300,000 $9,000 $252,000 -$261,000 

Difference $8,773,000 $445,000 -$2,270,000 $1,825,000 
 

In comparison with the reference case, this proposal yields a payback period of 4.8 

years, and a return on investment of 15.8% Note that it should be considered to use the hot 

gas to bring heat directly to Kalina unit for a significantly higher energy output and greater 

savings. 
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3.5 Production of Electricity using a Stir l ing Engine 

Concept Overview 

Since we wish to maximize the heat recovery process we will divert the hot water 

and pass it through a bank of Stirling Engines. The engines will operate between the hot 

water reservoir and the ambient conditions, thus generating electricity. This electricity can 

then be fed back to the plant to increase electrical capacity from the recovered energy. 

Advantages 

• Uses all available Thermal energy 

• Silent operation 

• Easy to maintain 

Disadvantages 

• High capital cost 

• Still in early phases of development 

• Not commercially available 

• Low efficiency 

• Large footprint 

Assumptions 

• Stirling Engine can achieve 75% of Carnot efficiency 

• Electrical efficiency is around 60%20 

• Electricity price is 6¢/kW-Hr21 

• Water temperature is 75o C 

• Water flow rate is 48 m3/min 

• Lifetime 15 years 

Investment 

• Installed Capital Cost: 3000$/kW20 

• Operating Cost: 1 cent/kW-Hr20 
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Table 12 - Summary of Cost Analysis for Stirling Engine 

Capital Costs $ USD 

Engines $5,904,000 

Freight (Shipment) (6%) $432,000 

Installation (12%) $864,000 

Operation (Annual Basis)  

Maintenance $210,240 

Annual Savings  

Electricity Production Savings $1,300,000 

Net Yearly Revenue $1,090,000 

Return on Investment 6.59 

Findings and Recommendations  

Although this seems to be an effective solution the actual data on modern Stirling 

engines for this types of applications is difficult to find. The products are still fairly 

experimental and hence ultimately prove to be of a higher risk since they are not yet 

commercially available. 

Stirling engines have the same advantages as running other cycles from our waste 

heat source because of its ability to be able to use all the waste heat energy and generate 

electricity thereby offsetting significant costs. Additionally, Stirling engines are also really 

quiet and have very few moving parts which makes them easy to maintain, compared with 

other systems. However, we ultimately had to decide against using Stirling engines due to 

its high risk and no apparent gains when compared with the commercially available Kalina 

cycle.   

3.6 Production of Biogas 

Concept Overview 

There is a lot of renewable energy potential in organic matter such as food waste 

and sewage sludge. This energy can be released by the anaerobic digestion of these wastes 

which produces biogas. Biogas is a gaseous fuel consisting mainly of methane (~60%), 

carbon dioxide, moisture and traces of hydrogen sulphide.  The produced biogas can be 
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combusted in place of natural gas, or be utilized in electrical generators to produce 

electricity.  

One type of anaerobic digestion is the thermophilic digestion process. This process 

utilizes thermophilic bacteria to digest the organic waste at temperatures of around 49 - 57 

⁰C, up to extremes of 70⁰C. This process extracts more energy from the organic matter, 

compared to lower temperature digestion processes, albeit being less resistant to 

temperature fluctuations.  The higher temperatures also facilitate faster reaction rates, and 

faster bio gas yields2. 

The thermophilic digestion process requires a considerable amount of heat input to 

maintain high temperatures. Hence it was decided that production of a thermophilic biogas 

plant may be a possible solution to utilizing the waste heat generated by the off-gases 

during the smelting process. 

 Depending on the amount of energy available for use, the biogas plant could be sized 

to meet either the organic waste loads from the smelter (in-house), or municipal organic 

waste loads (District Waste Management). Each of the possible scenarios would have its 

own costs, and feasibility in terms of how much energy it could utilize.  The purpose of this 

section is study both scenarios, and come to a conclusion as to whether any of them are 

viable solutions in terms of value engineering for aluminum smelters . 

The studies were carried out by using the Rio Tinto Alcan aluminum smelter in Alma, 

Quebec as an example. Therefore, the study should only be used as an indication of the 

feasibility for biogas production for similar smelters. The specific values for data used in 

calculations can be found in Table 1. The calculations used for the study can be found in the 

appendix on page 44. 
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Advantages of biogas production 

• Produces clean source of energy 

• Reduces amount of landfill wastes 

• Sanitary benefits for community 

• Reduces production of methane gas (greenhouse gas) during landfill decomposition 

• No cost for raw material  

• Government subsidies and tax deductions; carbon credits 

• Potential savings by replacing other energy sources (natural gas, electricity, etc.), 

gate fees, and sale of digestion residue as fertilizer. 

Disadvantages of biogas production 

• Expensive and difficult to implement and operate 

• Biogas needs to be purified for use in engines and generators. 

• Has to be operated safely, as process is a potential source of contamination and 

hygiene issues. 

• High risks involved 

• Large areas of land required to implement 

Section 5.2 in the appendix shows that using only organic waste from the smelter to 

produce biogas is not feasible in terms of the amount of heat energy that can be extracted 

from the off-gases.  The average amount of power that this solution could extract from the 

hot water is 300kW, which is only about 0.6% of the total potential power from the hot 

water. 

Figure 9 - Schematic of Biogas Process 
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Utilizing organic waste from the entire community or district, on the other hand, 

proves to be a better solution, as it can extract, on average, around 11% of the total power 

potential from the hot water. 

Summary of results for uti l izing distr ict  waste 

• 227,610 kg of organic waste available from district, per day 

• 6440 m3  capacity bio-digester required 

• Average power input of 5.5 MW required to process bio-waste 

• Potential savings of $1.1 million per year by replacing natural gas in combustion 

process with bio-gas. 

• Potential savings of  $600,000 per year by generating electricity with biogas 

Investments and Costs 

• Biogas plant, biogas purification system, biogas pipelines, etc. 

• Waste transportation system from various parts of the district. 

• Total capital costs of around $5 - $8 million 

• Extra employees required to oversee running of the plant 

• Regular maintenance and repair costs. 

 

The following table summarizes the costs associated with the construction of an on-

site biogas facility. 

Table 13 – Summary of Cost Analysis for the Production of Biogas 

Capital Expenses  $ CAD 

Biogas plant investment cost (life of 20 years) $5,000,000 

Annual Operational Expenses  

Supplies (6% of annual CapEx)  $15,000 

Repair and maintenance (5% of annual CapEx)  $12,500 

Risk and uncertainty (3% of annual CapEx) $7500 

Labour $5200 

Total Expenses  

Total Annual Operational Expenses $40,200 
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Total Operational Expenses (over 20 years) $804,000 

Total capital and operational expenses (over 15 
years) 

$5,804,000 

 

Findings and Recommendations 

Based on the information gathered and the calculations, it is concluded that using 

the heat from the off-gases to facilitate bio-gas production is not the best solution available 

to the smelter. Even though the solution provides a decent rate of return, its pay-back 

period is relatively long (5-8 years).  

In addition, there is much risk involved with this solution. For example, the cost of 

waste transportation could increase multiple-fold depending on the location and 

accessibility of the district’s waste management facility. Over time, there may be problems 

that arise with the transportation system, or the bio-gas plant itself. 

Also, implementing the bio-gas plant requires very high capital costs and a major 

effort by the smelter. It is a major project on its own, and undertaking such a project may 

take away time and resources that can be utilized towards the aluminum smelting process 

itself. 

Finally, and most importantly, the bio-gas plant is not a stand-alone solution, as it 

cannot utilize all the available waste heat from the off-gases. This shows that the 

effectiveness of this solution in achieving the basic function of utilizing the waste heat is low 

for the given investment costs. 
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4 CONCLUSION 

4.1 Recommendations 

Based on the information gathered in this report, we recommend using the hot water 

left over from the flu gas cooling process to pre-heat the combustion air used in the anode 

baking furnace and to be further cooled in nearby tailing ponds (Section 3.3). This proposal 

was found to surpass all others in merit, and offers the highest return on investment (ROI) 

with the shortest payback period. 

Using the waste heat to supply energy for the hot water use within the plant (Section 

3.2) was found to offer very minimal savings, and only a very small portion (~0.14%) of the 

waste heat would be put to use. Furthermore, the cost of installing the piping which would 

be used to redirect the water flow would mostly, if not completely, negate any savings 

garnered from the reduced electricity consumption. In short, there is simply not enough hot 

water being used in the plant to make this proposal a viable option. 

The installation of biogas plant (Section 3.6) was deemed undesirable due to its high 

capital cost and low merit. Although the natural gas produced could be used directly to 

replace some of the fuel used in the anode baking process, the large initial investment and 

high maintenance costs offset this value. The implementation of a biogas plant would also 

create and addition business facet to the smelting plant which may complicate the 

managerial logistics and is generally outside the scope of the aluminum smelting 

operations. Lastly, the biogas plant would only be able to put a small portion of the waste 

heat to good use, which was the primary objective of the project. 

While the Kalina Cycle Heat Engine solution (Section 3.4) offers the highest annual 

savings out of any of the proposals, this was decidedly not enough to justify a capital cost of 

~$8.7 million. Furthermore, the Kalina cycle heat engine is still an emerging technology 

which presents an inherent risk associated with its installation and continued operation. 

During its life cycle it would be doubtlessly prone to ‘bugs’ and continued fine tuning and 

maintenance. When compared to the recommended preheating system, which uses reliable, 

low maintenance technology, it seems clear that the lower risk option has increased merit. 

It is important to note however, that both the high capital and the high risk associated with 

the Kalina heat engine are expected to drop over the coming years, as is the case with most 
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newly innovated technology. Thus, a Kalina cycle should be re-evaluated in the future, as it 

may become significantly more feasible over time. 

We believe that pre-heating the combustion gas and dumping the remaining heat into 

nearby tailing ponds offers a low risk, low investment solution that is still expected to 

generate significant savings through reduced electricity and natural gas costs. The reduced 

natural gas usage would also reduce the plant’s annual CO2 emissions by an estimate 2,000 

metric tonnes, which may contribute to the company’s “green” image and has potential to 

reduce local carbon taxes or garner government subsidies, depending on the location of the 

plant. For these reasons, we recommend the implementation of Proposal 3.3 over the 

current flu gas fan-cooling systems. 
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4.2 Concluding Remarks 

The goal of our value engineering workshop was to generate a design which would 

use the waste heat generated from the flu-gas cooling process, reducing the overall cost of 

operations of the plant. Using the tools offered by value engineering methodology we were 

able to systematically dissect the functions of the cooling process and in turn generate and 

evaluate several proposed solutions. With the invaluable help of our company 

representative, Ms. Audrey Bard, and by making practical, effective use of the value 

engineering techniques we were able to design and analyze a suitable proposal which 

meets or exceeds all of our initial criteria. 

Using the waste heat to pre-heat combustion air and dumping the remaining waste 

heat into nearby tailing ponds is expected to generate over $9 million in energy savings 

over a 25 year life cycle with a relatively low capital cost. As such, this proposal offers a 

very generous return on investment of ~25.8% over 25 years, and an IRR of ~32%. This 

proposal is also very reliable in its use of simple technology and straightforward logistics, 

and holds true with Bechtel’s excellent safety policies. 

The reduced consumption of natural gas provided by this proposal would reduce the 

plant’s CO2 emissions by over 2,000 metric tonnes per year, and the electricity saved by 

dumping the remaining heat into the nearby tailing ponds could be used to fabricate extra 

aluminum which would result in a further increase in company revenue. We believe this 

proposal to be an excellent method to handle the waste heat generated by the flu gas 

cooling process, and recommend its implementation to improve the efficiency of aluminum 

smelting plants. 
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5 APPENDICES 

5.1 Value Engineering 

 

Table 14 - Functional Performance Specifications 

Function 
Number Function Criteria Level 

Fl
e
x 

Comments 

1 Harness Energy     
 

  

1.1 Transfer Heat ΔT 
 ≥ 15 

C 
F
0 Maximize ΔT 

1.2 Transport Water 
Q (Volumetric 

Flow Rate) 

1 
m3/
min 

F
1 WHEN: Minimize heat loss 

1.2.1 Pump Water Pressure   
 

  
1.3 Use Water Directly     

1.3.1 
Minimize Personnel 
Intervention     

2 Reduce Operation Costs $   
 

  
2.1 Reduce Operations     

 
  

2.1.1 
Minimize Personnel 
Intervention Hours per year 0 

F
1   

2.2 Maintain System $ /year   
 

  
2.2.1 Simplify System     

 
  

2.2.1.1 Use Minimal Parts Number of parts N/A  
F
1   

2.2.1.2 
Maximize Standardized 
Parts 

Percent of total 
parts 80% 

F
2   

3 
Operate Process 
Continuously Hours per year 8760 

F
0   

3.1 Fulfills All Load Scenarios 
Max Return 

Temp  60 C  
F
1   

3.1.1 
Withstands Ambient 
Temperature Conditions 

Outside temp. 
Range 

-25 
to 

35° 
C 

F
0 Larger temp. Range OK 

3.1.2 Resists Thermal Expansion     
 

  

3.1.3 
Resists Corrosion, Frost, and 
Contamination # years   25 

F
2/
3   

4 Protects Workers     
 

  

4.1 Minimize Noise decibels (db) 
< 85 
dba 

F
2 

Only applies to areas where 
workers are present 

4.2 Warns about Danger (Alarm)     
 

  

4.2.1 Monitors System 
 All critical 

systems   
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4.3 Prevents Leaks (on workers)     
 

  

5 
Meets Environmental 
Permits & Regulations     

 
  

5.1 Minimize Liquid Effluents 
Temperature of 
tailing pond 

< 30 
C 

F
0 Full volume 

5,2 Control Quality of Effluents     
 

 

 

5.2 Prel iminary Concept Evaluation Details 

This section will go through the evaluation of all generated concepts: 

 

Table 15 - Concept Evaluation 

Concept Advantages Disadvantages 

Heating water for cafeteria and 
showers 

• High demand for hot water 

• Already existing infrastructure 

• Low maintenance 

• May not use all heat 

• Energy requirements vary 

with season 

Heat pitch for use in plant • Existing process in aluminum 

smelting 
• Not much available 

information 
• Does not significantly 

improve sustainability 

Preheating Combustion Gases in Cast 
House 

• Can replace natural gas 
• Important part of smelting process 
• Requires a lot of heat energy 

• Will require new 

infrastructure and piping 

Running pipes under roadways/lots to 
facilitate ice removal in winter 

 • Impractical 
• Very high investment costs 
• Will disrupt daily 

operations 
• Not necessary in summer 

Radiant heating of offices • All offices will require heating in 

winter 
• Will save a lot in heating bills  

• Requires rebuilding entire 

heating infrastructure 

• Not necessary in winter 

Charge a battery with steam to power 
on-site golf carts 

 • Only practical if electric 

carts are used 
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• Will not utilize all available 

energy 
• Not much demand 

Accelerate composting • Improves sustainability greatly 
• Reduces landfill wastes and 

greenhouse gases 

• Final product is fertilizer, 

which is of no use to 

smelter 

Accelerate composting and produce 
biogas 

• Improves sustainability greatly 
• Reduces landfill wastes and 

greenhouse gases 
• Produces biogas which can replace 

natural gas 

• Expensive to implement 
• Requires a lot of land 

 

Construct an on-site Laundromat • Smelter workers require clean 

overalls every-day, so demand is high 

 

• Will not utilize all available 

energy 
• Does not improve 

sustainability too much 

Construct a biomass boiler • Improves sustainability greatly 
• Reduces landfill wastes and 

greenhouse gases 

• No practical use for smelter 

Evaporate process water to minimize 
effluence 

  

Use heat to make fuel from oil in the 
cafeteria 

• Produces biofuel 

• Cafetaria produces organic waste 

everyday 

• Biofuel requires a lot of 

purification, which is 

expensive 
• Not much fuel can be 

obtained from only cooking 

oil 

Harvest energy to power desalination 
plant 

• Useful in desert and coastal regions 
• Can provide drinking water for 

community 

• Too expensive to 

implement 
• Only practical in areas 

without access to 

freshwater 

Waste heat pyrolysis (incineration 
method) 

 • Requires too high 

temperatures (500C) 
• Not possible with hot water 
• No practical use for smelter 

Convert heat to electricity with Kalina 
or Rankine Cycle 

• Widely used in industry • Efficiencies may not be 
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• Generates electricity – which is very 

useful 
• Can utilize all available heat 

very high 

• May be expensive 

Dump heat in  Tailing Pond • Can be used as a back up solution 

 

• Does not improve 

sustainability 

• Piping costs may be high 

Convert heat to electricity with Stirling 
Engine 

• Generates electricity – which is very 

useful 
• Can utilize all available heat 

• Efficiencies may be low 

• Not widely used in industry 

•  

Dehydration processes (evaporating 
water out of biofuel) 

• Produces biofuel 

• Cafeteria produces organic waste 

everyday 

• Biofuel requires a lot of 

purification, which is 

expensive 
• Not much fuel can be 

obtained from only cooking 

oil 
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5.3 Reference Case 

Calculat ion of costs for heat dissipat ion fan system 

The cost of implementing the entire heat dissipation fan system, including costs of 

piping and pumps is approximately $360,000 (source: industry data) 

The entire fan system requires around 480 kW of electricity to run. Using this 

information, the total amount of electricity required to run the system annually is: 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = 480𝑘𝑊 ∗ 365 𝑑𝑎𝑦𝑠 ∗ 24 ℎ𝑜𝑢𝑟𝑠 = 4,204,800 𝑘𝑊ℎ  

Using the cost of electricity of 6¢/kwH: 

𝐶𝑜𝑠𝑡𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 4,204,800 ∗ 0.06 = $252,288/𝑦𝑒𝑎𝑟  

Annual maintenance costs and costs associated with risk can be taken as a 

percentage of the annual investment costs, at 5% and 3%, respectively. The life of the fan 

system can be taken to be around 15 years. 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 =
$360,000
15 𝑦𝑒𝑎𝑟𝑠

= $24,000 

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 = 5% ∗ $24,000 = $1,200/𝑦𝑒𝑎𝑟 

𝑅𝑖𝑠𝑘 𝑐𝑜𝑠𝑡𝑠 = 3% ∗ $24,000 = $720/𝑦𝑒𝑎𝑟 

Therefore, the total operational costs: 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑠𝑡𝑠 = $252,288 + $1200 + $720 = $254,208 

𝑇𝑜𝑡𝑎𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑠𝑡𝑠 𝑖𝑛 15 𝑦𝑒𝑎𝑟𝑠 = $254,208 ∗ 15 = $3,813,120 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑎𝑝𝐸𝑥 𝑎𝑛𝑑 𝑂𝑝𝐸𝑥 𝑐𝑜𝑠𝑡𝑠 = $3,813,120 + $360,000 = $4,173,120 
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5.4 Using Heat for Plant Uti l it ies Calculat ions 

Data and Assumptions 

1. Minimum hot water usage scenario is 100 employees present showering after their 

shift, maximum hot water usage is 350 employees 

2. Allowance of a 20% increase to account for lavatories hot water used at end of shift  

3. A shower lasts 5 minutes. 

4. Minimum cold water temperature is 5°C. 

5. Average shower temperature is 40°C. 

6. Hot water heater setpoint is 60°C (to avoid occurrence of legionella) 

7. Minimum cafeteria occupancy is 175 workers per seating (3 seatings a day)  

8. Maximum shower head mass flow rate=8.33kg/min 

On-site Water Usage 

The following is a calculation of the maximum possible water usage for the smelting 

plant. 

For minimum water usage (100 employees):  

8.33
𝑘𝑔
𝑚𝑖𝑛

∗ 5𝑚𝑖𝑛 ∗ 100 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒 = 4165 𝐿 

For maximum water usage (350 employees): 

8.33
𝑘𝑔
𝑚𝑖𝑛

∗ 5𝑚𝑖𝑛 ∗ 350 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠 = 14 578 𝐿 

Based on a set point of 60°C, a minimum cold water temperature of 5°C and a shower 

temperature of 40°C,  the amount of hot water needed can be calculated as: 

𝑚1̇ ℎ1 + (𝑚3̇ − 𝑚1̇ )ℎ2 = 𝑚3̇ ℎ3 

where 

ℎ1 = 251.16
𝑘𝐽
𝑘𝑔

 ℎ2 = 21.11
𝑘𝐽
𝑘𝑔

 ℎ3 = 167.54
𝑘𝐽
𝑘𝑔

 

 

𝑚3̇ = 8.33 𝑘𝑔/𝑚𝑖𝑛 

 

→ hot water flow rate is m1= 5.3 kg/min. 
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The total maximum volume of hot water per shift for the minimum water usage can 

be approximated as: 

5.3
𝑘𝑔
𝑚𝑖𝑛

∗ 5𝑚𝑖𝑛 ∗ 100 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠 = 2 650 𝐿 

The maximum (350 employees) is: 

5.3
𝑘𝑔
𝑚𝑖𝑛

∗ 5𝑚𝑖𝑛 ∗ 350 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠 = 9 275 𝐿 

Use of lavatories 

Minimum (100 employees):  

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 ℎ𝑜𝑡 𝑤𝑎𝑡𝑒𝑟 ∗ 20% 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟 𝑢𝑠𝑎𝑔𝑒 = 2650 ∗ .2 = 530𝐿 

Maximum (350 employees): 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 ℎ𝑜𝑡 𝑤𝑎𝑡𝑒𝑟 ∗ 20% = 9 275 ∗ .2 = 1 855𝐿 

Total maximum hot water volume per shift for showers and lavatories: 

Minimum (100 employees):  

2650 + 530 = 3180𝐿 

Maximum (350 employees): 

9275 + 1855 = 11 130𝐿 

Hot water required for cafeteria  

The Quebec Code of Plumbing (Table A.1) states that the number of litres per day for 

a restaurant (cafeteria) serving 24hrs/day 

According to Dwyer Engineering, a medium-large sized restaurant uses 24 600L a 

day, and a small 24 hour fast food restaurant uses 11 000 L a day. Since workers have three 

meals a day, with a capacity of 270 people on average, the water usage can be 

approximated.24 A restaurant uses about 60% of water for food and has two serving periods 

(lunch & dinner). The other 40% is for cleaning costs which are probably fairly similar to 

our own. Therefore, the water usage at the plant  

24600(0.6)
2

∗ 3 + 24600(. 4) ≈ 32 000𝐿 
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Because the smelting plant is likely larger than the average medium-sized restaurant, the 

figure above was approximated to 35000 L.  

Assuming that half of the food and cleaning water is hot water we need another 17 500L of 

hot water. 

Total Hot Water Consumption in a 24-hour Period  

There are two shifts with showers and lavatory use and 3 meals (for minimum # 

employees) 

(2)3180 + 17500 = 𝟐𝟑 𝟖𝟔𝟎 𝑳 

The amount of water that can be heated with the proposed system must be calculated, and 

compared to an electrical heating system. To heat 23 860L of water in a day from 5C to 60C, 

the following heat energy is required; 

𝑄 = 𝑚𝐶𝑇 = (23860𝑘𝑔) �4.066
𝑘𝐽
𝑘𝑔𝐾

� (55) ≈ 5 300 000 𝑘𝐽 

On average, the heating rate should be: 

5500000𝑘𝐽
86400𝑠𝑒𝑐

= 62 𝑘𝑊  

Assuming electric heating (price for large consumers in Quebec according to hydro Quebec 

is 6¢/(kWH)) 

6¢

𝑘𝑊𝐻
∗ 62𝑘𝑊 ∗ 8760ℎ𝑟𝑠 = 32 450 $ 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

Costs 

Cost of Piping: 250$/m (with installation) 

Refitting the boiler room with a new heat exchanger and new piping lines: 100 000$ 

Piping Length:  

Distance from GTC to employee area 0.5km (must also consider return and leave a buffer) 

𝑃𝑖𝑝𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = (2 ∗ 0.5𝑘𝑚 + 0.1𝑘𝑚) × 250
$
𝑚

= 275 000$ 

Cost of Freight (6%)= 16 500$ 

Total Capital Costs= 391 500$ 
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Yearly Maintenance (1%) = 2 750$ 

Total yearly savings= 29 700$ 

The above gives a return on investment of 13.2 years. 

5.5 Stir l ing Engine Calculations 

Assumptions 

• Stirling Engine can achieve 75% of Carnot efficiency 

• Electrical efficiency is around 60%20 

• Electricity price is 6¢/kW-Hr21 

• Water temperature is 75o C 

• Water flow rate is 48 m3/min 

• Lifetime 15 years 

• Heat Capacity of water is 4.066 kJ/kg-K 

Breakdown of Calculations 

Our hot reservoir will have water initially at 75oC and as heat is extracted we drop 

our temperature until we reach 60oC.  

Our cold temperature reservoir (ambient air) has a temperature of 30 o C, assuming 

worst case operating conditions in the summer.  

Since the Stirling cycle closely follows the Carnot cycle the Carnot efficiencies 

between these operating temperatures will be calculated then adjusted for actual operating 

conditions. (until actual data on thermal efficiency is available)  

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 𝑚𝑎𝑥 = 1 −
𝑇𝐶
𝑇𝐻

= 1 −
303
348

= 12.9% 

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 𝑚𝑖𝑛 = 1 −
𝑇𝐶
𝑇𝐻

= 1 −
303
333

= 9.0% 

Average Carnot efficiency for engines operating from heat sources with temperature 

from 75oC (348K) to 60oC (333K) is 10.95%. Assuming that the actual engine, after 

considering inefficiencies, can actually only achieve 75% (value based on preliminary data) 

of the Carnot efficiency, giving us an actual thermal efficiency of 8.22%. 

Therefore if we drop our water temperature by 15oC and extract 8.22% of that 

thermal energy 
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�̇� = �̇�𝐶𝑇 = 48 000
𝑘𝑔
𝑚𝑖𝑛

∗  4.066
𝑘𝐽

𝑘𝑔 − 𝐾
∗ 15𝐾 = 48 𝑀𝑊 

𝑃 = 𝜂 ∗ �̇� = 8.22% ∗ 50.22𝑀𝑊 = 4.01𝑀𝑊 

With an electrical generator efficiency of about 60% we can gain about 2.4 MW of electrical 

energy. 

At electricity prices of 6¢/kW-Hr and with our generating capacity we can produce 

electricity worth 

6.0
𝑐𝑒𝑛𝑡𝑠

𝑘𝑊 − 𝐻𝑟
∗ 2400𝑘𝑊 ∗ 8760

𝐻𝑟
𝑦𝑒𝑎𝑟

= 1 300 000
$

𝑦𝑒𝑎𝑟
 

 

Cost 

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = 3000
$
𝑘𝑊

∗ 2400 𝑘𝑊 = 7 200 000$ 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 1
𝑐𝑒𝑛𝑡

𝑘𝑊 − 𝐻𝑟
∗ 2400𝑘𝑊 ∗ 8760

𝐻𝑟
𝑦𝑒𝑎𝑟

= 210 240
$

𝑦𝑒𝑎𝑟
 

This means we have a net revenue of 1 090 000$ per year and a return on our investment 

after 6.59 years. 

5.6 Biogas Calculations 

Data 
Table 16 - Data for Biogas Calculations 

No. of employees in smelter (Alcan, Alma)1 865 

Total population of Alma, QC 30,000 

Amount of sewage sludge produced per person per day 
(typical)2 0.01m3/person/day 

Amount of kitchen waste produced for a cafeteria (typical)3 0.272 kg/person/day 

Cafeteria serving in smelter 9 350 employees (3x a day) 

Amount of kitchen waste produced by a town (typical) 0.377 kg/person/day 

Average amount of biogas yield 4 0.1 m3/kg of organic waste 

Density of sewage sludge8 721 kg/m3 



50 
 
Density of kitchen waste (typical) 515 kg/m3 

Density of Biogas (60% methane)7 1.11 kg/m3 

Calorific value of biogas 26,332 kJ/kg 

Density of natural gas7 0.8 kg/m3 

Calorific value of natural gas 45,359 KJ/kg 

Smelter peak furnace combustion 2500 Nm3/her (natural 
gas) 

Cost of natural gas10 $0.171/m3 

Amount of electricity potential from biogas 2kWh/m3 

Cost of electricity $0.06/kWh 

Average life of a biogas plant 15 – 20  years 

Capital Cost for a biogas plant15  

 

Feasibil ity Study for In-House waste uti l izat ion 

Here, the possibility of using organic kitchen waste and sewage sludge from the 

smelter is studied. The amount of organic waste available is an approximation of the waste 

produced in a smelter such as the Rio Tinto Alcan smelter in Alma, QC. 

• Amount of sewage sludge available from smelter, per day: 

0.01𝑚3

𝑝𝑒𝑟𝑠𝑜𝑛/𝑑𝑎𝑦
∗ 865 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 = 8.65𝑚3/𝑑𝑎𝑦    (6237 𝑘𝑔/𝑑𝑎𝑦) 

• Amount of organic kitchen waste, per day: 

0.272
𝑘𝑔

𝑝𝑒𝑟𝑠𝑜𝑛/𝑑𝑎𝑦
∗ 350 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 = 95.2

𝑘𝑔
𝑑𝑎𝑦

      ( 0.185𝑚3/𝑑𝑎𝑦) 

• Total amount of organic waste, per day: 

6237𝑘𝑔 + 95.2 𝑘𝑔 = 6332 𝑘𝑔 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑤𝑎𝑠𝑡𝑒 𝑝𝑒𝑟 𝑑𝑎𝑦 

• Amount of biogas potential per day: 

6332
𝑘𝑔
𝑑𝑎𝑦

∗
0.1𝑚3

𝑘𝑔
= 633 𝑚3 𝑜𝑓 𝑏𝑖𝑜𝑔𝑎𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦 
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• Potential Energy of biogas, per day: 

633𝑚3 ∗
1.11𝑘𝑔
𝑚3 ∗ 26,332

𝑘𝐽
𝑘𝑔

= 18.5 𝑀𝐽/𝑑𝑎𝑦 

• Using a Hydraulic Retention Time (HRT) of 20 days, an upright standard bio-

digester can be used to process 8.835 𝑚
3

𝑑𝑎𝑦
 of organic waste. 

• Bio-digester capacity =  

20 𝑑𝑎𝑦𝑠 ∗ 8.835
𝑚3

𝑑𝑎𝑦
= 177 𝑚3 

This can be translated into a cylindrical bio-digester with a diameter of 10m and a height of 

2.25m.  
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  Study of heat utilization by biogas plant 

 

 

 

 

  

 

From the process flow diagram above, it can be seen that there are two stages that 

require energy analysis. The first stage is the ‘Pre-treatment’ phase, where the organic 

waste is sterilized in order to kill harmful pathogens. This is done by heating the organic 

waste at 55⁰C, for about 5 hours. We can assume there is perfect insulation in the pre-

treatment container, and hence, no heat loss. Let the ambient air temperature be Tair. 

 

 

 

 

 

 

Initially, the organic waste needs to be heated from ambient temperature to 55⁰C.  

Based on literature review, 5 hours is an acceptable duration to heat the waste to the 

required temperature. 

𝑞𝑤𝑎𝑠𝑡𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑊) =
𝑚𝐶𝑏.𝑤.∆𝑇
5ℎ𝑜𝑢𝑟𝑠

=
6332𝑘𝑔 ∗ 3.72 ∗ 103𝐽

𝑘𝑔−0C ∗ (55 − 𝑇𝑎𝑖𝑟)

5 ∗ 60 ∗ 60
   

Once, the required temperature is reached, it has to maintained for about 5 days. We can 

assume this case to be a steady state problem. 

Residue 
Feed Pre-

Treatment 
Digester 

Feed 

Biogas 

qin Pre-

Treatment  

m = 6332 Kg 

Tair 

Figure 10 - Process Flow for Heat Transfer Analysis of Biogas Production System 

Figure 11 - Thermodynamic Model of Pre-Treatment in Biogas Production 
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𝑞𝑤𝑎𝑠𝑡𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑊) =
𝑚𝐶𝑏.𝑤.𝑇
5ℎ𝑜𝑢𝑟𝑠

=
6332𝑘𝑔 ∗ 3.72 ∗ 103𝐽

𝑘𝑔−0C ∗ (550C)

5 ∗ 24 ∗ 60 ∗ 60
  =  3000𝑊 

 

𝒒𝒔𝒕𝒆𝒓𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 (𝑾) =  𝒒𝒘𝒂𝒔𝒕𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍 + 𝟑𝟎𝟎𝟎 

The next stage in the process is the digestion process. The feed flow is a continuous 

process, i.e. the digester is always full at any given time. So, we can assume that every day, 

the digester is fed at the daily rate, and a same amount of digested residue is rejected from 

the digester. So this can be posed as a steady-state problem. Also, because the daily feed 

rate is 20 times smaller than the digester capacity, we can neglect the heat required to bring 

the daily feed rate up to the required temperature of 550C (The older waste material is 

already maintained at this temperature). 

It is difficult to perform heat transfer analysis on a digester without the specific 

design parameters. Instead, it is possible to use an extreme case (most ideal case), in which 

the heat loss from the digester is maximum. The limiting case for this assumption is when 

the temperature outside the digester walls is the same as the temperature inside it (neglect 

temperature drops due to wall thickness). Although this assumption is not realistic, it is 

useful in giving us an idea of the maximum possible energy intake by the digester. In reality, 

the energy intake by the digester will be less. 

Generally, there will be heat loss from the outer surface and top of the digester to the 

air and from the bottom of the digester to the soil below. 
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𝑞𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒(𝑊) = ℎ𝑎𝑖𝑟 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑠𝑖𝑑𝑒 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 25
𝑊

𝑚2 − C
∗ (2 ∗ 𝜋 ∗ 𝑟 ∗ ℎ) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑤ℎ𝑒𝑟𝑒 𝑟 = 5𝑚,𝑎𝑛𝑑 ℎ = 2.25𝑚 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒(𝑊) = 1767 ∗ (550C −  𝑇𝑎𝑖𝑟) 

 

𝑞𝑙𝑜𝑠𝑠,𝑡𝑜𝑝(𝑊) = ℎ𝑎𝑖𝑟 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑡𝑜𝑝 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 25
𝑊

𝑚2 − C
∗ (𝜋 ∗ 𝑟2) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑞𝑙𝑜𝑠𝑠,𝑡𝑜𝑝(𝑊) = 1964 ∗ (550C −  𝑇𝑎𝑖𝑟) 

Assuming the soil temperature stays constant, at 100C, 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑜𝑖𝑙(𝑊) = ℎ𝑠𝑜𝑖𝑙 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑏𝑜𝑡𝑡𝑜𝑚 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 2.5
𝑊

𝑚2 − C
∗ (𝜋 ∗ 𝑟2) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑜𝑖𝑙(𝑊) = 196 ∗ (550C −  100C) = 8,836 𝑊 

qloss,soil 

qloss,sides qin 

qloss,top 

Organic Waste 

T = 550C 
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Hence,  

𝒒𝒊𝒏(𝑾) = 𝒒𝒍𝒐𝒔𝒔,𝒔𝒊𝒅𝒆 + 𝒒𝒍𝒐𝒔𝒔,𝒕𝒐𝒑 + 𝒒𝒍𝒐𝒔𝒔,𝒔𝒐𝒊𝒍 

 

In order to study the total heat utilization by the digester throughout the year, the 

heat used can be plotted as a function of the ambient air temperature. 

  

 

 

 

 

 

 

 

 

The above plot shows  that maximum heat is extracted from the hot water during 

extreme winter. The colder the ambient air temperature, the more energy that can be 

extracted. However, even during very cold climates, the maximum power input for the bio-

gas digester is only 450 kW. The total amount of available power from the hot water is 48 

MW. This means that the maximum effectiveness of the solution for extracting heat is only 

about 0.1%. 

 

Feasibil ity Study for Distr ict Waste Management  

Here, the possibility of using organic kitchen waste and sewage sludge from the 

entire community is studied. The amount of organic waste available is an approximation of 

the waste produced in a town such as Alma, QC. 

• Amount of sewage sludge available from town, per day: 

0.01𝑚3

𝑝𝑒𝑟𝑠𝑜𝑛/𝑑𝑎𝑦
∗ 30,000 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 = 300𝑚3/𝑑𝑎𝑦    (216,300 𝑘𝑔/𝑑𝑎𝑦) 
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• Amount of organic kitchen waste, per day: 

0.377
𝑘𝑔

𝑝𝑒𝑟𝑠𝑜𝑛/𝑑𝑎𝑦
∗ 30,000 𝑝𝑒𝑟𝑠𝑜𝑛𝑠 = 11,310

𝑘𝑔
𝑑𝑎𝑦

      ( 22 𝑚3/𝑑𝑎𝑦) 

• Total amount of organic waste, per day: 

216300𝑘𝑔 + 11310 𝑘𝑔 = 227610 𝑘𝑔 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑤𝑎𝑠𝑡𝑒 𝑝𝑒𝑟 𝑑𝑎𝑦 

• Amount of biogas potential per day: 

227610
𝑘𝑔
𝑑𝑎𝑦

∗
0.1𝑚3

𝑘𝑔. 𝑑𝑎𝑦
= 22,761 𝑚3 𝑜𝑓 𝑏𝑖𝑜𝑔𝑎𝑠 𝑝𝑒𝑟 𝑑𝑎𝑦 

• Potential energy from biogas produced, per day: 

22,761𝑚3 ∗
1.11𝑘𝑔
𝑚3 ∗ 26,332

𝑘𝐽
𝑘𝑔

= 6.65 ∗ 108𝑘𝐽/𝑑𝑎𝑦 

• Using a Hydraulic Retention Time (HRT) of 20 days, a large industrial bio-

digester can be used to process 322 𝑚3

𝑑𝑎𝑦
 of organic waste. 

• Bio-digester capacity =  

20 𝑑𝑎𝑦𝑠 ∗ 322
𝑚3

𝑑𝑎𝑦
= 6440 𝑚3 

This can be translated into a cylindrical bio-digester with a diameter of 15m and a height of 

36.4m.  

 

  Study of heat utilization by biogas plant 

The process flow diagram is identical to that shown in Figure 5. The calculation 

methodology for the scenario of using waste from the community is the same that followed 

for using only waste from the plant. 

 

 

 

 

qin Pre-

Treatment  

m = 227,610 

 

Tair 
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Energy needed to heat waste for 5 hours: 

𝑞𝑤𝑎𝑠𝑡𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑊) =
𝑚𝐶𝑏.𝑤.∆𝑇
5ℎ𝑜𝑢𝑟𝑠

=
227610𝑘𝑔 ∗ 3.72 ∗ 103𝐽

𝑘𝑔−0C ∗ (55 − 𝑇𝑎𝑖𝑟)

5 ∗ 60 ∗ 60
   

 

Energy needed to maintain this heat for 5 days: 

 

𝑞𝑤𝑎𝑠𝑡𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙(𝑊) =
𝑚𝐶𝑏.𝑤.𝑇
5ℎ𝑜𝑢𝑟𝑠

=
227610𝑘𝑔 ∗ 3.72 ∗ 103𝐽

𝑘𝑔−0C ∗ (550C)

5 ∗ 24 ∗ 60 ∗ 60
  =  107,800𝑊 

 

𝒒𝒔𝒕𝒆𝒓𝒊𝒍𝒊𝒛𝒂𝒕𝒊𝒐𝒏 (𝑾) =  𝒒𝒘𝒂𝒔𝒕𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍 + 𝟏𝟎𝟕,𝟖𝟎𝟎 

 

 

 

 

 

 

 

 

 

 

 

 

 qloss,soil 

qloss,sides qin 

qloss,top 

Organic Waste 

T = 550C 

Figure 12 - Biogas - Schematic of Pre-Treatment Phase 

Figure 13 - Heat Transfer for Biogas Plant 
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𝑞𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒(𝑊) = ℎ𝑎𝑖𝑟 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑠𝑖𝑑𝑒 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 25
𝑊

𝑚2 − C
∗ (2 ∗ 𝜋 ∗ 𝑟 ∗ ℎ) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑤ℎ𝑒𝑟𝑒 𝑟 = 7.5𝑚,𝑎𝑛𝑑 ℎ = 36.4𝑚 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑖𝑑𝑒(𝑊) = 42,883 ∗ (550C −  𝑇𝑎𝑖𝑟) 

 

𝑞𝑙𝑜𝑠𝑠,𝑡𝑜𝑝(𝑊) = ℎ𝑎𝑖𝑟 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑡𝑜𝑝 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 25
𝑊

𝑚2 − C
∗ (𝜋 ∗ 𝑟2) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑞𝑙𝑜𝑠𝑠,𝑡𝑜𝑝(𝑊) = 4418 ∗ (550C −  𝑇𝑎𝑖𝑟) 

Assuming the soil temperature stays constant, at 100C, 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑜𝑖𝑙(𝑊) = ℎ𝑠𝑜𝑖𝑙 ∗ 𝐴𝑠𝑢𝑟𝑓,𝑏𝑜𝑡𝑡𝑜𝑚 ∗ (550C −  𝑇𝑎𝑖𝑟) 

= 2.5
𝑊

𝑚2 − C
∗ (𝜋 ∗ 𝑟2) ∗ (550C −  𝑇𝑎𝑖𝑟) 

𝑞𝑙𝑜𝑠𝑠,𝑠𝑜𝑖𝑙(𝑊) = 441.8 ∗ (550C −  100C) = 19,880 𝑊 

Hence,  

𝒒𝒊𝒏(𝑾) = 𝒒𝒍𝒐𝒔𝒔,𝒔𝒊𝒅𝒆 + 𝒒𝒍𝒐𝒔𝒔,𝒕𝒐𝒑 + 𝒒𝒍𝒐𝒔𝒔,𝒔𝒐𝒊𝒍 
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Again, the heat vs. ambient air temperature can be plotted. 

 

 

 

 

 

 

 

 

 

 

The plot about shows that the maximum possible power input, which occurs at the 

height of winter, is around 8MW. On average the bio-digester can extract around 5.5MW of 

energy.  The total amount of available power from the hot water is 48 MW. This means that 

the maximum effectiveness of the solution for extracting heat is only about 11.5%. Hence, it 

can be concluded that this solution is not an effective stand-alone solution. 

 

 Savings and Costs Analysis (Distr ict Waste management) 

Case 1: Savings from replacing natural gas and diesel in furnace combustion 

 Amount of natural gas for equivalent amount of combustion energy: 
6.65 ∗ 108𝑘𝐽

45,358.95 𝑘𝐽/𝑘𝑔
= 14,661 𝑘𝑔 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 

 Cost of equivalent amount of natural gas: 
14,661𝑘𝑔
0.8𝑘𝑔/𝑚3 ∗

$0.171
𝑚3 = $3134/𝑑𝑎𝑦 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑟𝑒𝑝𝑙𝑎𝑐𝑖𝑛𝑔 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 = $1.1 𝑚𝑖𝑙𝑙𝑖𝑜𝑛/𝑦𝑒𝑎𝑟 

 Amount of diesel for equivalent amount of combustion energy: 
6.65 ∗ 108𝑘𝐽

44,800 𝑘𝐽/𝑘𝑔
= 14,844 𝑘𝑔 𝑑𝑖𝑒𝑠𝑒𝑙 

 Cost of equivalent amount of diesel: 

Figure 14 - Energy Input vs. Ambient Air Temperature 
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14,844𝑘𝑔
0.832𝑘𝑔/𝐿

∗ $1.3/𝐿 = $23,193/𝑑𝑎𝑦 

 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑟𝑒𝑝𝑙𝑎𝑐𝑖𝑛𝑔 𝑑𝑖𝑒𝑠𝑒𝑙 𝑓𝑢𝑒𝑙 = $8.5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛/𝑦𝑒𝑎𝑟 

 Case 2: Savings from generating electricity 

 Amount of electricity that can be generated from biogas production: 

22761𝑚3 ∗ 0.6 ∗
2𝑘𝑊ℎ
𝑚3 = 27,313 𝑘𝑊ℎ  

 Cost of equivalent amount of electricity: 

27,313𝑘𝑊ℎ ∗
$0.06
𝑘𝑊ℎ

= $1,639/𝑑𝑎𝑦 

 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 𝑓𝑟𝑜𝑚 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = $598,155/𝑦𝑒𝑎𝑟 

Capital costs and Break-even time 

 Total capital costs for entire biogas plant including installations: ~$ 8 million 
Using an approximate government investment grant of 40%, capital costs can 
be taken as $5 million. 
 

• Lifetime of biogas plant: ~ 20 years 
 

• Annual investment cost: $250,000 
 

• Annual Repair and investment costs (5% of annual investment cost):  

0.05 ∗
$ 5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛

20
= $12,500 

 

• Annual risk associated cost (3% of annual investment cost): 

0.03 ∗
$ 5𝑚𝑖𝑙𝑙𝑖𝑜𝑛

20
= $7500 

 

• Taking labour costs at $10/hr for 10 hours/week, annual labour costs: 
$10
ℎ𝑜𝑢𝑟

∗
10ℎ𝑜𝑢𝑟𝑠
𝑤𝑒𝑒𝑘

∗ 52
𝑤𝑒𝑒𝑘𝑠
𝑦𝑒𝑎𝑟

= $5200 

• Annual cost for supplies (~ 6% of annual investment cost): 
0.06 ∗ $5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛

20
= $15,000  

 

• Hence, annual capital and operating costs = $290,200 
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5.7 Preheating Combustion Air Calculat ions 

First, let’s find the mass flow rate of the natural gas. We are given the volumetric flow rate at:  

�̇�𝐶𝐻4 = 2500 𝑁𝑚3/ℎ𝑜𝑢𝑟 

Where Nm3 denotes “normal cubic meter.” Thus, using the ideal gas law, we get: 

𝑛𝐶𝐻4 =  
𝑃�̇�𝐶𝐻4
𝑅𝑇

=
(101325 𝑃𝑎) ∗ (2500 𝑁𝑚

3

ℎ𝑜𝑢𝑟)

�8.314 𝐽
𝑚𝑜𝑙 ∗ 𝐾� ∗ (273.15𝐾)

= 111,537.08
𝑚𝑜𝑙
ℎ𝑜𝑢𝑟

= 30.98
𝑚𝑜𝑙

𝑠𝑒𝑐𝑜𝑛𝑑
 

Multiply by the molar mass to get mass flow rate: 

�̇�𝐶𝐻4 = 30.98
𝑚𝑜𝑙
𝑠𝑒𝑐

�16.04
𝑔
𝑚𝑜𝑙

� = 0.497 
𝑘𝑔
𝑠𝑒𝑐

 

Next, let’s look at our combustion reaction. 

 

• Combustion Process 

Combustion Stoichiometry: 

CH4 + 2O2  2H2O + CO2 

Next, we take into account 20% excess air, and the un-reacted nitrogen present in the air: 

CH4 + 2*(1.20)*(O2 + 3.76 N2)  2 H2O + CO2 + 0.4 O2 + 9.024 N2 

Or: CH4 + 2.4 O2 + 9.024 N2  2 H2O + CO2 + 0.4 O2 + 9.024 N2 

From the first law of thermo dynamics, we have: 

 

0 =  −�̇�𝑜𝑢𝑡 + �𝑛�̇�ℎ𝑅��� −  �𝑛�̇�ℎ𝑃���
𝑃𝑅

 

Where the subscript ‘P’ denotes reaction products and ‘R’ denotes reactants. 

This gives us: 

 

�̇�𝑜𝑢𝑡 = �̇�𝐶𝐻4�ℎ𝑓
′ + 𝛥ℎ� + �̇�𝑂2�ℎ𝑓

′ + 𝛥ℎ� + �̇�𝑁2�ℎ𝑓
′ + 𝛥ℎ� − {[�̇�𝐶𝑂2�ℎ𝑓

′ + 𝛥ℎ� + �̇�𝐻2𝑂�ℎ𝑓
′ + 𝛥ℎ�

+ �̇�𝑂2�ℎ𝑓
′ + 𝛥ℎ� + �̇�𝑂2�ℎ𝑓

′ + 𝛥ℎ� + �̇�𝑁2�ℎ𝑓
′ + 𝛥ℎ�} 
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Where h’f is the standard enthalpy of formation. The enthalpy of formation of all reactants is 

zero, as well as for the air that did not take part in the combustion reaction. 

We can relate the molar flow rates to each other using stoichiometry. Putting everything in terms 

of the natural gas flow rate, we get: 

��̇�𝑂2�𝑅 = 2.4 ∗ �̇�𝐶𝐻4  

��̇�𝑂2�𝑃 = 0.4 ∗ �̇�𝐶𝐻4 

��̇�𝑁2�𝑅 = ��̇�𝑁2�𝑃 = 9.024 ∗ �̇�𝐶𝐻4 

��̇�𝐶𝑂2�𝑃 = �̇�𝐶𝐻4 

��̇�𝐻2𝑂�𝑃 = 2 ∗ �̇�𝐶𝐻4 

Going back to our energy balance equation and dividing by the molar flow rate of the natural gas, 

we get: 

�̇�𝑜𝑢𝑡
�̇�𝐶𝐻4

= 𝛥ℎ𝐶𝐻4 + 2.4 ∗ �𝛥ℎ𝑂2�𝑅 + 9.024 ∗ 𝛥ℎ𝑁2 − �ℎ𝑓′ + 𝛥ℎ�
𝐶𝑂2

− 2 ∗ �ℎ𝑓′ + 𝛥ℎ�
𝐻2𝑂

        

−   0.4 ∗ �𝛥ℎ𝑂2�𝑃 

Replacing changes in enthalpies with changes in temperatures, we get: 

�̇�𝑜𝑢𝑡
�̇�𝐶𝐻4

= 𝛥𝑇𝐶𝐻4 + 2.4 ∗ �𝛥ℎ𝑂2�𝑅 + 9.024 ∗ 𝛥ℎ𝑁2 − �ℎ𝑓′ + 𝛥ℎ�
𝐶𝑂2

− 2 ∗ �ℎ𝑓′ + 𝛥ℎ�
𝐻2𝑂

            

− 0.4 ∗ �𝛥ℎ𝑂2�𝑃 

 

Assume that the air and natural gas both enter the combustion chamber at ambient temperatures 

(Tamb) and that the natural gas is in gaseous form (i.e. not liquid). Pre-heating the air would, of 

course, simply raise the input temperature. We are not considering pre-heating the methane, so 

ΔTCH4 is zero. This gives us: 

�̇�𝑜𝑢𝑡
�̇�𝐶𝐻4

= 2.4 ∗ 𝐶𝑝,𝑂2 ∗ 𝛥𝑇𝑂2,𝑖𝑛 − 0.4 ∗ 𝐶𝑝,𝑂2�𝑇𝑂2,𝑜𝑢𝑡 − 𝑇𝑂2,𝑖𝑛� + 9.024 ∗ 𝐶𝑃,𝑁2 ∗ �𝑇𝑁2,𝑖𝑛 − 𝑇𝑁2,𝑜𝑢𝑡�

− ℎ𝑓,𝐶𝑂2
′ − 2 ∗ ℎ𝑓,𝐻2𝑂

′  

We want to consider the effect of pre-heating the input air, so let: 
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𝑇𝑂2,𝑖𝑛 = 𝑇𝑁2,𝑖𝑛 = 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 + 𝛥𝑇 

Where ΔT is the amount by which we raise the temperature of the input air through pre-heating. 

This gives us: 

�̇�𝑜𝑢𝑡
�̇�𝐶𝐻4

= �2.4 ∗ 𝐶𝑝,𝑂2 + 9.024 ∗ 𝐶𝑃,𝑁2� ∗ 𝑇𝑎𝑚𝑏 − ℎ𝑓,𝐶𝑂2
′ − 2 ∗ ℎ𝑓,𝐻2𝑂

′ + �2 ∗ 𝐶𝑃,𝑂2 + 9.024 ∗ 𝐶𝑃,𝑁2�

∗ 𝛥𝑇 

From the above equation, we see that increasing ΔT will increase Qout by a factor of: 

�̇�𝐶𝐻4�2𝐶𝑃,𝑂2 + 9.024𝐶𝑃,𝑁2�𝛥𝑇 

Thus, the heat is used directly, with no losses (assuming an ideal system). This added heat can be 

used to reduce the amount of natural gas need to reach the same output temperatures. 

 

• Is there enough gas flow to accommodate all our waste heat? 

From stoichiometry, we see that the air flow needed for the anode baking furnace is: 

�̇�𝑎𝑖𝑟 = �̇�𝑂2 + �̇�𝑁2 = 2.4 ∗ �̇�𝐶𝐻4 + 9.024 ∗ �̇�𝐶𝐻4 = 1.0394
𝑘𝑚𝑜𝑙
𝑠𝑒𝑐𝑜𝑛𝑑

 

Next, we use the molar mass to convert this into a mass flow rate: 

�̇�𝑎𝑖𝑟 = �28.966
𝑘𝑔
𝑘𝑚𝑜𝑙

� ∗ �1.0394
𝑘𝑚𝑜𝑙
𝑠𝑒𝑐𝑜𝑛𝑑

� = 30.11
𝑘𝑔

𝑠𝑒𝑐𝑜𝑛𝑑
= 1,806.4

𝑘𝑔
𝑚𝑖𝑛𝑢𝑡𝑒

 

For an ideal heat exchanger, the governing equation is: 

�̇�𝑡𝑜𝑡𝑎𝑙 ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�ℎ ∗ 𝑐ℎ�𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡� = �̇�ℎ ∗ 𝑐ℎ�𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛� 

Where the subscript ‘h’ denotes “hot” and subscript ‘c’ denotes “cold.” Here, we have: 

𝑐ℎ = 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 = 4.19
𝑘𝐽

𝑘𝑔 ∗ 𝐾
 

𝑐𝑐 = 𝑐𝑝,𝑎𝑖𝑟 = 1.011
𝑘𝐽

𝑘𝑔 ∗ 𝐾
 

For a perfect heat exchanger: 

𝑇ℎ,𝑜𝑢𝑡 = 𝑇𝑐,𝑜𝑢𝑡 

Also note that for us, 
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𝑇ℎ,𝑖𝑛 = 75 𝐶 = 348 𝐾 

In the summer, assuming the air enters at ambient conditions, we have: 

𝑇𝑐,𝑖𝑛 = 35𝐶 = 308 𝐾 

Re-arranging our heat exchanger equation, we get: 

𝑇𝑜𝑢𝑡

=
�984 𝑘𝑔

𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡 ∗ 48𝑢𝑛𝑖𝑡𝑠� �4.066 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (348𝐾) + �1,806.4 𝑘𝑔

𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (308𝐾)

�1,806.4 𝑘𝑔𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� + �984 𝑘𝑔

𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡 ∗ 48𝑢𝑛𝑖𝑡𝑠� �4.066 𝑘𝐽
𝑘𝑔 ∗ 𝐾�

 

𝑇𝑜𝑢𝑡 = 347.64 𝐾 = 74.64 𝐶 

Thus, the water has dropped in temperature only 0.36 degrees C. This corresponds to the 

following amount of energy: 

�̇�𝑡𝑜𝑡𝑎𝑙,ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�𝑤𝑎𝑡𝑒𝑟 ∗ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∗ 𝛥𝑇

= �984
𝑘𝑔

𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡
∗ 48𝑢𝑛𝑖𝑡𝑠� ∗ �4.066

𝑘𝐽
𝑘𝑔 ∗ 𝐾

� ∗ (75𝐶 − 74.64𝐶)

∗ �
1𝑚𝑖𝑛

60𝑠𝑒𝑐𝑜𝑛𝑑𝑠
� = 1,205.5 𝑘𝑊 

In the winter, we assume that Tambient = -25C = 248 K, and thus our Tout would be: 

𝑇𝑜𝑢𝑡 = 

�984 𝑘𝑔
𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡 ∗ 48𝑢𝑛𝑖𝑡𝑠� �4.066 𝑘𝐽

𝑘𝑔 ∗ 𝐾� (348𝐾) + �1,806.4 𝑘𝑔
𝑚𝑖𝑛� �1.011 𝑘𝐽

𝑘𝑔 ∗ 𝐾� (248𝐾)

�1,806.4 𝑘𝑔𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� + �984 𝑘𝑔

𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡 ∗ 48𝑢𝑛𝑖𝑡𝑠� �4.066 𝑘𝐽
𝑘𝑔 ∗ 𝐾�

 

= 347.01 𝐾 

= 74.01 𝐶 

This would give a total energy transfer of: 

�̇�𝑡𝑜𝑡𝑎𝑙,ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�𝑤𝑎𝑡𝑒𝑟 ∗ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∗ 𝛥𝑇

= �984
𝑘𝑔

𝑚𝑖𝑛 ∗ 𝑢𝑛𝑖𝑡
∗ 48𝑢𝑛𝑖𝑡𝑠� ∗ �4.066

𝑘𝐽
𝑘𝑔 ∗ 𝐾

� ∗ (75𝐶 − 74.01𝐶)

∗ �
1𝑚𝑖𝑛

60𝑠𝑒𝑐𝑜𝑛𝑑𝑠
� = 3,315.2 𝑘𝑊 
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• How much heat should we actually use? 

For an ideal heat exchanger, we had: 

�̇�𝑡𝑜𝑡𝑎𝑙 ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�ℎ ∗ 𝑐ℎ�𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡� = �̇�ℎ ∗ 𝑐ℎ�𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛� 

But we don’t want to transport ALL the water to the baking furnace, since only a small portion its 

available heat can be used. Let us re-calculate our figures, using a water mass flow rate of 3500 

kg/min. 

Re-evaluating our heat exchanger equation for summer conditions, we get: 

𝑇𝑜𝑢𝑡 =
�3500 𝑘𝑔

𝑚𝑖𝑛� �4.19 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (348𝐾) + �1,806.4 𝑘𝑔

𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (308𝐾)

�1,806.4 𝑘𝑔𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� + �3500 𝑘𝑔

𝑚𝑖𝑛� �4.19 𝑘𝐽
𝑘𝑔 ∗ 𝐾�

 

𝑇𝑜𝑢𝑡 = 343.57 𝐾 = 70.57 𝐶 

This corresponds to the following amount of energy: 

�̇�𝑡𝑜𝑡𝑎𝑙,ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�𝑤𝑎𝑡𝑒𝑟 ∗ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∗ 𝛥𝑇

= �3500
𝑘𝑔
𝑚𝑖𝑛

� ∗ �4.19
𝑘𝐽

𝑘𝑔 ∗ 𝐾
� ∗ (75𝐶 − 70.57𝐶) ∗ �

1𝑚𝑖𝑛
60𝑠𝑒𝑐𝑜𝑛𝑑𝑠

� = 1,082.7 𝑘𝑊 

 

In the winter, we assume that Tambient = -25C = 248 K, and thus our Tout would be: 

𝑇𝑜𝑢𝑡 =
�3500 𝑘𝑔

𝑚𝑖𝑛� �4.19 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (348𝐾) + �1,806.4 𝑘𝑔

𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� (248𝐾)

�1,806.4 𝑘𝑔𝑚𝑖𝑛� �1.011 𝑘𝐽
𝑘𝑔 ∗ 𝐾� + �3500 𝑘𝑔

𝑚𝑖𝑛� �4.19 𝑘𝐽
𝑘𝑔 ∗ 𝐾�

 

𝑇𝑜𝑢𝑡 = 336.92 𝐾 = 63.92 𝐶 

This would give a total energy transfer of: 

�̇�𝑡𝑜𝑡𝑎𝑙,ℎ𝑜𝑡→𝑐𝑜𝑙𝑑 = �̇�𝑤𝑎𝑡𝑒𝑟 ∗ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∗ 𝛥𝑇

= �3500
𝑘𝑔
𝑚𝑖𝑛

� ∗ �4.19
𝑘𝐽

𝑘𝑔 ∗ 𝐾
� ∗ (75𝐶 − 63.92𝐶) ∗ �

1𝑚𝑖𝑛
60𝑠𝑒𝑐𝑜𝑛𝑑𝑠

� = 2,708.1 𝑘𝑊 
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• Savings 

The cost of natural gas, in terms of dollar per unit energy, is given at: 

𝑃𝐶𝐻4 = $4.0 /𝐺𝐽 

Comparing this to our energy savings, using a heat exchanger efficiency of 90%, we get cost 

savings of: 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑠𝑢𝑚𝑚𝑒𝑟) = �1.0827 ∗ 10−3
𝐺𝐽
𝑠
� (90%)�4.0 

$
𝐺𝐽
� = $0.003898 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 

= $30,732 𝑝𝑒𝑟 𝑞𝑢𝑎𝑟𝑡𝑒𝑟 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑤𝑖𝑛𝑡𝑒𝑟) = �2.7081 ∗ 10−3
𝐺𝐽
𝑠
� (90%)�4.0 

$
𝐺𝐽
� = $0.009749 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑 

= $76,861 𝑝𝑒𝑟 𝑞𝑢𝑎𝑟𝑡𝑒𝑟 

 

This amounts to annual savings of approximately $215,000 per year. 

 

• Cost Analysis 

Flow capacity of 8in piping is estimated at: 

𝐹𝑙𝑜𝑤 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑝𝑖𝑝𝑒 ≅ 1000 
𝑈𝑆 𝐺𝑎𝑙𝑙𝑜𝑛𝑠
𝑚𝑖𝑛𝑢𝑡𝑒

= 3,785
𝑙𝑖𝑡𝑒𝑟𝑠
𝑚𝑖𝑛𝑢𝑡𝑒

 

Thus, a single 8” pipe should provide enough flow for combustion pre-heating purposes. 

The cost of piping is estimated at: 

𝑐𝑜𝑠𝑡 𝑜𝑓 8" 𝑝𝑖𝑝𝑖𝑛𝑔 ≅ $600 𝑝𝑒𝑟 𝑝𝑖𝑝𝑒,𝑝𝑒𝑟 𝑚𝑒𝑡𝑒𝑟 

Thus, the cost of running one 8” pipe a length of one kilometre is: 

𝑡𝑜𝑡𝑎𝑙 𝑝𝑖𝑝𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 ≅ ($600  𝑝𝑒𝑟 𝑚𝑒𝑡𝑒𝑟)(1000 𝑚𝑒𝑡𝑒𝑟𝑠) = $600,000 

Next, let’s examine the cost of heat exchangers. Most commercial heat exchangers are rated in 

terms of BTU per hour, so let’s convert our data to match that format: 

𝑀𝑎𝑥. 𝑝𝑜𝑤𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 ≅ 2900 𝑘𝐽 (𝑜𝑣𝑒𝑟𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑓𝑜𝑟 𝑠𝑎𝑓𝑒𝑡𝑦) 

= 2900𝑘𝐽 �
1 𝐵𝑇𝑈

1.055 𝑘𝐽
� �

3600 𝑠𝑒𝑐
1 ℎ𝑜𝑢𝑟

� = 9,895,735 
𝐵𝑇𝑈
ℎ𝑜𝑢𝑟
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As an example, the company Valutech offers a 240,000 BTU water-to-air heat exchanger for 

$280. We would need ~42 of these units for our purposes. Thus: 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟𝑠 = �
 9,895,735 𝐵𝑇𝑈

240,000𝐵𝑇𝑈 𝑢𝑛𝑖𝑡⁄ � ($280 𝑢𝑛𝑖𝑡⁄ ) = $11,760 

We must also include instillation costs (~12% of IC) and cost of contingencies/redundancies 

(~15% of IC) for safety. 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟𝑠 = ($11,760)(1 + 0.12 + 0.15) ≅ $15,000 

This brings our total capital cost up to $615,000. We must also account for maintenance costs of 

the system, which can be estimated at 2% of the capital cost annually, since the system should 

not be operations or maintenance intensive. 

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡𝑠 = ($615,000)(2%) = $12,300 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 

This brings our annual revenues to just above $200,000 annually, and a payback period of only 3 

years. 
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