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Abstract 

In cold climates, mine air conditioning systems are essential for preventing liners and 
shaft components from freezing. Traditionally, fossil fuel burners are used to heat intake 
air, resulting in high energy consumption and significant greenhouse gas emissions. As 
part of efforts to reduce both environmental impacts and energy use, mining companies 
are increasingly adopting innovative solutions, such as heat recovery systems. These 
systems offer a promising approach to significantly reduce energy demand for 
underground mine heating. This study evaluates several heat recovery technologies 
including exhaust air, water, hybrid exhaust air–water, diesel exhaust, jacket water, and 
hybrid diesel exhaust–jacket-water systems, through numerical modeling. Two case 
studies are presented: a grid-connected mine in British Columbia with moderately cold 
conditions, and an off-grid mine in the Northwest Territories, which experiences Arctic 
climate extremes. Results show that heat recovery can reduce heating costs by up to 89% 
in British Columbia and as much as 90% in the Northwest Territories, depending on the 
system applied. The findings also demonstrate substantial associated carbon emission 
reductions. Furthermore, a comprehensive feasibility analysis was carried out to evaluate 
the thermodynamic performance, financial savings, and carbon emission reductions of 
these systems across various mining operations, offering a preliminary assessment of their 
potential for mining settings. 
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1. Introduction 
In cold-climate regions such as Sweden, Norway, and Canada, where temperatures 

can plummet below freezing during the fall and winter, mining operations face significant 
challenges. Canada alone has approximately 1200 mining sites, including those in remote 
Arctic areas where temperatures can reach as low as −40 °C. These extreme conditions 
require careful management, particularly in maintaining mine infrastructure and 
providing a safe working environment for employees. One of the key challenges is the 
need to pre-heat intake air to at least +3 °C (and in some cases +5 °C) to prevent freezing 
in downcast ventilation shafts [1]. This pre-heating process is crucial for maintaining safe 
ventilation systems, but it creates a substantial thermal energy demand due to the high 
volume of air intake, often falling within the range of 1 to 2 million cubic feet per minute 
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(CFM). To supply the necessary thermal energy, conventional fossil fuels, such as diesel, 
propane, and natural gas are frequently relied upon. This reliance on fossil fuels results in 
significant operational costs, especially in colder regions such as the Northwest 
Territories, where annual heating expenses can run into millions of CAD dollars. 
Moreover, the extensive reliance on fossil fuels for air pre-heating contributes to high 
carbon emissions, presenting environmental challenges for mining operations in cold 
climates. These emissions not only impact the local environment but also add to the global 
carbon footprint, pushing the need for more sustainable energy solutions in the mining 
industry. 

The La Ronde Mine in Quebec and the Williams Mine in Ontario serve as valuable 
case studies for evaluating the economic and environmental implications of heating intake 
air in mining operations. As shown in Figure 1, ambient air temperatures at both mines 
frequently drop below the critical limit of +3 °C during the months from October to May, 
necessitating the heating of ventilation air to maintain safe and operational conditions 
underground. Cost estimates for preconditioning intake air at these mines, based on a 
fossil fuel price of CAD 13 per gigajoule of thermal energy, are detailed in Table 1. The 
annual pre-heating costs are estimated at CAD 2.01 million for the Williams Mine and 
CAD 3.38 million for the La Ronde Mine. Additionally, the associated carbon emissions 
are projected to be 7500 tonnes per year for the Williams Mine and 12,600 tonnes per year 
for the La Ronde Mine. These calculations are derived from data provided by 
Environment Canada [2]. Table 1 serves as an example of the significant heating 
requirements faced by numerous mining operations in Canada and globally, where cold 
climates create a substantial demand for intake air pre-heating, resulting in high 
operational costs and significant environmental impacts. 

Table 1. Examples of annual intake air heating costs for Canadian mines, calculated based on a rate 
of CAD 13 per GJ of heat. 

Mine Location Airflow Rate (cfm) Heating Costs (M CAD) CO2 Emission 
(Tonnes/Year) 

Williams Mine, Ontario, Canada 1.5 × 10଺ 2.01 7500 
La Ronde Mine, Quebec, Canada 1.7 × 10଺ 3.38 12,600 

 

Figure 1. Climatic data records for the Williams Mine and La Ronde Mine [2]. 

While mines invest substantial amounts of money in heating intake air, they discard 
significant amounts of heat as waste into the environment. The utilization of waste heat 
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recovery for mine ventilation air pre-conditioning can substantially cut the expensive 
costs associated with heating the intake air. In Canada, the adoption of heat recovery 
technologies in mining operations dates back several decades and has gained increasing 
relevance as mining activities shift deeper below ground in colder regions due to the 
depletion of easily accessible surface ore bodies. This trend is likely to prompt further 
consideration of heat recovery solutions among underground mining operations in frigid 
environments. Although mining companies often keep the specifics of these systems 
confidential, several installations over the past 20 years have demonstrated both 
environmental and financial advantages. A notable example is the Macassa Mine in 
Ontario, where a hybrid system captures waste heat from mine water and from the 
cooling circuit of an air compressor, subsequently transferring this energy to warm the 
incoming air [3]. Comparable implementations exist at the Lockerby, Strathcona, and 
Kidd Creek mines in Northern Ontario, where air compressor waste heat is repurposed 
through heat exchangers, resulting in peak thermal recovery outputs of 1.46 MW, 2.93 
MW, and 5.86 MW, respectively [4]. These examples demonstrate the practical 
implementation and success of heat recovery systems (HRS) in Canadian mines, further 
underscoring their significance in improving energy efficiency and sustainability in the 
mining industry. 

Creighton Mine, operated by Inco in Sudbury, Ontario, marked a pioneering effort 
in Canada by introducing an exhaust-air heat recovery system for mining operations. The 
system featured two main components: a heat extraction setup positioned near the 
exhaust shaft and a heat distribution unit located at the intake shaft. Thermal energy was 
extracted using a direct-contact exchanger, while a fin-and-tube exchanger was employed 
to deliver the recovered thermal energy to pre-warm incoming ventilation air. This system 
successfully reclaimed approximately 1.5 megawatts of thermal energy from the exhaust 
airflow. Despite its innovative design, the system encountered persistent operational and 
maintenance challenges, ultimately leading to its decommissioning in 1970 [4]. In 1968, 
Strathcona Mine in northern Ontario introduced an integrated heat recovery system that 
utilized both exhaust air and compressor cooling sources. This dual approach enabled the 
facility to reclaim approximately 8.8 megawatts of thermal energy from the exhaust 
ventilation and an additional 2.9 megawatts from the heat generated by air compressor 
operations [5]. The system was eventually shut down due to corrosion issues, as the heat 
exchanger coils lacked protective coating and deteriorated over time. Building on the 
concept pioneered at Strathcona Mine, the Kiena Mine in Dubuisson, Quebec, 
implemented an improved version featuring coated heat exchanger coils to enhance 
durability. This upgraded setup incorporated a recirculating glycol loop to extract thermal 
energy from exhaust air and transfer it to incoming ventilation stream at the intake shaft. 
With a capital investment of CAD 760,000, the system delivered annual energy cost 
savings of approximately CAD 137,000, establishing it as a highly economical heat 
recovery solution in Canada’s mining sector [6]. Building on the success of earlier projects, 
the Williams Mine in northwest Ontario’s Hemlo area installed a heat recovery system 
utilizing coated coils within its heat exchangers. The system was engineered to reclaim 
heat from multiple sources, including exhaust ventilation, compressor intercoolers and 
aftercoolers, as well as water circuits throughout the mine. An evaluation conducted by 
V.B. Cook Co. Limited (Thunder Bay, ON, Canada) estimated that the total capital 
expenditure for the project was CAD 1.7 million. With projected annual energy savings of 
approximately CAD 500,000, the system achieved a payback period of 3.8 years when 
adjusted for the time value of money. This initiative stands out as one of the most 
impactful heat recovery initiatives in Canada’s mining industry, highlighting its potential 
to significantly enhance energy efficiency while reducing environmental footprint [7]. 
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Research on the design and implementation of HRS in mining remains limited, even 
though such systems have been widely explored in industries including power generation 
[8–12], steel [13–16], textile [17], drying [18,19], data center [20–22], petrochemical [23,24], 
cement [25–27], and ceramics [28]. One of the earliest studies in this field was conducted 
by Joy, who explored the feasibility of using heat pipes to transfer thermal energy between 
from outgoing ventilation to incoming fresh air streams. The system, which employed 
phase-change circulation of a working fluid for heat exchange, was effective but faced 
challenges when the outgoing and incoming airways were situated far apart [29]. Building 
on Joy’s research, Hall et al. [30] investigated controlled air recirculation at the Rocanville 
site operated by PotashCorp in Saskatchewan. In this case, the outgoing air stream 
contained minimal contaminants and dust, making it suitable for recirculation. This 
approach significantly reduced intake airflow, resulting in substantial savings in heating 
costs and carbon emissions during the winter months. Further research by Bao et al. [31] 
focused on the economic potential of mine waste heat recovery technologies, including 
systems designed to harness thermal energy from mine ventilation exhaust. While they 
acknowledged high initial investment costs, their study projected potential savings of 
approximately 6.3 million Chinese Yuan (approximately CAD 1.2 million) within a 10-
year period. Zhu [32] also contributed to the field by proposing a heat exchange solution 
for capturing thermal energy from outgoing mine ventilation. However, the study 
highlighted installation challenges due to space constraints. More recently, Sbarba et al. 
[6,33] developed a software tool using Microsoft Excel to evaluate the feasibility of mine 
exhaust-air heat recovery. Their findings indicated that lower fuel costs and increased 
spacing between the air intake and outlet systems would lead to longer return-on-
investment periods for such projects. 

Although limited in number, previous studies have highlighted both the potential 
benefits and the challenges of applying HRS in mining operations, while also emphasizing 
issues related to system design and implementation. However, to the best of the authors’ 
knowledge, no comprehensive study has been conducted that reviews and compares the 
full range of HRS for underground mining operations in cold climates. To address this 
gap, the present study reviews and synthesizes findings from both the authors’ prior 
research and other relevant publications on underground mine heat recovery systems. 
The objective is to evaluate the applicability and performance of various HRS including 
exhaust air, water, combined exhaust air and water, diesel exhaust, jacket water, and 
hybrid diesel exhaust and jacket-water recovery systems in the context of underground 
mines operating in cold-weather conditions. The study also seeks to examine the 
feasibility of these systems in real-world contexts by presenting two Canadian case 
studies: a grid-connected mine in British Columbia exposed to moderately cold weather, 
and an off-grid mine in the Northwest Territories that experiences Arctic climate 
extremes. Beyond the case-specific results, a broader feasibility analysis has been carried 
out to estimate thermodynamic performance, financial benefits, and carbon savings across 
different mining operations. In doing so, the paper contributes new insights into the role 
of HRS as potential pathways for decarbonization in the mining sector. 

2. Potential HRS in Underground Mines 
Heat recovery systems are becoming increasingly important in underground mining 

operations due to their potential to enhance energy efficiency, reduce operational costs, 
and minimize environmental impact. Underground mines typically consume large 
amounts of energy, primarily for ventilation, heating, and equipment operation [34]. 
Consequently, the integration of HRS offers a promising solution to reclaim waste heat 
and repurpose it for various operational needs. Several types of HRS can be implemented 
in underground mines, each with unique advantages and applications. These systems 
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harness waste heat from different sources, such as mine exhaust air, mine water, and the 
exhaust and jacket-water of diesel generators. By reclaiming this waste heat, mines can 
significantly lower their energy consumption, improve their environmental footprint, and 
enhance overall sustainability. In this study, different HRS for underground mines and 
their potential were analyzed, including: 

a. Exhaust-Air Heat Recovery (EAHR) 
b. Water Heat Recovery (WHR) 
c. Exhaust-Air and Water Heat Recovery (EAWHR) 
d. Jacket-Water Heat Recovery (JWHR) 
e. Diesel-Exhaust Heat Recovery (DEHR) 
f. Diesel-Exhaust and Jacket-Water Heat Recovery (DEJWHR) 

These six systems; exhaust air, water, combined exhaust air–water, diesel exhaust, 
jacket water, and combined diesel exhaust–jacket water were selected because they 
represent the most practical and technically feasible sources of recoverable heat in 
underground mining operations. They encompass both low-grade and high-grade waste 
heat sources that have been either demonstrated in operational mines or extensively 
analyzed in prior literature. Other potential heat sources, such as refrigeration exhaust or 
geothermal exchange, were considered but excluded due to their site-specific or limited 
applicability to cold-climate conditions. The classification also reflects opportunities for 
hybridization, where combining complementary heat sources (e.g., exhaust air with mine 
water) maximizes recovery potential and improves overall system efficiency. 

2.1. Exhaust-Air Heat Recovery System 

Underground mining environments tend to exhibit elevated exhaust-air 
temperatures compared to incoming fresh air, primarily due to accumulated heat from 
geological formations, ventilation machinery, electrical systems, combustion engines, and 
the natural compression of air at depth. As mining operations extend deeper, this thermal 
disparity becomes more pronounced. For example, recorded temperatures of outgoing air 
at Quebec’s La Ronde mine have reached approximately +18 °C [6,33]. This thermal 
gradient creates a promising opportunity to implement exhaust-air heat recovery (EAHR) 
systems. By capturing residual heat from outgoing air, such systems can support the pre-
conditioning of incoming ventilation air, thereby decreasing dependency on conventional 
fossil-fuel-based heating methods. 

Figure 2 depicts the EAHR schematic, comprising two modules: an exhaust-side 
heat-capture unit and an intake heat-delivery coil linked by a closed water–glycol loop. In 
the capture module, cool glycol 𝑇௚,ଵ enters a finned-tube heat exchanger (HX), absorbs 
heat from the outgoing air stream 𝑇௘,ଵ, and exits at 𝑇௚,ଶ. The fluid then flows through the 
inter-shaft piping, where modeled line losses reduce its temperature before it reaches the 
intake coil at 𝑇௚,ଷ < 𝑇௚,ଶ. In the delivery module, the loop transfers heat to the incoming 
ventilation air, raising it from 𝑇ୟ୫ୠ toward the target setpoint 𝑇୫୧୬; the glycol leaves at 𝑇௚,ସ  and returns to the capture side to complete the cycle. During very cold periods, 
recovered heat alone may be insufficient, so a supplementary burner provides the shortfall 
to maintain the intake setpoint. To prevent frost formation and maintain safe operation 
on the exhaust-side HX, a bypass valve mixes a portion of hot glycol with the cold stream, 
keeping the outlet above a prescribed minimum temperature. The model explicitly 
includes these heat-transfer processes and line-loss effects between shafts. 
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Figure 2. Schematic view of an exhaust-air heat recovery system. 

A fully coupled thermodynamic simulation was developed to quantify the cost and 
environmental benefits of the EAHR system. Figure 3 shows the flow diagram of the 
custom code, which solves the system performance using mine airflow requirements, 
exhaust-air properties (dry- and wet-bulb), and a time series of outside air temperature 
(daily, hourly, or 10-min resolution). 

For heating conditions (𝑇ୟ୫ୠ < 𝑇୫୧୬ ), the solver initializes 𝑇௚,ଵ଴   (glycol inlet to the 
capture HX) and 𝑇୵ୟ୪୪ . It then solves the coupled balances to obtain 
upstream/downstream mean temperatures on both air and glycol sides, updates the HX 
wall temperature, and iterates until a convergence tolerance of 10ିଷ  is met. With the 
capture-side outlet known, pipeline heat losses are applied to determine the delivery-side 
inlet 𝑇௚,ଷ଴ ; heat-exchanger relations then give the delivery outlet 𝑇௚,ସ଴  and the return 𝑇௚,ଵ଴ . 
The procedure repeats until convergence and is executed across the entire ambient 
temperature record. Full governing equations and parameters are provided in [35,36]. 
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Figure 3. Flowchart illustrating the conceptual framework of the proposed EAHR model. 

2.2. Water Heat Recovery System 

Certain mining operations extract significant volumes of water to the surface to 
prevent flooding. Temperature and flow rate of water pumped to the surface from a 
typical underground mine can vary based on factors such as the location, depth, size, and 
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local geological conditions of the mine. In many underground mines, water that is 
pumped to the surface is often at a relatively constant temperature. This is because the 
water typically comes from underground aquifers, which tend to have a stable 
temperature that is influenced by the local geothermal gradient. As a rough estimate, the 
temperature of water pumped from underground mines often falls within the range of 
10 °C to 25 °C (50 °F to 77 °F). However, this can vary. In deeper mines, where 
temperatures can be higher due to the geothermal gradient, the water temperature might 
be somewhat warmer, but it is unlikely to be excessively hot [37–39]. In underground 
mining, water management is a critical aspect of operations. Mines typically encounter 
various sources of water, including groundwater, inflow from surrounding rock 
formations, and process water used in mining activities. The flow rate of water pumped 
to the surface is determined by the need to control water levels underground and maintain 
safe working conditions. As a rough estimate, the flow rate of water pumped from 
underground mines can range from several hundred liters per minute (LPM) to several 
thousand LPM. In larger and deeper mines, the flow rates can be even higher [37,40–42]. 

If a substantial quantity of this water is pumped, there is potential to harness a 
portion of the thermal energy present within the water using a mine-water heat recovery 
(WHR) system. The extent of recoverable heat hinges on factors such as the rate of water 
flow and its specific temperature. Typically, mine water exhibits high levels of impurities 
and acidity. To mitigate these issues and facilitate ease of maintenance, a plate heat 
exchanger is employed for heat transfer. This choice minimizes fouling concerns. In 
situations where direct passage of mine water through coils is considered, this approach 
necessitates costly maintenance and the utilization of robust, corrosion-resistant materials 
due to the water’s high acidity. This leads to a reduction in heat transfer efficiency. 
Consequently, a more practical solution involves using a secondary medium, such as an 
ethylene glycol mixture, to absorb thermal energy from the mine water and subsequently 
convey it to the incoming air stream of the mine. To guarantee the efficacy of this system, 
sensors and controlled valves are integrated to allow for bypassing the intake coils when 
temperatures are low, ensuring that the water never approaches freezing point. This 
precaution is essential to prevent operational issues due to freezing. 

Figure 4 shows the WHR schematic. Mine water transfers heat to an ethylene–glycol 
loop via a plate heat exchanger at the water outlet; the warmed glycol then pre-heats 
intake air through a fin-and-tube coil at the intake shaft. Sensors and controlled bypass 
valves protect the intake coil during low-temperature events to prevent freezing. In very 
cold conditions, recovered heat may be insufficient, so a fossil-fuel burner supplements 
the shortfall. The model also accounts for thermal losses along the pipeline linking the 
two exchangers. 
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Figure 4. Schematic view of a water heat recovery system. 

Figure 5 shows the modeling workflow used to evaluate the WHR system. This study 
implements a fully coupled thermodynamic solver to quantify economic and 
environmental performance using the mine airflow setpoint, mine-water temperature and 
flow rate at surface, and an ambient-temperature time series (daily, hourly, or 10-min). 

For heating conditions ሺ𝑇ୟ୫ୠ < 𝑇୫୧୬ሻ, the algorithm initializes the glycol inlet to the 
capture exchanger ሺ𝑇௚,ଵ଴ ሻ (and, if required, the capture-HX wall temperature), solves the 
coupled water–glycol exchanger balances to obtain upstream/downstream mean states 
(including 𝑇௚,ଶ), applies pipeline heat losses to determine the delivery-side inlet 𝑇௚,ଷ, and 
uses standard HX relations to compute the delivery outlet 𝑇௚,ସ and the returning inlet 𝑇௚,ଵ , closing the loop. Iterations proceed to a 10ିଷ  convergence tolerance and the 
procedure is repeated across the entire ambient record. The model reports recovered heat, 
intake-air temperature, burner duty, and auxiliary effects (including pressure-loss-
induced pumping/fan power). Full governing equations, parameter values, and 
validation are provided in [43]. 
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Figure 5. Flowchart illustrating the conceptual framework of the proposed WHR model. 

2.3. Exhaust-Air and Water Heat Recovery System 

Underground mines offer various sources of waste heat, and the availability of these 
heat sources depends on the specific characteristics of each mining site. In some cases, 
these waste heat sources can be effectively integrated into a heat recovery system 
alongside other potential sources. Previous implementations of alternative pre-heating 
systems in various Canadian mines have demonstrated the feasibility of combining 
multiple waste heat sources. For instance, at the Strathcona Mine in Northern Ontario, a 
system successfully recovered 11.7 MW of thermal power by harnessing heat from 
compressors and exhaust-air streams [5,6]. Another example is the Williams Mine in 
Northwest Ontario, where a heat-recovery arrangement utilized heat-exchange units 
fitted with corrosion-resistant coated coils. This system captured thermal energy from 
various sources, including mine discharge water, ventilation exhaust, compressor 
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intercoolers, and aftercoolers, an installation regarded as one of the leading examples of 
heat-recovery implementations in Canada’s mining sector [6,7]. 

Figure 6 shows the combined Exhaust-Air and Water Heat Recovery (EAWHR) 
system. An ethylene–glycol loop recovers heat from mine water via a plate heat exchanger 
and from exhaust air via a fin-and-tube exchanger, then delivers this heat to the intake 
through a fin-and-tube coil at the shaft. Sensors and controlled bypass valves protect the 
intake coil during low-temperature events and maintain performance. In severe cold, 
recovered heat may be insufficient—a fossil-fuel burner supplies the shortfall. The model 
also accounts for pipeline heat losses between the exchangers. 

 

Figure 6. Schematic view of an exhaust-air and water heat recovery system. 

Figure 7 shows the modeling workflow used to evaluate the EAWHR system. A fully 
coupled thermodynamic model quantifies cost and environmental performance using the 
following inputs: mine airflow requirement, mine-water temperature and flow rate at 
surface, exhaust-air dry- and wet-bulb temperatures, and an ambient-temperature time 
series (daily, hourly, or 10-min). 

For heating conditions ሺ𝑇ୟ୫ୠ < 𝑇୫୧୬ሻ , the solver initializes the glycol inlet to the 
mine-water capture HX ሺ𝑇௚,ଵ଴ ሻ , solves the coupled water–glycol balances to obtain 
upstream/downstream temperatures (including 𝑇௚,ଶ), and applies pipeline heat losses to 
obtain the inlet to the exhaust-air capture HX ሺ𝑇௚,ଷ଴ ሻ. It then iterates on the exhaust-HX 
wall temperature ሺ𝑇୵ୟ୪୪ሻ  using mean air- and glycol-side states until convergence at 10ିଷ, establishing the exhaust-side outlet. After additional pipeline losses, the delivery-
side inlet ሺ𝑇௚,ହ଴ ሻ is computed; standard HX relations yield the delivery outlet ሺ𝑇௚,଺଴ ሻ and 
the return to the mine-water capture unit ሺ𝑇௚,ଵሻ, closing the loop. The sequence repeats to 
convergence and is executed across the entire ambient record. Detailed equations, 
parameters, and validation are provided in [44]. 
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Figure 7. Flowchart illustrating the conceptual framework of the proposed EAWHR model. 

2.4. Jacket-Water Heat Recovery System 

In remote regions with limited access to materials, often confined to a few weeks 
annually via a winter road, mining operations face the necessity of utilizing diesel or 
heavy oil as the primary fuel for both power generation systems (diesel gen-sets) and air 
heating furnaces. Diesel generators, employed for off-grid power generation, exhibit an 
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overall thermal efficiency of approximately 35%, signifying that only one-third of the 
energy input is converted into electricity, while the rest is dissipated as heat through 
various channels. Depending on the size and operational load factor of diesel-based 
power generation units, roughly 31–41% of the waste heat is expelled through the exhaust, 
and about 25% is dissipated through the jacket water, responsible for cooling the cylinder 
wall of the diesel generator to maintain optimal operating conditions. For every megawatt 
of power generated by diesel generators, the jacket water holds an available thermal 
energy range of ~231.5–739.7 kW, with a mass flow rate of ~9.88–15.64 kg/s (dependent on 
the engine load) and a temperature range of ~74–84 °C. Meanwhile, in the context of 
remote Canadian mines, extensive power plants are deployed to meet the operational 
power requirements. When considering a Canadian metal mine with an annual 
production of one million tonnes, the average power demand is estimated at 21 MW. This 
necessitates the use of numerous large diesel generators for electricity generation, 
resulting in the constant dissipation of a substantial amount of heat [45]. Given the 
substantial amount of heat available at elevated temperatures, the potential for jacket-
water heat recovery (JWHR) in these generators becomes evident, particularly for 
applications such as intake air heating in remote, cold mines. 

Figure 8 shows the jacket-water heat recovery (JWHR) schematic. Engine jacket water 
transfers heat to an ethylene–glycol loop via a heat exchanger at the jacket-water outlet; 
the warmed glycol then pre-heats intake air through a fin-and-tube coil at the shaft. To 
meet diesel engine lubrication/combustion limits, the recovered heat is capped at ~231.5–
739.7 kW per MW of electrical output (Shu et al. [46,47]). The system is integrated into the 
existing cooling circuit without materially altering engine block temperature, and a 
modulating bypass in the jacket-water branch maintains the permitted heat draw. In 
extremely cold conditions, a fossil-fuel burner supplements any remaining pre-heating 
demand. 

 

Figure 8. Schematic view of a jacket-water heat recovery (JWHR) system. 

Figure 9 shows the modeling workflow for the jacket-water heat-recovery (JWHR) 
system. A fully coupled thermodynamic solver steps through the ambient-temperature 
record; when 𝑇ୟ୫ୠ < 𝑇୫୧୬ (heating required), it initializes the glycol inlet to the capture 
exchanger ሺ𝑇௚,ଵ଴ ሻ and solves the coupled balances on the glycol and jacket-water sides to 
obtain upstream/downstream states (e.g., 𝑇௚,ଶ, 𝑇௝௪,ଶ). From these, the jacket-water heat-
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transfer rate 𝑞ሶ௝௪  is computed. If 𝑞ሶ௝௪  exceeds the permissible range recommended by 
Shu et al. [46,47], a modulating bypass diverts jacket-water flow until 𝑞ሶ௝௪ is within limits. 
With the capture-side outlet known, pipeline losses give the delivery-side inlet 𝑇௚,ଷ ; 
standard heat-exchanger relations yield the delivery outlet 𝑇௚,ସ  and the return to the 
capture side 𝑇௚,ଵ. The sequence iterates to a set tolerance and repeats over the full ambient 
series. Detailed equations, parameters, and validation are provided in [48,49]. 

 

Figure 9. Flowchart illustrating the conceptual framework of the proposed JWHR model. 
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2.5. Mine Diesel-Exhaust Heat Recovery System 

In the preceding section, it was highlighted that diesel generators utilize only about 
one-third of the input energy for electricity generation, with the remainder being expelled 
as waste heat through various channels. A significant portion of this waste heat, 
approximately 31–41%, is released into the exhaust air. The research indicates that a 
conventional diesel generator consumes about three kilowatts of fuel energy for every 
kilowatt of electricity generated, with nearly one kilowatt of this input energy being lost 
as waste heat in the exhaust gases. Diesel exhaust, characterized by temperatures in the 
range of several hundred degrees Celsius, is considered a high-grade waste heat source 
in mining applications. For large-scale diesel heavy-duty generators, the exhaust 
temperature can soar to approximately 500–750 °C, contingent on factors like speed and 
engine load [50]. Recognizing this, it becomes evident that diesel exhaust presents a 
considerable opportunity for heat recovery, particularly in applications such as heating 
intake air in remote and cold mining environments. 

Figure 10 shows the Diesel-Exhaust Heat Recovery (DEHR) schematic. Exhaust-gas 
heat from the diesel generator is transferred to an ethylene–glycol loop via a dedicated 
exhaust-gas heat exchanger; the warmed glycol then pre-heats intake air through a fin-
and-tube coil at the shaft. In extremely cold ambient conditions, recovered heat may be 
insufficient, so a fossil-fuel burner supplies the remaining pre-heating demand. 

 

Figure 10. Schematic view of a diesel-exhaust heat recovery (DEHR) system. 

Figure 11 shows the modeling workflow for the DEHR system. A fully coupled 
thermodynamic solver steps through the ambient-temperature record and, when 𝑇ୟ୫ୠ <𝑇୫୧୬, initializes the glycol inlet to the capture HX ሺ𝑇௚,ଵ଴ ሻ and the HX wall temperature ሺ𝑇୵ୟ୪୪ሻ . The code solves the coupled balances on the glycol and air sides to obtain 
upstream/downstream mean temperatures, updates the mean wall temperature, and 
iterates to a 10ିଷ  tolerance. With capture-side outlet conditions known, pipeline heat 
losses provide the delivery-side inlet 𝑇௚,ଷ; standard HX relations then yield the delivery 
outlet 𝑇௚,ସ and the return 𝑇௚,ଵ, closing the loop. This sequence repeats to convergence at 
each time step across the full ambient series. Detailed equations, parameters, and 
validation are provided in [51,52]. 
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Figure 11. Flowchart illustrating the conceptual framework of the proposed DEHR model. 

2.6. Diesel-Exhaust and Jacket-Water Heat Recovery System 

Underground mines host various waste heat sources, ranging from low-grade 
options like exhaust air and mine water to high-grade ones such as diesel exhaust and 
jacket water. While Section 2.3 examines a specific multi-stream low-grade heat recovery 
system, namely exhaust-air and water heat recovery, this section focuses on a high-grade 
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combined heat recovery system. Figure 12 shows the Diesel-Exhaust and Jacket-Water 
Heat Recovery (DEJWHR) system. An ethylene–glycol loop captures heat from both jacket 
water and diesel exhaust, then delivers it to the intake air via a fin-and-tube coil at the 
shaft. A bypass valve in the jacket-water branch regulates heat draw to keep engine 
cooling within the designed range. Under extremely cold ambient conditions, a fossil-fuel 
burner supplements any shortfall. This configuration harnesses high-grade waste heat to 
improve pre-heating efficiency and support a more sustainable operation. 

 

Figure 12. Schematic view of a diesel-exhaust and jacket-water heat recovery (DEJWHR) system. 

Figure 13 shows the modeling workflow for the DEJWHR system. A fully coupled 
thermodynamic model quantifies potential cost savings and environmental benefits using 
the following inputs: mine airflow demand, jacket-water temperature and flow at surface, 
diesel-exhaust dry- and wet-bulb temperatures, and an ambient-temperature time series 
(daily, hourly, or 10-min). 

For heating conditions ሺ𝑇ୟ୫ୠ < 𝑇୫୧୬ሻ , the solver initializes the glycol inlet to the 
jacket-water capture exchanger ሺ𝑇௚,ଵ଴ ሻ , solves the coupled balances on the glycol and 
jacket-water sides to obtain upstream/downstream states (including 𝑇௚,ଶ ), and applies 
pipeline heat losses to compute the inlet to the diesel-exhaust capture exchanger ሺ𝑇௚,ଷ଴ ሻ. It 
then initializes the exhaust-HX wall temperature ሺ𝑇୵ୟ୪୪ሻ and iterates using mean air- and 
glycol-side states until convergence at 10ିଷ, establishing the exhaust-side outlet. After 
additional pipeline losses, the delivery-side inlet ሺ𝑇௚,ହ଴ ሻ  is obtained; standard HX 
relations yield the delivery outlet ൫𝑇௚,଺଴ ൯  and the return to the jacket-water capture unit ሺ𝑇௚,ଵሻ, closing the loop. The sequence iterates to tolerance at each time step across the full 
ambient record. Detailed equations, parameters, and validation are provided in 
[48,49,51,52]. 
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Figure 13. Flowchart illustrating the conceptual framework of the proposed DEJWHR model. 

To ensure realistic performance estimation, the modeling framework for all six heat 
recovery systems incorporates the effects of pressure losses, pumping energy 
requirements, and fan power adjustments associated with the inclusion of heat 
exchangers in the air and fluid circuits located at the heat-source outlet and at the 
ventilation-air intake. These factors are considered in the thermodynamic analysis to 
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capture their influence on overall system efficiency and operating cost. Detailed 
formulations for these considerations are provided in the referenced publications 
associated with each system. 

3. Results and Discussion 
The viability of applying the suggested HRS was assessed through two distinct case 

studies carried out under diverse operational scenarios across Canadian mining sites. 
These studies were selected to demonstrate the potential of the proposed systems across 
a wide range of mining operations. The first case study involves a mine located in British 
Columbia, a region with mildly cold temperatures, and is connected to the electrical grid. 
The second case study focuses on an off-grid mine in the Northwest Territories, 
characterized by extremely cold conditions. For confidentiality, the mining companies 
have requested anonymity. Table 2 provides a summary of the operational parameters 
used in each case study. The British Columbia mine uses natural gas for pre-conditioning 
ventilation air, whereas the Northwest Territories mine relies on diesel as a heat source 
due to its off-grid status. These operating parameters serve as inputs to the models for the 
techno-economic-environmental assessment of the proposed HRS. Figure 14 presents the 
outdoor air temperature profiles for the two selected mine locations, based on data 
sourced from Canadian Climate Data [2]. For the British Columbia site, the green solid 
curve depicts hourly ambient temperatures, while the dashed green line marks the 
designated winter set-point temperature required for ventilation air. In contrast, the 
orange solid curve reflects hourly temperature trends at the Northwest Territories site, 
with the corresponding dashed orange line indicating the intake air set-point for that 
region. These case studies highlight the versatility and effectiveness of the proposed HRS 
in different climatic conditions, showcasing their potential to improve energy efficiency 
and reduce operational costs across diverse mining operations. 

Table 2. Operating parameters for the studied cases [35,53]. 

Parameters British Columbia Northwest Territories Unit 
Intake air flow rate (Qair,in) 438.9 708 m3·s−1 
Exhaust-air flow rate (Qair,e) 523.86 708 m3·s−1 
Natural gas price at the site (PriNG) 13 - CAD/GJ 
Diesel fuel price at site (PriD) - 1.39 CAD/L 
Dry-bulb temperature of mine exhaust air (Te,1) 14.5 15 °C 
Wet-bulb temperature of mine exhaust air (Te,1,wb) 13 15 °C 
Fan efficiency (ηfan) 0.75 0.75 - 
Electric motor efficiency for fan drive (𝜂௠௢௧ ) 0.95 0.95 - 
Burner efficiency (𝜂௕) 0.95 0.95 - 
Pressure resistance induced by the system (𝑅𝐸𝑆ு஽௎) 0.0016 0.0016 kNs2/m8 
Minimum required intake air temperature (𝑇௠௜௡) +3 +4 °C 
Emission penalty (PENCE) 50 50 CAD/tonne 
Carbon equivalent emission factor of Natural Gas (𝐸𝐹ேீ೐) 0.04987 - Tonne·GJ−1 
Carbon equivalent emission factor of Diesel (𝐸𝐹஽೐) - 0.07062 Tonne·GJ−1 
Intake-to-exhaust shaft distance 140 200 m 
Thermal conductivity pipe insulation material (K) 0.038 0.038 W/(m·K) 
Insulation thickness 1.5 1.5 inch 
Piping diameter 14 14 inch 
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Figure 14. Climatic data records corresponding to the analyzed case study locations [2]. 

In this study, outside-air dry-bulb temperature is used as the primary boundary 
condition for estimating shaft-intake pre-heating requirements. This choice isolates the 
load that is largest and most controllable in cold climates and is the boundary condition 
most directly affected by the surface heat-recovery systems evaluated here. We 
acknowledge that underground conditions are spatially heterogeneous due to branching 
airways, recirculation, and heat gains from equipment and rock; measurements in 
headings and galleries demonstrate such variability [54]. A full coupling to a site-specific 
ventilation network or CFD model, resolving mine-wide airflow and temperature 
distributions is beyond the scope of this review but is a valuable direction for future work. 
Accordingly, the results reported here should be interpreted as first-order estimates of 
intake pre-heating demand and recoverable heat at the shaft. 

3.1. Economic Analysis of Mine Ventilation Air Heating 

This section presents a comparative assessment of the economic viability of 
implementing the proposed heat recovery technologies at the selected mining sites. The 
analysis contrasts the cost of traditional intake air heating, relying on fossil fuel 
combustion, with the estimated expenses associated with HRS. Cost evaluations are 
provided on both a monthly and annual basis. 

a. British Columbia Mine Site 

Figure 15a displays the projected yearly heating expenditures for the mine located in 
British Columbia (BC), comparing conventional natural gas-based heating with the 
proposed energy recovery systems. According to simulation results, the operation incurs 
an annual cost of approximately CAD 730,000 for heating intake air through a standard 
natural gas burner. As the BC site is grid-connected and does not use diesel generators, 
HRS related to diesel generators (i.e., diesel-exhaust heat recovery, jacket-water heat 
recovery, and hybrid jacket water and diesel-exhaust heat recovery) are not applicable. 
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Figure 15. Annual accumulated ventilation air heating expenditure for the evaluated mining 
operations in (a) BC and (b) NT. 

For the BC mine, the feasibility of three HRS was evaluated. 

1. Water Heat Recovery: Reduces intake air pre-conditioning expenditures to less than 
CAD 240,000 per year (67% cost savings). 

2. Exhaust-Air Heat Recovery: Lowers costs less than CAD 160,000 per year (78% cost 
savings). 

3. Exhaust-Air and Water Heat Recovery: Further decreases costs to almost CAD 80,000 
per year (89% cost savings). 

b. Northwest Territories Mine Site 
Figure 15b presents the heating expenditure associated with the mining facility 

located in the Northwest Territories (NT), an off-grid operation where diesel generators 
supply the mine’s electricity. Thus, all proposed HRS can be implemented at this site. The 
model projects that annual heating expenses for intake air at the site approach 
approximately CAD 10.1 million. However, these costs decrease with the implementation 
of various HRS. 

1. Water Heat Recovery: Reduces costs to CAD 4 million per year (60% cost savings). 
2. Diesel-Exhaust Heat Recovery: Lowers costs CAD 3.3 million per year (67% cost 

savings). 
3. Exhaust-Air Heat Recovery: Decreases costs to CAD 3 million per year (70% cost 

savings). 
4. Jacket-Water Heat Recovery: Cuts costs to CAD 2.7 million per year (73% cost 

savings). 
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5. Exhaust-Air and Water Heat Recovery: Further reduces costs to almost CAD 1.7 
million per year, achieving 85% cost savings. 

6. Diesel-Exhaust and Jacket-Water Heat Recovery: Lowers intake air heating costs to 
CAD 1 million per year, resulting in over 90% cost savings. 

The capital cost of implementing heat recovery systems varies depending on several 
site-specific factors, including the distance between the waste heat source and the mine’s 
intake air shaft, the type of heat exchangers and working fluids employed, and the 
configuration of the associated pumping and control systems. For the cases analyzed in 
this study, the estimated capital expenditure for system installation ranges between CAD 
1.5 million and 2 million. A detailed breakdown of the capital cost components can be 
found in the referenced publication [55]. 

Additionally, Figure 16 shows the monthly ventilation air heating expenditures for 
the analyzed mining operations. The data indicates that during the warmer months, May 
through September at the BC site and June through August at the NT site ambient 
temperatures remain above the target intake air temperature. As a result, no intake air 
heating is required at these locations during those times. To further optimize efficiency 
and reduce costs associated with ventilation-related pressure drop, the heat recovery 
system can be disconnected from the ventilation network during these warmer months. 
Moreover, the seasonal variation in heating demand underscores the importance of a 
flexible HRS that can be easily adjusted or deactivated when not needed. This approach 
not only reduces operational costs but also minimizes wear and tear on the system 
components, potentially extending their lifespan. By strategically managing the use of 
heat recovery systems in response to seasonal changes, mining operations can achieve a 
more sustainable and cost-effective approach to maintaining optimal working conditions 
underground. 
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Figure 16. Monthly ventilation air heating expenditure for the evaluated mining operations in (a) 
BC and (b) NT. 

3.2. Environmental Analysis of Mine Ventilation Air Heating 

To assess the environmental effect of implementing the proposed HRS at the studied 
mine sites, their annual accumulated carbon footprints were compared to those of 
conventional fossil fuel-based systems. 
a. British Columbia Mine Site 

Figure 17a shows the total annual carbon emissions from the British Columbia (BC) 
mining operation, comparing conventional fossil fuel burners with the proposed HRS. 
The simulations show that the mine emits almost 3000 tonnes of carbon dioxide per year 
for ventilation air heating employing a conventional natural gas burner. For the BC case, 
HRS related to diesel generators (i.e., diesel-exhaust heat recovery, jacket-water heat 
recovery, and combined jacket water and diesel-exhaust heat recovery) are not applicable. 
The carbon footprint of three HRS was evaluated 

1. Water Heat Recovery: Reduces carbon emissions to less than 1000 tonnes per year 
(67% carbon savings). 

2. Exhaust-Air Heat Recovery: Lowers carbon emissions to less than 640 tonnes per year 
(78% carbon savings). 

3. Exhaust-Air and Water Heat Recovery: Further decreases emissions to almost 300 
tonnes per year (89% carbon savings). 
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Figure 17. Annual accumulated carbon emissions from ventilation air heating for the evaluated 
mining operations in (a) BC; (b) NT. 

b. Northwest Territories Mine Site 
Figure 17b depicts the annual accumulated carbon emissions for the mining 

operation in the Northwest Territories (NT). As the mine is an off-grid operation using 
diesel for intake air heating, it emits significantly higher carbon emissions compared to 
the BC mine. The model estimates that the mine emits nearly 20,000 tonnes of carbon 
dioxide per year. However, these carbon footprints decrease with the implementation of 
various HRS: 

1. Water Heat Recovery: Reduces carbon emissions to 7600 tonnes per year (60% carbon 
savings). 

2. Diesel-Exhaust Heat Recovery: Lowers carbon emissions to 6100 tonnes per year 
(67% carbon savings). 

3. Exhaust-Air Heat Recovery: Decreases carbon emissions to 5800 tonnes per year (70% 
carbon savings). 

4. Jacket-Water Heat Recovery: Cuts carbon emissions to 5100 tonnes per year (73% 
carbon savings). 

5. Exhaust-Air and Water Heat Recovery: Further reduces carbon emissions to almost 
3200 tonnes per year, achieving 85% carbon savings. 

6. Diesel-Exhaust and Jacket-Water Heat Recovery: Lowers intake air heating carbon 
emissions to 1900 tonnes per year, resulting in over 90% carbon savings. 

This comprehensive evaluation highlights the significant potential of HRS in 
reducing the carbon footprints of mining operations. 

3.3. Feasibility Estimation Model 

Heating, ventilation, and air conditioning (HVAC) systems are essential for 
maintaining safe and comfortable working conditions in underground mining operations 
[56–58]. The mining literature indicates that HVAC systems can account for 30–50% of a 
mine’s total energy consumption [59]. One of the most significant costs within the HVAC 
system is the heating of intake air during the cold season. This is particularly crucial in 
regions with harsh winter climates, such as Canada, Norway, and Sweden. 

The cost of heating ventilation air in mining operations is determined by several key 
factors. The ventilation volume is a primary consideration; as airflow demand increases, 
the amount of air needing to be heated rises, directly impacting costs. The geographic 
location of the mine also plays a crucial role, as colder climates and longer winters drive 
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up heating expenses. Additionally, the specific type of mining operation—based on its 
depth and processes—dictates ventilation and heating needs, with deeper or more 
complex mines requiring more extensive heating systems. Ambient temperature 
fluctuations significantly affect the heating demand. When outside temperatures drop, 
particularly in winter, maintaining a minimum underground temperature becomes more 
challenging and expensive. Mines in colder regions are particularly susceptible to these 
high costs. On the other hand, the potential for heat recovery depends on the temperature 
and flow rate of the waste heat source. Higher waste heat temperatures and greater flow 
rates result in more thermal energy being available for recovery. However, the 
performance of a heat recovery system is influenced by factors like the effectiveness of 
heat exchange units, which capture and transfer heat. More efficient units capture a 
greater amount of thermal energy. Lastly, site-specific conditions, such as the climatic 
characteristics and the properties of the waste heat source (e.g., its temperature profile 
and flow dynamics), further impact the feasibility and efficiency of HRS. These elements 
collectively shape the financial and operational viability of implementing heat recovery in 
different mining environments. 

Given the complexity and variability of these factors, conducting parametric study is 
essential. This study assesses the feasibility and performance of proposed HRS under 
different mining operations and climate conditions. To evaluate these systems effectively, 
the following two key parameters should be considered: 

1. Mine Air Flow Rate: This parameter represents the required ventilation and exhaust-
air volume, both critical in determining the potential for heat recovery. 

2. Modified Heating Degree Days (MHDD): MHDD accounts for the operating 
conditions of the heat recovery system and the ambient climate conditions at the site. 
It provides a measure of the heating requirements considering both the external 
temperature and the operational efficiency of the system. 

By analyzing these parameters, the performance of various HRS can be accurately 
assessed, ensuring optimal design and implementation in different mining environments. 

3.3.1. Exhaust-Air Heat Recovery System Feasibility Model 

MHDD calculation for the EAHR system is based on three operational scenarios: 

1. No Heating Required: If the ambient air temperature is equal to or above the 
minimum required intake temperature (𝑇௔௠௕ ≥ 𝑇௠௜௡) , no additional heating is 
needed. 

2. Adequate Waste Heat Available: When the ambient temperature is below the 
required intake threshold (𝑇௔௠௕ < 𝑇௠௜௡) and the heat recovery unit provides enough 
thermal energy to meet the heating demand ( 𝑞ሶ௔௩௔ ≥ 𝑞ሶ௥௘௤ ), the savings and 
performance of the EAHR system depend on the temperature difference (𝛥𝑇௡ =𝑇௠௜௡ − 𝑇௔௠௕). 

3. Insufficient Waste Heat Available: If the ambient air is below the minimum intake 
requirement (𝑇௔௠௕ < 𝑇௠௜௡), and the available captured heat from the heat capture 
section (𝑞ሶ௔௩௔) is insufficient (𝑞ሶ௔௩௔ < 𝑞ሶ௥௘௤), the performance of the system is related to 

the adjusted temperature difference ൬Δ𝑇௦,ா஺ுோ = 𝜀ு஽௎ ൤1 + ஼ೌ೔ೝ,೐஼೒೗ 𝜀ு஼௎൫𝑇௘,ଵ − 1൯ −𝑇௔௠௕൨൰. 

The MHDD for the EAHR system can thus be calculated using the appropriate 
equations for each of these scenarios. 
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𝑀𝐻𝐷𝐷ா஺ுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න Δ𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ ≤ை௉ 𝛥𝑇௦,ா஺ுோන Δ𝑇௦,ா஺ுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,ா஺ுோ

 (1)

Figure 18 illustrates the estimated thermal efficiency of the EAHR system across 
various underground mining scenarios. Annual heat savings were calculated for cases 
with MHDDEAHR ranging from 2000 to 4500 degree-days and ventilation air flow rates 
between 300 and 900 m3/s. The results indicate a clear trend: greater airflow volumes and 
higher MHDDEAHR values lead to increased thermal energy recovery. This suggests that 
mines with higher ventilation demands and prolonged heating needs stand to benefit the 
most economically from implementing the EAHR system. 

 

Figure 18. Contour map of annual thermal energy savings as a function of MHDDEAHR and air flow 
rate using the EAHR system. 

Figure 19 presents the financial benefits of implementing the system in various 
mining operations, evaluated under two different fossil fuel pricing scenarios. In the first 
scenario, shown in Figure 19a, the analysis assumes that intake air heating is powered by 
natural gas, with an onsite cost of CAD 13 per gigajoule—reflecting conditions similar to 
those at the BC mine. In the second scenario (Figure 19b), diesel is utilized for the same 
purpose with the price assumed to be CAD 1.39/L at the site (similar to the NT case). The 
data demonstrate that even mines with lower MHDDEAHR and ventilation needs can 
achieve notable savings in heating costs by adopting the EAHR system especially in off-
grid locations where diesel is predominantly used for heating. Considering the system’s 
capital cost, which typically falls below CAD 2 million, it can repay its investment within 
the mine’s lifespan of 10–20 years, even for sites with minimal ventilation demands. The 
findings provide practical guidance for engineers and stakeholders aiming to integrate 
exhaust heat recovery technologies into mining operations. 
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Figure 19. Contour maps illustrating cost savings of EAHR system in relation to MHDDEAHR and air 
flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

In addition, Figure 20 presents an approximate calculation of carbon reductions 
achieved by the EAHR system in various mining operations, considering two key factors: 
mine intake air flow rate and MHDDEAHR. The findings highlight the environmental 
advantages of the system in these scenarios. As illustrated, mines can significantly reduce 
carbon emissions using the EAHR system, even with lower MHDDEAHR and ventilation 
demands, especially in remote mines where diesel is predominantly used for heating. This 
system not only cuts down on greenhouse gas emissions, contributing to environmental 
sustainability, but also enables companies to earn additional carbon credits. Currently, the 
carbon tax is set at CAD 50/tonne of CO2e, with annual increases mandated by the Federal 
Government of Canada. This makes the proposed heat recovery system an increasingly 
attractive option for mine sites. 



Energies 2026, 19, 22 28 of 47 
 

https://doi.org/10.3390/en19010022 

 

 

Figure 20. Contour maps illustrating carbon savings of EAHR system in relation to MHDDEAHR and 
air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

3.3.2. Water Heat Recovery System Feasibility Model 

Similar to EAHR, MHDD for the WHR system can be calculated as follows: 

𝑀𝐻𝐷𝐷ௐுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න 𝛥𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ ≤ை௉ 𝛥𝑇௦,ௐுோන 𝛥𝑇௦,ௐுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,ௐுோ

 (2)

𝛥𝑇௦,ௐுோ = 𝜀ு஽௎ ቈ1 + 𝐶௪𝐶௚௟ 𝜀ௐு஼௎൫𝑇௪,ଵ − 1൯ − 𝑇௔௠௕቉ (3)
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Figure 21 illustrates the thermal efficiency of the WHR system across various 
underground mining scenarios. The annual thermal energy reductions are calculated for 
mining sites exhibiting MHDDWHR values between 2000 and 4500 degree-days and 
ventilation rates spanning 300 to 900 m3/s. The figure indicates that increased air flow rates 
and MHDDWHR values result in greater energy savings. This trend underscores the 
economic advantage of implementing the WHR system in mines with higher air flow rates 
and MHDDWHR values. 

 

Figure 21. Contour map of annual thermal energy savings as a function of MHDDWHR and air flow 
rate using the WHR system. 

Figure 22 illustrates the financial advantages of deploying a water heat recovery 
system across various mining operations, assessed under two different fossil fuel 
scenarios. In the first scenario (Figure 22a), natural gas is used for heating intake air, while 
in the second scenario (Figure 22b), diesel serves the same function. This figure provides 
essential insights for engineers and decision-makers aiming to implement WHR systems 
in mining environments. Annual cost savings of the proposed WHR system can be 
estimated by calculating MHDDWHR using Equations (2) and (3), along with the mine’s 
ventilation demand, and then cross-referencing these values with the data in the figures. 

Figure 23 highlights the environmental benefits of implementing a water heat 
recovery system in various mining operations, showcasing the potential carbon emission 
reductions achieved by the system. The figure demonstrates that, depending on the 
system’s operating parameters and the type of fossil fuel used for heating intake air, 
substantial carbon savings can be attained. Estimating these savings can be done by cross-
referencing MHDDWHR, mine airflow rate, and fuel type with the data presented in the 
figure. 
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Figure 22. Contour maps illustrating cost savings of WHR system in relation to MHDDWHR and air 
flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 
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Figure 23. Contour maps illustrating carbon savings of WHR system in relation to MHDDWHR and 
air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

3.3.3. Exhaust-Air and Water Heat Recovery System Feasibility Model 

The MHDD for the EAWHR configuration can be computed with the set of equations 
given below: 

𝑀𝐻𝐷𝐷ா஺ௐுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න 𝛥𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ ≤ை௉ 𝛥𝑇௦,ா஺ௐுோන 𝛥𝑇௦,ா஺ௐுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,ா஺ௐுோ

 (4)

𝑇௦,ா஺ௐுோ  = 𝜀ு஽௎ ቈ1 + 𝐶௔௜௥,௘𝐶௚௟ 𝜀ாு஼௎൫𝑇௘,ଵ − 1൯ + 𝐶௪𝐶௚௟ 𝜀ௐு஼௎൫𝑇௪,ଵ − 1൯ − 𝐶௔௜௥,௘ .𝐶௪𝐶௚௟ଶ 𝜀ாு஼௎. 𝜀ௐு஼௎൫𝑇௪,ଵ − 1൯ − 𝑇௔௠௕቉ (5)
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Figure 24 illustrates the thermal performance of the hybrid exhaust-air and water 
heat recovery system. The chart displays the annual thermal energy savings for mines 
with MHDDEAWHR values between 2000 and 4000 °C and air flow rates from 300 to 900 m3/s. 
To estimate the thermal energy savings from this system, one can cross-reference the 
MHDDEAWHR and mine air flow rates with the data shown in the figure. 

 

Figure 24. Contour map of annual thermal energy savings as a function of MHDDEAWHR and air flow 
rate using the EAWHR system. 

The financial advantages of integrating the hybrid exhaust-air and water heat 
recovery system for various mining scenarios are depicted in contour maps in Figure 25 
(Figure 25a for natural gas and Figure 25b for diesel). By cross-referencing MHDDEAWHR, 
mine air flow rate, and fuel type with the data in the figure, one can estimate potential 
cost savings from this system. Notably, a comparison with earlier figures (EAHR and 
WHR systems) reveals that the combination of exhaust-air and water HRS yields 
significantly greater cost savings. Although the initial capital investment may be higher 
than for EAHR and WHR systems alone, the increased cost savings from this hybrid 
approach justify the investment. 

Figure 26 illustrates the environmental advantages of incorporating an exhaust-air 
and water heat recovery (EAWHR) system in various mining operations, highlighting the 
potential reduction in carbon emissions. The results demonstrate that combining exhaust 
air and water HRS markedly improves environmental efficiency, providing greater 
carbon savings than either system could achieve individually. 
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Figure 25. Contour maps illustrating cost savings of EAWHR system in relation to MHDDEAWHR and 
air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 
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Figure 26. Contour maps illustrating carbon savings of EAWHR system in relation to MHDDEAWHR 
and air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

3.3.4. Jacket-Water Heat Recovery System Feasibility Model 

MHDD for the JWHR system can be determined with the similar approach using the 
following equations: 

𝑀𝐻𝐷𝐷௃ௐுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න 𝛥𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ ≤ை௉ 𝛥𝑇௦,௃ௐுோන 𝛥𝑇௦,௃ௐுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,௃ௐுோ

 (6)

Δ𝑇௦,௃ௐுோ  = 𝜀ு஽௎ ቈ1 + 𝐶௝௪𝐶௚௟ 𝜀௃ௐு஼௎൫𝑇௝௪,ଵ − 1൯ − 𝑇௔௠௕቉ (7)
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Implementing jacket-water heat recovery can significantly reduce the need for 
additional energy resources and lower overall fuel consumption for intake air heating. 
Figure 27 presents a contour map of the thermal energy savings achieved through the use 
of a jacket-water heat recovery system across various mining operations. The chart 
illustrates the annual thermal energy savings for mines with MHDDJWHR values ranging 
from 2600 to 4600 °C and air flow rates between 300 and 900 m3/s. To estimate potential 
thermal energy savings, one can compare the mine’s MHDDJWHR values and air flow rates 
with the corresponding data in the figure. 

 

Figure 27. Contour map of annual thermal energy savings as a function of MHDDJWHR and air flow 
rate using the JWHR system. 

Figure 28 illustrates the financial benefits of implementing a jacket-water heat 
recovery system in various mining operations, evaluated under two fossil fuel scenarios—
natural gas and diesel. Since jacket-water heat recovery is typically sourced from diesel 
generators, which are predominantly used in remote areas, this system is especially suited 
for such locations. Diesel is commonly employed for intake air heating in remote mines 
due to the lack of natural gas infrastructure. However, natural gas heating systems are 
included in the study to account for the rare instances where natural gas is available. This 
figure provides valuable insights for engineers and decision-makers considering JWHR 
systems in mining operations. To estimate the annual cost savings from the proposed 
JWHR system, one can calculate MHDDJWHR using Equations (6) and (7), along with the 
mine’s ventilation demand, and cross-reference these values with the data in the figure. 
This figure highlights that as ventilation demand increases, the cost of the additional fan 
power needed to compensate for the installed heat recovery units at intake shafts becomes 
substantial compared to the thermal energy savings. Given the remoteness of the location, 
it is assumed this extra fan power is provided by diesel-generated electricity, which is 
expensive in such areas. As a result, higher ventilation demand leads to increased costs, 
reducing overall savings. This impact is particularly pronounced at low MHDDJWHR values, 
where energy savings are minimal. However, as shown in Figure 28b, this effect is less 
significant for diesel-based heating systems, as the savings are greater than those for 
natural gas systems. 
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Figure 28. Contour maps illustrating cost savings of JWHR system in relation to MHDDJWHR and air 
flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

Figure 29 illustrates the environmental advantages of implementing a jacket-water 
heat recovery (JWHR) system in various mining operations, emphasizing the potential 
reductions in carbon emissions. The figure shows that significant carbon savings can be 
achieved depending on the system’s operating conditions and the type of fossil fuel used 
for heating intake air. These savings can be estimated by cross-referencing MHDDJWHR, 
mine airflow rate, and fuel type with the data provided. It is important to note that the 
impact of extra fan power is similar to its effect on cost savings. As ventilation demand 
increases, the electric power required to overcome the resistance from heat recovery units 
also rises. Since this electricity is supplied by diesel generators, which produce 
considerable carbon emissions, higher ventilation demand leads to increased emissions. 
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Figure 29. Contour maps illustrating carbon savings of JWHR system in relation to MHDDJWHR and 
air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

3.3.5. Diesel-Exhaust Heat Recovery System Feasibility Model 

For the DEHR system, MHDD is calculated using the following equations: 

𝑀𝐻𝐷𝐷஽ாுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න Δ𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  Δ𝑇௡ ≤ை௉ 𝛥𝑇௦,஽ாுோන 𝛥𝑇௦,஽ாுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,஽ாுோ

 (8)

Δ𝑇௦,஽ாுோ = 𝜀ு஽௎ ቈ1 + 𝐶ௗ௘𝐶௚௟ 𝜀஽ாு஼௎൫𝑇ௗ௘,ଵ − 1൯ − 𝑇௔௠௕቉ (9)

Figure 30 provides a contour map depicting the thermal energy savings that can be 
achieved by implementing a diesel-exhaust heat recovery system in various mining 
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operations. The map shows annual thermal energy savings for mines with MHDDDEHR 
values ranging from 2400 to 4500 °C and air flow rates between 300 and 900 m3/s. To 
estimate potential thermal energy savings, one can reference the mine’s MHDDDEHR values 
and air flow rates against the data presented in the figure. 

 

Figure 30. Contour map of annual thermal energy savings as a function of MHDDDEHR and air flow 
rate using the DEHR system. 

Figure 31 demonstrates the economic advantages of incorporating a diesel-exhaust 
heat recovery system in different mining operations, assessed under two types of fossil 
fuel usage—natural gas and diesel. Similar to the jacket-water heat recovery system, 
DEHR is mainly relevant in remote locations where diesel is the primary energy source. 
However, natural gas heating systems are also considered in the study to accommodate 
the occasional cases where natural gas is accessible. This figure provides essential insights 
for engineers and decision-makers looking to implement DEHR systems in mining 
environments. To estimate the annual cost savings from the DEHR system, one can 
determine the MHDDDEHR using Equations (8) and (9), consider the mine’s ventilation 
requirements, and compare these values with the data presented in the figure. Similar to 
the jacket-water heat recovery system, the impact of additional fan power costs is evident 
in this system, particularly at low MHDDDEHR values. 

Figure 32 highlights the environmental benefits of deploying a diesel-exhaust heat 
recovery system in different mining operations, focusing on the potential decrease in 
carbon emissions. The data suggests that considerable carbon reductions can be realized 
based on the system’s operating parameters and the type of fossil fuel used for heating 
the intake air. To estimate these reductions, one can cross-reference MHDDDEHR, mine 
airflow rate, and fuel type with the data available on the figure. Just as the additional fan 
power affects cost savings, it similarly impacts carbon emission reductions. 
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Figure 31. Contour maps illustrating cost savings of DEHR system in relation to MHDDDEHR and air 
flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 
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Figure 32. Contour maps illustrating carbon savings of DEHR system in relation to MHDDDEHR and 
air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

3.3.6. Diesel-Exhaust and Jacket-Water Heat Recovery System Feasibility Model 

For the DEJWHR system, MHDD is calculated using the following equations: 

𝑀𝐻𝐷𝐷஽ா௃ௐுோ =  ⎩⎪⎨
⎪⎧ 0                        𝑖𝑓               𝑇௔௠௕ ≥ 𝑇௠௜௡                                      න 𝛥𝑇௡𝑑𝑡          𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ ≤ை௉ 𝛥𝑇௦,஽ா௃ௐுோන 𝛥𝑇௦,஽ா௃ௐுோ𝑑𝑡 𝑖𝑓               𝑇௔௠௕ < 𝑇௠௜௡  𝑎𝑛𝑑  𝛥𝑇௡ை௉ > 𝛥𝑇௦,஽ா௃ௐுோ

 (10)

Δ𝑇௦,஽ா௃ௐுோ = 𝜀ு஽௎ ቈ1 + 𝐶ௗ௘𝐶௚௟ 𝜀஽ாு஼௎൫𝑇ௗ௘,ଵ − 1൯ + 𝐶௝௪𝐶௚௟ 𝜀௃ௐு஼௎൫𝑇௝௪,ଵ − 1൯ − 𝐶ௗ௘ .𝐶௝௪𝐶௚௟ଶ 𝜀஽ாு஼௎. 𝜀௃ௐு஼௎൫𝑇௝௪,ଵ − 1൯ − 𝑇௔௠௕቉ (11)

Figure 33 depicts the thermal performance of the hybrid diesel-exhaust and jacket-
water heat recovery system. This chart shows the annual thermal energy savings for mines 
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with MHDDDEJWHR values ranging from 2600 to 4600 °C and air flow rates between 300 and 
900 m3/s. To estimate potential thermal energy savings from this system, one can match 
the MHDDDEJWHR values and mine air flow rates with the corresponding data in the figure. 

 

Figure 33. Contour map of annual thermal energy savings as a function of MHDDDEJWHR and air flow 
rate using the DEJWHR system. 

Figure 34 illustrates the financial benefits of implementing a hybrid diesel-exhaust 
and jacket-water heat recovery system across different mining scenarios, with contour 
maps showing results for natural gas Figure 34a and diesel Figure 34b. By cross-
referencing the MHDDDEJWHR values, mine airflow rates, and fuel types in the figure, one 
can estimate potential cost savings from this system. A comparison with earlier figures for 
DEHR and JWHR systems demonstrates that combining diesel-exhaust and jacket-water 
HRS results in substantially higher cost savings. While the initial capital investment may 
be greater than for using DEHR or JWHR systems alone, the enhanced savings from this 
hybrid approach make the investment worthwhile. 
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Figure 34. Contour maps illustrating cost savings of DEJWHR system in relation to MHDDDEJWHR 
and air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

Figure 35 demonstrates the environmental benefits of integrating a diesel-exhaust 
and jacket-water heat recovery system across various mining operations, showcasing the 
potential for reduced carbon emissions. The findings indicate that merging diesel-exhaust 
and jacket-water HRS significantly enhances environmental performance, resulting in 
greater carbon savings compared to the use of each system independently. 
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Figure 35. Contour maps illustrating carbon savings of DEJWHR system in relation to MHDDDEJWHR 
and air flow rate for (a) a heating system using natural gas and (b) a heating system using diesel. 

4. Conclusions 
This study evaluated multiple heat recovery system configurations applicable to 

underground mines operating in cold climates. The systems analyzed included exhaust 
air, water, hybrid exhaust air–water, diesel exhaust, jacket water, and hybrid diesel 
exhaust–jacket-water HRS. Numerical modeling was applied to two distinct case studies; 
a grid-connected mine in British Columbia with moderate winter conditions and an off-
grid Arctic mine in the Northwest Territories with extreme cold, to illustrate the 
adaptability and scalability of the proposed systems. Despite differences in climate and 
operational context, consistent trends emerged across both cases. The results demonstrate 
that integrating waste heat recovery can significantly reduce heating costs and associated 
carbon emissions in underground mining operations. In both scenarios, hybrid systems 
achieved the highest overall efficiencies, with cost reductions approaching 90%, while 
single-source systems such as exhaust air or water recovery provided lower but still 
substantial savings. These consistent relationships confirm that system hybridization and 
improved heat recovery integration yield the greatest benefits across varying mine types 
and thermal loads. Beyond energy cost savings, the study highlights the environmental 
advantages of heat recovery adoption, particularly in off-grid operations where diesel 
dependency is high. The findings establish a transferable framework for evaluating and 
implementing HRS solutions in diverse mining environments. Overall, this work 
reinforces that optimizing waste heat recovery through system hybridization, improved 
integration, and site-specific modeling can play a key role in advancing decarbonization 
and sustainability in the mining sector. 

5. Recommendations for Future Work 
There is scope to integrate heat recovery systems with renewable energy sources and 

advanced control strategies to optimize overall efficiency, while parallel research on 
material durability and economic modeling could further improve system reliability and 
strengthen investment confidence. 
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Abbreviations 

Nomenclature  
C Heat capacity rate (kW/°C) 
DEHR Diesel-Exhaust Heat Recovery 
DEJWHR Diesel-Exhaust and Jacket-Water Heat Recovery 
EAHR Exhaust-Air Heat Recovery 
EAWHR Exhaust-Air and Water Heat Recovery 
ε Efficiency 
HCU Heat capturing unit 
HDU Heat Delivery unit 
HRS Heat Recovery Systems 
JWHR Jacket-Water Heat Recovery 
MHDD Modified Heating Degree Days (°C days) 
q̇ Thermal energy rate (kW) 
t Time (s) 
T Temperature (°C) 
WHR Water Heat Recovery 
Subscripts  
amb Ambient air 
ava Available 
de Diesel exhaust 
e Exhaust 
gl,G Glycol 
jw Jacket water 
min Minimum required 
OP Operation 
Req Required 
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