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1 Background 
The majority of underground mines in Sweden such as Kiirunavaara, Malmberget, Garpenberg, 
Renström, Kristineberg and Zinkgruvan have reached depth of 1.2 km below surface and there is a 
possibility that they will expand deeper in the future. Kiirunavaara is planning to expand to a depth 
of 2 km below surface. 

As an underground mine gets deeper, the mine will have the following ventilation and air 
conditioning issues: 
1. High temperatures in the deepest working areas due to the increase of temperature of 

surrounding rock mass (Virgin Rock Temperature - VRT), increase of temperature of broken rock 
and groundwater, and autocompression. Mineworkers’ exposure to this hot condition can 
cause heat related illnesses, widely known as heat stress. This happens particularly in summer 
but experience in Canadian deep mines shows that it can happen in winter as well. 

2. Shortage of ventilation air in the deepest working areas. This is due to increase in airways 
resistance and leakage through old (upper) working areas. To address this, capacity of the 
primary fans must be increased but subsequently its electrical power consumption and cost will 
increase as well. Ventilation electrical power consumption can comprise up to 40% of the total 
mine power consumption (Halim and Kerai, 2013). 

It is therefore important to formulate strategies to combat the issues described above. These 
strategies are aimed to ensure the safety and health of mineworkers, and at the same time keep 
the power cost as low as possible to ensure the financial viability of the mine operation. 

2 Objectives 
The aim of this project is to formulate strategies to combat ventilation and air conditioning issues 
in deep mines in Sweden: shortage of ventilation air in working areas, high power cost, hot and 
humid working areas. These strategies are expected to ensure the safety and health of 
mineworkers, and at the same time these will keep the power cost as low as possible to ensure the 
financial viability of the mine operation. This report outlines results of this project, which began in 
2016 and ended in 2020. 
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3 Methodology 
This project has been carried with the following steps: 

1. Assessed the current situation of ventilation system in deep underground mines in Sweden. 
2. Did literature study to review strategies to combat these issues that are employed 

worldwide. Strategies that are employed in other industries such as in building construction 
was also reviewed. 

3. Reviewed strategies that are employed in deep mines in Canada. Literature study found that 
strategies that are employed in Canadian deep mines have the highest likelihood to be 
employed in Swedish deep mines. This is because of the similarity between climate in 
Sweden and that in Canada. 

4. Did site visit to Vale Canada’s Creighton mine in Sudbury, Canada. Creighton mine was 
selected because it is one of the deepest underground mines in the world and it employs 
natural-assisted air conditioning system called Natural Heat Exchange Area (NHEA), also 
called Seasonal Thermal Energy Storage (SeTES). Natural-assisted air conditioning (cooling 
and/or heating) system is cheaper than traditional mechanical air conditioning system that 
is commonly employed worldwide. The mine is able to employ NHEA because of the sub-
arctic climate in Sudbury, which is similar with the climate in Sweden. 

5. Interviewed ventilation experts at Vale Canada (Mrs. Cheryl Allen, Mr. Yves Leveille, Mr. 
Brian Keen, Mr. Paul Aho), MIRARCO - Laurentian University (Dr. Jozef Stachulak), and 
Stantec consulting firm (Dr. Kim Trapani) in Sudbury, Canada. Dr. Stachulak and Dr. Trapani 
previously worked at Vale Canada. Their knowledge and experience are valuable input for 
this project. The interview covered strategies that had been employed or had been 
considered to be employed in Canadian deep mines. 

6. Reviewed the implementation of Canadian strategies in Swedish deep mines based on the 
input from experts at Vale Canada, MIRARCO, and Stantec, and interview with ventilation 
personnel at Swedish mines. 

7. Reviewed the other strategies found in literature study that have potential to be employed 
in Swedish deep mines such as combination of Ventilation on Demand (VOD), Battery-
powered machineries, and Controlled Partial Recirculation (CPR).  

4 Findings 
4.1 Assessment of the current situation in deep underground mines 

in Sweden 
Two mines were assessed in detail, which are Kiirunavaara, owned by LKAB, and Garpenberg, 
owned by Boliden Mineral AB. They were selected among all underground mines in Sweden 
because they have dedicated ventilation engineer/technician and they are deeper than 1.2 
km. The assessment was done by literature study, personal communication, and site visits. 
Beside these two mines, assessment on other Swedish mines was also done through literature 
study and personal communication. This assessment found many ventilation issues within 
Swedish underground mines: 
• Lack of understanding about ventilation among mine personnel. Poor ventilation designs 

were found such as placing intake and exhaust shafts adjacent to each other and 
installation of heating system in the level deeper than 1.2 km. Placing intake and exhaust 
shafts adjacent to each other has a high possibility of the exhaust air being recirculated into 
the intake shaft, depending on wind direction. The heating system installed in the deep 
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level turns out to be almost never used during winter. The reason is because the intake air 
is already heated inside intake shaft by autocompression. Autocompression is the increase 
of air temperatures as it is “compressed” when travelling down the intake shaft. This 
increase is proportional to the depth of the shaft. 

• There is little understanding about heat stress among mine personnel. Majority of mine 
personnel do not understand Psychrometry, which is the basic science of heat stress and 
its management. 

• Majority of mines do not have dedicated personnel who manage ventilation. Many mines 
only have one or two personnel who manage their ventilation system. Given the size of 
these mines, it is inconceivable that these personnel can properly manage daily ventilation 
issues and carry out ventilation planning and design. 

• Many mines do not have ventilation models that are updated frequently. Few mines do not 
have ventilation model at all. Given the size of these mines, it is inconceivable whether 
these mines can properly design and plan their future ventilation system without proper 
ventilation models. 

• Airflow requirement is well below standards used in other major mining countries such as 
Canada, Australia, and South Africa. Typical airflow requirement in these countries, which 
is for diluting diesel exhaust toxic gases, is about 0.06 m3/s per kW of diesel engine rated 
power. In Australia and Canada, these values are stated in their Occupational Health and 
Safety (OH&S) regulations. This is not the case in Sweden. Arbetsmiljöverket, the OH&S 
regulator in Sweden, only provide Threshold Limit Value – Time Weighted Average (TLV-
TWA) for all atmospheric contaminants, which are prescribed in Arbetsmiljöverkets 
författningssamling (AFS). AFS is updated regularly. The latest version is AFS 2018:1, which 
was put on force on 21 August 2018 (Arbetsmiljöverket, 2018). Mines are given freedom 
to determine their own airflow requirement to ensure that the concentration of diesel 
exhaust toxic gases (CO and NO2) is always below their TLV-TWA that is prescribed in AFS. 
As a result, each mining company created its own method to determine its airflow 
requirement. An example is the equation used by Boliden Mineral AB, which produces 
0.013 to 0.034 m3/s per kW, which is well below 0.06 m3/s per kW. Considering that TLV-
TWA of CO and NO2 in Sweden is lower than that in Australia, Canada, and South Africa, it 
is inconceivable that the Swedish mines’ airflow requirement is adequate to dilute diesel 
exhaust toxic gases. Table 1 shows the comparison between TLV-TWA of CO and NO2 in 
Australia, Canada, South Africa, and Sweden. 

Table 1 - TLV-TWA for CO and NO2 in Australia, Canada and South Africa 
Country TLV-TWA for CO (ppm) TLV-TWA for NO2 (ppm) 

Australia1 30 3 
Canada2 Varies by province and 

territory, 20 to 50 
Varies by province and 

territory, 2 to 5 
South Africa3 30 3 
Sweden4 20 0.5 

Source: 1 SafeWork Australia (2019)  2 McGinn (2007) 
  3 Government of South Africa (2006) 4 Arbetsmiljöverket (2018) 

These findings show that there is little preparation within Swedish underground mines to 
combat future ventilation and air conditioning issues when these mines expand to a depth of 
2 km or greater. These issues take several years to be addressed so efforts to do so must be 
started as soon as possible. 
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4.1.1 Garpenberg mine 
Garpenberg mine, located in Hedemora municipality, which is about 180 km northwest of 
Stockholm, is one of the world's most modern mines. It is also Sweden’s oldest mining area 
still in operation, which began around 400 BC (Boliden, 2018). The mine produces about 2.5 
million tonnes of ore containing zinc, copper, lead, gold, and silver annually. The mining is 
done using various mining methods with Sublevel Stoping with paste fill as the main method. 
Other methods that are used are Cut and Fill, Rill mining, and Residual sill pillar mining. The 
current deepest level of the mine is 1.25 km below surface. Figure 1 shows the long section of 
the orebodies in Garpenberg mine. 

 
Figure 1 - Long section of orebodies in Garpenberg mine (Gotthardsson, 2015) 

Two site visits to Garpenberg mine was done in 2017 to find out the actual condition of the 
mine ventilation circuit. One visit was done in winter (January) and another was done in 
summer (August). These allow an adequate observation for two very different climate 
conditions that significantly affect the mine ventilation circuit.  

During site visits, several measurements at key points were carried out to get a snapshot of 
the actual condition. These measurements include airflow quantity, fan pressure, air 
temperatures and barometric pressure inside the mine and on the surface. The focus of these 
measurements is to see the potential of hot condition in the deepest part of the mine. 

The summer temperatures at the deepest part of the mine, which was at a depth of about 
1.35 km, were measured as 22°C wet bulb (WB) and 27°C dry bulb (DB). It is still well below 
typical stop working limit used in Australia and South Africa, 32°C WB, but it is close to typical 
warning limits of 27 – 30°C WB used in Australia and South Africa. The warning limit means 
that there is a potential for a person to get heat stress when local WB temperature exceeds 
this limit, whilst the stop work limit means that it is certain for a person to get heat stress 
when local WB temperature exceeds this limit. Based on experience in deep mines in 
Australia, South Africa, and Canada, it is obvious that if the mine expands to the depth greater 
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than 2 km, the WB temperature at the deepest part of the mine will exceed 27°C WB and can 
reach 32°C WB if the ventilation in this part is not managed properly. 

What are dry and wet bulb temperatures? Dry bulb (DB) temperature is temperature that is 
measured by a regular thermometer and is the one that is stated in weather reports on public 
media (television, radio, and internet). Wet bulb (WB) temperature is the temperature 
measurement of a mixture of air and water vapour. It is the temperature felt when wet skin 
is exposed to moving air. The difference between DB and WB temperatures reflects the 
relative humidity (RH) of the air. WB temperature is always less or equal than DB. When WB 
is equal to DB, it means that the air has RH of 100%. 

WB is widely used to assess risk of heat illnesses in underground mines worldwide. The reason 
of why WB is used for this purpose instead of DB is that various studies that have been done 
in South Africa and Australia found that the risk of heat illnesses is highly influenced by the 
change in WB instead of DB. South Africa has eight of the ten deepest underground mines in 
the world, with the deepest one, Mponeng gold mine, has reached depth of 4 km (Mining 
Review Africa, 2018). All these eight mines have heat issue. Australian mines are shallower 
than 2 km deep, but majority of them have heat issue due to very hot summer climate there. 
Therefore, there have been many studies done in both countries to combat this issue. 

4.1.2 Kiirunavaara mine 
Kiirunavaara mine is the largest underground iron ore mine in the world, produces about 27 
million tonnes of iron ore annually. The mine is located next to the mining town of Kiruna, in 
Northern Sweden, about 1,300 km north of Stockholm. Mining of Kiirunavaara orebody 
started in 1900 with open pit mining and then continued with underground mining in 1960 
that has been operating until present day. The mining method used is Sublevel Caving. The 
current deepest level is the main haulage level at 1,365 m below surface. Currently the mine 
is doing a study about the expansion of the mine to a depth of 2 km below surface. Figure 2 
shows the cross section of Kiirunavaara orebody, and current and past main haulage levels. 

The situation at Kiirunavaara mine was assessed based on a previous consulting work carried 
out by the author of this report. This work covers a preliminary assessment of management 
of hot working condition encountered in the main haulage level 1365, which is located at 
1,365 m below surface. Some workers on this level complained that they felt very hot 
condition during summer 2015. Site visit and data collection were done in September 2015. 
Collected data were dry bulb (DB) temperature, relative humidity (RH), and barometric 
pressure (BP) at the bottom of intake shaft to 1365 haulage level. All these data were 
measured and recorded using real-time monitoring system so the data from summer 2015 
could be downloaded. Because WB temperature was not measured, it was calculated based 
on recorded DB temperature, RH, and BP. It was found that the average temperatures during 
summer 2015 on this level were 19°C WB and 26.9°C DB.  

The WB temperature is well below the warning limit used in Australia and South Africa but it 
is felt as “very hot” by Kiirunavaara mineworkers. Other Swedish underground mines reported 
a similar situation. It is understandable of why Swedish mineworkers feel this way. They spend 
majority of their time in sub-arctic climate, which has dry cool summer with average summer 
temperature ranging from 7 to 20°C DB. This finding exposes a requirement to educate 
Swedish mineworkers about heat stress management, which is critical not only to survive 
working in hot and humid condition, but also to design management strategies that are 
effective and financially feasible. If WB temperature in working areas is set lower than 19°C, 



 6 

the cooling system that must be installed to achieve this will be very expensive. Detail of this 
is explained in the next section. 

Based on measurements in Garpenberg mine and experience in deep mines in Australia, South 
Africa, and Canada, when the mine expands to the depth greater than 2 km the WB 
temperature at the deepest part of the mine will exceed 27°C WB and can reach 32°C WB if 
the ventilation in this part is not managed properly. 

 
Figure 2 - Cross section of Kiirunavaara mine (Hamalainen, 2015) 

4.2 Determining warning temperatures limit in working areas 
Previous section outlines the current condition in two of Swedish deep underground mines, 
which shows strong likelihood that they will have heat issue when they get deeper than 2 km. 
The section also mentions about warning temperatures limit in working areas. Correctly 
determine warning temperatures limit in working areas is crucial for the following reasons: 
1. To create the right condition that prevents mineworkers from getting heat stress. 
2. To ensure that the required cooling system is cost-effective. 

The second reason has a huge impact on the financial feasibility of the mine because a typical 
mechanical cooling system (vapour compression refrigeration plant) is expensive in both 
capital and operating cost. Because of this, mines that have heat issue usually delay using a 
refrigeration plant until no other alternatives are feasible. Figure 3 shows a schematic of a 
vapour compression refrigeration plant and Figure 4 shows a photo of this plant installed on 
the surface of a platinum mine in South Africa. This plant can also be installed inside the mine 
(underground). How to decide whether to place the plant on surface or underground is 
described in Appendix A. 
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Figure 3 – Schematic of a vapour compression refrigeration plant with direct contact heat 

exhanging inside the BAC 

 
Figure 4 - Surface vapour compression refrigeration plant in a South African platinum mine 

(MEA, 2006) 

The plant comprises of three heat exchangers, as shown in Figure 3: 
1. Bulk air cooler (BAC), where hot/warm ventilating air is cooled by contacting it with sprayed 

chilled water that comes from chiller. The air is pulled into BAC by fans located on the side 
or top of BAC. The water picks up heat from the air, then it becomes warm. It is then 
pumped back into chiller. The contact between chilled water and ventilating air can be 
direct, where the water is sprayed into the air, or indirect, where the water is flowed inside 
metal coils that is placed inside the airflow stream. 

2. Chiller (often called refrigeration plant), where warm water that comes from BAC is chilled 
by contacting it with refrigerant and then is pumped back into BAC. Typical refrigerants 
used in this plant are Ammonia and Freon. Ammonia is not used in underground plants 
because of its toxicity. The refrigerant picks up heat from the water inside an evaporator 
then it becomes warm and vapourised. This refrigerant vapour is then passed into a 
condenser via a compressor. Here it transfers its heat into chilled water that comes from 
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cooling tower, then it becomes cold and liquid. It is then passed back to evaporator via an 
expansion valve. 

3. Cooling tower, where warm water from chiller’s condenser is cooled by contacting it with 
ambient air. The water is sprayed into ambient air that is pulled into cooling tower by fans 
located on the top of the tower. The resulting chilled water is pumped back into chiller’s 
condenser. 

Typical capital cost for a surface plant is AU$ 700 per kW(R) and for an underground plant is 
AU$ 1,300 per kW(R). These cost data are Australian since currently there are no Swedish 
mines that have refrigeration plant, which means that the cost data for Swedish mines are not 
available. 

The unit used above, Watt Refrigeration - W(R), refers to the amount of cooling produced by 
the plant. It does not represent the electrical power required to run the refrigeration plant. It 
represents the amount of heat (a form of energy) removed from the hot air inside the 
refrigeration plant (amount of cooling produced by this plant). Therefore, its unit is W(R), 
which means Watt of Refrigeration, in order to differentiate it with Watt of electrical power. 
The power required to run a refrigeration plant installed on the surface above an underground 
mine is about 20% - 28% of the amount of cooling produced by the unit. Why is this the case? 
This is because the input electrical power is only used to run compressors, pumps, and fans 
inside the refrigeration unit whilst the actual removal of heat is done inside the cooling tower 
using unlimited supply of “free” ambient air. If the plant is installed inside an underground 
mine, the power required to run it is about 33% - 50% of the amount of refrigeration produced. 
This higher percentage is due to limited quantity of air that can be used by the cooling tower 
to reject the heat inside an underground mine. Therefore, a plant that produced 1 MW(R) 
consumes 200 - 280 kW of electric power if it is installed on surface, and 330 - 500 kW of 
electric power if it is installed underground. The ratio between refrigeration produced by a 
refrigeration plant and the electrical power required to run the plant is referred as Coefficient 
of Performance (COP). As implied above, surface plants have higher COP (3.5 – 5) than 
underground plants (2 – 3). 

Because no Swedish mines currently have heat issue, there is no temperature limits prescribed 
by Arbetsmiljöverket, nor any research about the most appropriate limits at working areas in 
Swedish mines. The mineworkers at Kiirunavaara feel that the most appropriate limit is 18°C 
DB. They do not use WB because heat is yet to become an issue in Swedish mines and 
therefore it is understandable of why Swedish mineworkers do not understand about WB 
temperature. The WB that corresponds to 18°C DB was calculated based on average recorded 
RH on 1365 haulage level, 47%. It was found that the corresponding WB is 12°C. 

This limit is far below the warning limits used in Australia and South Africa, 27 – 30°C WB. 
Although it is understandable of why Kiirunavaara mineworkers suggest this limit, the financial 
consequence of using it is significant. Considering the following example. Let us assume that 
the intake airflow temperatures at 2 km deep are 35°C WB and 38°C DB and the airflow must 
be cooled to 12°C WB and 18°C DB. The airflow quantity is 200 m3/s and the barometric 
pressure is 121 kPa. The cooling required to do this is calculated as 21 MW(R), and the plant 
is installed underground. Therefore, the capital cost of this plant is estimated as AU$27.3 
million (about 180 million SEK). The power cost of this plant is therefore 11 million SEK, 
assuming that it has COP of 2, it operates non-stop during the hottest summer months (1 July 
– 31 August) and the unit power cost is 70 öre per kWh. 
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However, if the limit is changed to 27°C WB and 32°C DB then the size of the plant is reduced 
to 9.1 MW(R) and its capital cost is reduced to AU$ 11.8 million (about 78 million SEK). Its 
power cost during summer operation is reduced to 4.7 million SEK. 

This example illustrates how significant the impact of temperatures limit upon capital and 
operating cost of a vapour compression refrigeration plant. Of course, it is obvious that the 
limit used in Australia and South African cannot be used in Sweden because of significant 
difference in climate. Australian and South African mineworkers are more acclimatized to 
work in hot and humid condition than their Swedish counterparts. Therefore, a question has 
been raised: what is the most appropriate temperatures limit for Swedish mines? Is the limit 
suggested by Kiirunavaara mineworkers appropriate? 

To assist in finding the answer, the author decided to look at the limit used in Canadian mines. 
Canada has similar climate with Sweden and several of its mines have exceeded 2 km deep. 
These mines have heat issue so theoretically the limit used in there can be used in Swedish 
mines. A visit to Creighton mine in Sudbury was done in June 2018. Creighton mine, owned by 
Vale Canada, was chosen because it is one of the deepest mines in the world with depth of 
2.5 km and has heat issue in its deepest levels. Beside obtaining detail about temperatures 
limit used in this mine, the visit also aimed to obtain detail about how heat issue is managed, 
which include how its mineworkers acclimatize to hot and humid working condition and 
strategies used to cool intake airflow. Another reason to visit Creighton mine is that it uses 
natural-assisted air conditioning method called Natural Heat Exchanger Area (NHEA), also 
called Seasonal Thermal Energy Storage (SeTES). Natural-assisted methods are significantly 
cheaper than refrigeration plants because it uses nature to do cooling instead of using 
mechanical mean. These methods can only be used in mines located in Sub-Arctic climate 
because the presence of significant amount of snow/ice is required. NHEA/SeTES uses 
Creighton’s old caving zone to do cooling and heating, which makes it a highly cost-effective 
method and so far, delaying the mine to install expensive mechanical refrigeration plant. 
Detail of this and other natural-assisted cooling methods are explained Section 4.3.2. 

It was found that Vale Canada have used 24° - 27°C WB as the warning limits (Allen, 2018; 
Stachulak, 2018). Understandably, these limits are lower than those used in Australian and 
South African mines, but they are still significantly higher than the value suggested by 
Kiirunavaara mineworkers, 12°C WB. Directly adopting Vale Canada’s limit in Swedish mines 
might not be appropriate. Although there are many similarities between climate in Sudbury 
and Sweden, there are some main differences: 
1. Summer in Sudbury is humid, and the temperature often reaches 30°C DB, which 

generally is not the case in Sweden, especially in Malmfälten where Kiirunavaara and 
Malmberget are located. 

2. Winter temperature in Sudbury fluctuates greatly, generally between -20°C and 2°C DB, 
which generally is not the case in Sweden. 

These differences mean that Vale Canada’s mineworkers are more acclimatized to work in hot 
and humid condition than their Swedish counterparts are. Therefore, it is likely that the 
appropriate limit for Swedish mines is lower than 24°C WB, but not as low as 12°C WB. A study 
to determine how Swedish mineworkers adapting to hot and humid working condition needs 
to be carried out in the future. This study should include finding the most appropriate warning 
limit for Swedish mines and how Swedish mineworkers acclimatize to hot and humid 
condition. This study can be similar with a study that was done in Canada between 2004 and 
2013. The Deep Mining Research Consortium (DMRC), a consortium consisted of major 
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Canadian mining companies Vale Inco, Xstrata, Rio Tinto, Goldcorp, Agnico-Eagle, Barrick 
Gold, funded a heat stress project that was done out to investigate how heat stress exposure 
in Canadian deep underground mines should be controlled (Hardcastle et al, 2012). The study 
was carried out by mine ventilation and human health experts from CANMET (Canada Centre 
for Mineral and Energy Technology) and University of Ottawa. Aspects that were investigated 
during this study were workers physical and mechanical characteristics of selected 
mechanized mining tasks and mine rescue activities, the influence of clothing and intermittent 
work on heat stress exposure, and how Canadian mineworkers acclimatized to hot and humid 
condition. 

4.3 Ventilation and air conditioning strategies to save power cost 
Beside heat issue, the airflow quantity that reaches the deepest part of the mine is usually in 
shortage due to increase in airways resistance which subsequently reduces primary fan 
capacity and leakage through old (upper) working areas. To overcome this issue, the solution 
is usually replacing the existing primary fan with a larger one. The consequence of this is that 
the new fan consumes more electrical power than the old one.  

A ventilation system consumes a large amount of electrical power and represents a significant 
proportion of total facility electric power consumption, which can comprise 40% of the total 
mine power cost (Halim and Kerai, 2013). As electric power cost increases steadily, for large 
and deep underground mines this can cause the operation to become uneconomic and 
preventing deep orebodies to be extracted. 

The impact of the mine depth upon ventilation power cost is described by Hardcastle and 
Kocsis (2003). The power cost is proportional to the amount of power required to run mine 
fans. This power is defined as: 

𝐹𝐹𝐹𝐹𝐹𝐹 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚 ∝ 𝑅𝑅𝑄𝑄3  
Where: 
R = mine airway resistance Q = fan airflow quantity 

Resistance of a mine airway is the sum of the resistance caused by friction between air and 
airway surface and the resistance caused by bends, intersections and change in airway size 
(shock loss). The frictional resistance is proportional to the length of the airway. When an 
underground mine gets deeper, the length of airways and number of bends and intersections 
increase, therefore increasing the total mine airways resistance. 

In addition to this, the fan airflow quantity must also be increased to combat increasing 
leakage. Leakage is defined as intake air that does not reach working areas due to direct 
connections between main intake and exhaust airways upstream of these working areas. 
These connections are usually located in the old working areas (upper levels). These areas are 
usually sealed after mining activities were completed in there. However, the seal, which is 
typically a concrete wall, is often poorly built and therefore leaks. There is no leak-proof mine 
ventilation system. As a mine gets deeper, the number of these old working areas increases 
and therefore increasing leakage. This means that the fan must supply more air than the 
required airflow in deep working areas. 

The relationship above shows that fan motor power is proportional to mine airway resistance 
and the cube of fan airflow quantity. Therefore, it is obvious that ventilation power cost 
increases significantly as an underground mine gets deeper. A slight increase in airflow 
quantity produces a huge increase to fan motor power because of the cube relationship. For 
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example, in a mine in Canada that is already operating at a depth below 2 km from surface, 
an additional 300 m depth increased airflow by 20% and according to the relationship above 
these deeper areas would be 73% more costly to be ventilated (Hardcastle and Kocsis, 2003).  

The relationship above also means that a slight decrease in fan airflow quantity will 
significantly reduce fan motor power and fan power cost. Therefore, some energy-efficient 
systems have been developed with focus on reducing this quantity. Currently there are two 
systems that have been developed: Ventilation on Demand (VOD) and Controlled Partial 
Recirculation (CPR). They are outlined in detail in the next sub-section. 

Another advantage to reduce fan airflow quantity is the reduction of air conditioning power 
consumption, and thus its cost. The power required to operate a cooling/heating system is 
proportional to the primary fan airflow quantity. Therefore, reducing primary fan airflow 
quantity will reduce air conditioning power consumption and cost. 
 

4.3.1 Energy-efficient ventilation systems 

4.3.1.1 Existing systems 
Within Swedish mining industry, only VOD that have been used. Boliden Kankberg mine has 
reported that VOD reduces its power cost by 54% (ABB, 2016; Mobilaris, 2018). Following are 
details of both VOD and CPR. 

1. Ventilation on Demand (VOD) 
Ventilation on demand (VOD) is a concept where airflow is provided only to areas requiring 
ventilation. Historically, mine ventilation systems are designed for peak demand and are 
operated at this maximum level regardless of the true demand, i.e. ventilation is provided 
to areas that are inactive, resulting in significant amounts of wasted airflow and air 
conditioning, and low ventilation-system efficiency. For example, a mine that has 15 
ventilated working areas even if only 10 of them are active at any one time would waste 
33% of the airflow supplied. VOD improves the system efficiency and hence reduces the 
overall ventilation requirement in that mine, which subsequently reduces ventilation 
power consumption. 

The system automates the primary fan speed and ventilation control devices such as 
auxiliary fans and regulators based on input from remote air quantity and quality 
monitoring systems, and a vehicle detection system. Sensors installed at the entrance of 
an area detect gas concentrations and the number and type of vehicles or even people that 
are operating in that area. These sensors are linked to the auxiliary fans and/or regulator 
that control the airflow in that area (airflow in an area can be controlled with both auxiliary 
fan and regulator, or by each of them independently). When a gas concentration exceeds 
a pre-set limit, the auxiliary fan automatically starts and run at its programmed speed, and 
if a regulator is used, its opening is automatically increased so that more air flows into the 
area until the concentration falls below the limit. Once the concentration falls low enough, 
the fan automatically stops, and the regulator automatically reduces its opening. Similarly, 
when a vehicle enters the area, the system identifies the type of the vehicle and 
automatically adjusts itself according to pre-set values, allowing adequate airflow into that 
area to dilute exhaust emission from that vehicle.  

Swedish mines do not use regulators (Halim et al, 2020). They only use auxiliary fans, 
installed at both intake and exhaust, to control the airflow in an area. These fans are fitted 
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with Variable Speed Drive (VSD). They are linked to the primary fans that are also fitted 
with VSD. The “communication” between auxiliary fans and primary fans is established by 
installing a pressure transducer at the auxiliary fan bulkhead on the deepest level, which 
measures the pressure differential between the shaft and the mine levels. This pressure 
changes depending on the number of running auxiliary fans. When an auxiliary fan starts, 
the pressure will decrease and to compensate, the primary fan will increase its speed until 
the pre-set value is reached. The speed of an auxiliary fan is programmed based on type of 
vehicles that work in that area and gases concentration. For example, when a drill rig enters 
a level, the auxiliary intake and exhaust fans automatically start on a 50% of maximum fan 
speed in rotations per minute (rpm). When a diesel load-haul-dump (LHD) enters a level, 
the auxiliary fans will automatically run at 100% of their maximum rpm. When the LHD 
leaves, the auxiliary fans run for a while and then automatically turn off. However, they will 
run longer at 100% rpm when the gas sensors detect gases above their pre-set 
concentration value. 

Besides automatic control, the system can also be controlled manually from a control 
room. Several companies such as ABB (Sweden-Switzerland) and Howden Simsmart 
(Canada) have developed control systems for VOD. Figure 5 shows an example of schematic 
of VOD system, which is ABB’s OMVOD (Optimised Mine Ventilation on Demand). 

 
Figure 5 - A schematic of OMVOD (ABB, 2009) 

2. Controlled Partial Recirculation (CPR) 
Controlled partial recirculation (CPR) refers to a practice where a fraction of exhaust 
primary airflow is recirculated into the area where it is exhausted from. This recirculated 
airflow is re-conditioned before being introduced to the intake airway to cool it and to 
reduce the concentration of contaminants in it. This means that the intake primary airflow 
can be reduced, reducing total mine airflow and air conditioning requirements, and 
eventually ventilation and air conditioning power costs. Figure 6 shows a schematic of this 
concept, which shows that the system recirculates ⅓ of the total mine airflow requirement 
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and therefore the primary fans only need to deliver ⅔ of the total mine airflow 
requirement. The recirculation system is set to be automatically shut down in a fire event, 
so the smoke and fire gases will not be recirculated. 

This concept has been considered for the past 30 years and trials were conducted in 
Australian, South African and Brazilian mines. Even though these have shown that it works 
well for reducing ventilation and air conditioning power costs while still maintaining 
acceptable air quality, Wu et al (1995, 2001); Bluhm et al (2013a); Bluhm and Funnell 
(2014); van den Berg et al (2018), it is yet to be accepted by mining industry worldwide. 
The main reason is that introducing “dirty air” into an intake airway, even re-conditioned, 
is a radical change to the current thinking in mining industry worldwide. There are concerns 
about the quality of the mixed intake air with CPR, despite a trial in the Mount Isa copper 
mine in Australia showing that the contaminant level in the mixed intake air does not 
increase beyond unacceptable levels (Wu et al, 2001). However, the recent launch of large 
battery-powered underground mine machineries such as Epiroc’s ST14 battery LHD, 
MT42 battery truck (Epiroc, 2018) and Sandvik’s LH518B (Sandvik, 2020) presents a strong 
case to employ CPR because electric equipment produces no exhaust gases and Diesel 
Particulate Matter (DPM). This means that heat is the only hazard that comes from 
battery-powered machineries. Even so, these machines emit significantly less heat than 
their diesel version because an electric motor has significantly higher efficiency than an 
equivalent diesel engine. Based on the ratio of efficiency of electric motors and diesel 
engines, it is estimated that battery-powered machineries emit about 60% - 67% less heat 
than their diesel version. The reconditioning requirement will be less because it only deals 
with heat, dust, and radon (if it is present in the mine). Therefore, the system would be 
cheaper than the one in a conventional diesel mine. Moreover, it would be easier to 
convince mining industry worldwide to accept it because the recirculated air is much 
cleaner than that in conventional diesel mines. 

 
Figure 6 - A schematic of CPR (Bluhm and Funnell, 2014) 
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4.3.1.2 A potential new system: combination between VOD and CPR in a diesel-
free mine 

No mines have ever tried to employ combination between VOD and CPR because mining 
industry worldwide refusal of CPR so far. However, CPR is likely will be accepted when diesel-
free mines become a reality. In this situation, combination between VOD and CPR becomes 
practically feasible. Combination of these two methods have a potential to further save power 
cost and therefore is an attractive strategy to be implemented in Swedish mines in the future. 
A detail study about this combination is described in this Sub-section with assumption that 
the mine is using battery-powered machineries. The case study is LKAB Konsuln mine. This 
study uses results of the EU’s Sustainable Intelligent Mining Systems (SIMS) project (SIMS 
website, 2020) and Master thesis of LTU’s student Seth Gyamfi that was supervised by the 
author of this report. 

Konsuln test mine is located just South of Kiruna mine as shown in Figure 7. The mine was 
developed as a test site for the Sustainable Underground Mining (SUM) project, which main 
objective is to set a new global standard for sustainable mining at great depths. The project’s 
vision is that the mine of the future is safe, carbon dioxide free, digitalized and autonomous. 
Various tests will be carried out in Konsuln mine in order to study the best way to build an 
efficient and autonomous production system, which is carbon dioxide-free and maintains the 
highest conceivable safety when people and autonomous machines work side by side. Aspects 
that will be tested include new mine layouts, autonomous technology, electrification of 
mining machineries, digitalization, location-independent control rooms, sensors and 
positioning, and energy optimization (SUM website, 2020). 

 
Figure 7 - Location of Konsuln mine (Gyamfi, 2020) 

Besides functioning as a test mine, Konsuln also contributes to LKAB’s iron ore production. 
The mine currently produces approximately 0.8 million tonnes per annum (mtpa) of iron ore 
with a plan to increase it to 1.8 - 3 mtpa. The mine uses the same mining method as that is 
used in Kiruna mine, Sublevel Caving. The mine has three production levels: 436, 486, and 536. 
The significant differences between them are the new layout in Konsuln on its production 
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levels 436, 486 and 536, and the utilization of trucks to haul the ore to the surface, instead of 
using trains and hoisting like in Kiruna mine (Gyamfi, 2020). 

The study was done by simulating Konsuln ventilation system using VentSim Design 5 
software, a popular ventilation and air conditioning simulation software. The model had been 
calibrated in order to make it fit for purpose to design future ventilation system and to study 
potential ventilation strategies in Konsuln mine. 

4.3.1.2.1 Konsuln ventilation system 

Konsuln mine employs a combination of force and push-pull primary ventilation systems. The 
primary intake fans are two 75 kW EOL Vent system inline axial fans. Both fans are equipped 
with variable frequency drive (VFD) to vary their speed.  These fans are located 254 m below 
surface and currently deliver about 100 m³/s of fresh air to the mine. A direct contact heating 
system, using electric coils, is installed on the top of the intake raise.  

The push-pull system is only used during the clearance of production blasting fumes. After 
production blasting is done in a certain level, two 22 kW fans located in the connecting drive 
to the exhaust raise are turned on to suck the fumes from that level. After the fumes are 
cleared, these fans are turned off and the system runs only on “push” mode, which is the 
mode during the steady-state production. Figure 8 shows a schematic of this system. Figure 9 
shows the VentSim Design model of Konsuln mine ventilation system. 

 

 
Figure 8 - Schematic of Konsuln primary ventilation system 
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Figure 9 – Konsuln mine ventilation model 

Primary airflow on each level is provided by 30 kW auxiliary fans bolted to bulkhead located 
in the access to the intake raise/shaft. Each fan is connected to a 1000 mm diameter duct that 
extends to the level footwall drive. This air is then distributed to each crosscut (production 
drive) using a 11 kW auxiliary air fan connected to a 800 mm diameter duct installed in the 
access to each drive. Figure 10 shows a schematic of level ventilation in Konsuln mine. 

 
Figure 10 - Schematic of Konsuln level ventilation (Gyamfi, 2020) 
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4.3.1.2.2 Simulation setup 

The aim of the simulation is to estimate power cost of fans (primary and auxiliary) in each VOD 
scenario that deliver primary and secondary airflow quantities that dilute all contaminants to 
be below their limit. TLV-TWA of toxic gases prescribed in AFS 2018:1 are 20 ppm for CO and 
0.5 ppm for NO2. Other limits that must not be exceeded are radon exposure, temperature, 
and Diesel Particulate Matter (DPM). Radon is present in Konsuln because its iron orebody 
contains small amount of uranium minerals. These minerals are not economic to be extracted 
but enough to release radon that will create hazardous working condition if it is not managed 
properly. The exposure limit prescribed in AFS 2018:1 is 2.1 MBqhr/m3 per year. Since VentSim 
Design only calculates radon concentration in Bq/l, the exposure limit is determined by 
converting the concentration to Bq/m3, then multiplying it with annual working time of 1,804 
hours.  

Currently there is no limit for temperature and DPM prescribed by Arbetsmiljöverket. 
Therefore, simulated temperature was compared against the limit that has been used in Vale 
Canada mines in Sudbury, 24°C WB (Allen, 2018; Stachulak, 2018). This limit was chosen due 
to the similarity between surface climate in Sweden and in Canada. Simulated DPM 
concentration was compared to the exposure limit that are used in Australian mines, which is 
and 0.1 mg/m3 of Elemental Carbon (EC) (Government of Western Australia, 2013). 

Dust is not included in the simulation because the best method to control dust is by preventing 
most of it to become airborne at its sources (e.g. drill rigs, drawpoints, transfer points, road 
surface) rather than diluting it with ventilating airflow. The suppression is usually done by 
wetting these sources by spraying water or dust suppressant. The reason for this is that 
turbulence in the airflow, which is proportional to the airflow quantity, can make dust being 
circulated within the air stream instead of being ejected into exhaust airways. Therefore, it is 
assumed that majority of dust is suppressed by the dust suppression system and is not 
airborne in this simulation. 

VOD scenarios in the simulation 

The VOD scenario in the simulation is based on the planned number and type of equipment 
that are required to achieve annual production rate of 1.8 - 3 mtpa. It is estimated that one to 
three Load-Haul-Dump (LHDs) and seven to twelve trucks would be operating at the same 
time in the mine. Currently, the equipment that are planned to be used are Scania R500 diesel 
trucks (40 tonnes payload) and Epiroc ST18 diesel LHD (18 tonnes payload). However, in the 
simulation they are replaced by Epiroc MT42 battery truck (42 tonnes payload) and Sandvik 
LH518B battery LHD (18 tonnes payload) in order to simulate diesel-free mine. These 
machineries were selected because at the time of the writing of this report they were the only 
available battery-powered underground mine machineries in the market that have similar 
payload with the considered diesel machineries. It must be noted that ST18 Battery LHD will 
be trialled in Konsuln mine as a part of SUM project. This machine is currently under 
manufacturing in Epiroc’s main factory in Örebro in Southern Sweden. 

Based on the proposed production schedule, the deployment of these equipment inside the 
mine was divided into three scenarios that are shown in Table 2. These scenarios show 
number and type of equipment in various areas within the mine within a production shift. 
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Table 2 – Scenarios for VOD system design and consideration 
Area Scenario I Scenario II Scenario III 

 Level 436 Two MT42 battery trucks, 
one LH518B battery LHD 

Two MT42 battery trucks, 
one LH518B battery LHD 

One MT42 battery truck, 
one LH518B battery LHD 

Level 486 Two MT42 battery trucks, 
one LH518B battery LHD 

Two MT42 battery trucks, 
one LH518B battery LHD 

Two MT42 battery trucks, 
two LH518B battery LHDs 

Level 536 No production One MT42 battery truck, 
one LH518B battery LHD 

Two MT42 battery trucks, 
one LH518B battery LHD 

Ramp (decline) Three MT42 battery trucks 

Input data required for these simulations are: 
• Rated motor power of selected battery-powered machineries, in kW. This is obtained 

from the machines’ specification brochure that can be downloaded from Epiroc and 
Sandvik website. 

• Mine thermal parameters, which will be described in more detail below. 

Mine thermal parameters 

One of the main input data in this simulation is mine thermal parameters, some of which must 
be assumed in the simulation because they are yet to be available. This data consists of: 
• Surface climate during summer, which is the average temperatures on the surface of the 

mine during summer. This is input data for the heat that comes from the atmosphere 
above the mine and is obtained from Sverige’s meteorologiska och hydrologiska institut 
(SMHI) website. It was found that average temperatures in Kiruna during summer are 
12.6°C DB and 7.5°C WB. 

• Thermal parameters of the surrounding rock mass, which are surface Virgin Rock 
Temperature (VRT), geothermal gradient, rock thermal conductivity, rock thermal 
diffusivity, and rock specific heat. These are input data for heat that comes from the rock 
mass surrounding the mine. Table 3 shows the description of each of these parameters. 
These parameters are obtained by field and laboratory measurements because they are 
influenced by local climate and local geological features such as multiple rock types, 
joints, faults, and folds. Unfortunately, they are yet to be measured since Kiirunavaara 
mine is yet to have heat issue. This is also the case in other Swedish mines. 

Table 3 – Description of rock mass thermal parameters input data 
Parameter Description 

Surface VRT Temperature of rock mass on the surface above the mine 
Geothermal 
gradient 

Rate of increase of rock mass temperature along with the increase of the 
depth of the rock mass. It is shown as °C per km depth or °C per 100m depth 

Rock thermal 
conductivity 

The ability of a rock mass to transmit heat through itself. It is shown as Watt 
per meter – degree C (W/m°C) 

Rock thermal 
diffusivity 

The ability of rock to diffuse or transmit contained heat over a unit area per 
unit of time. It is shown as m2 per second (m2/s) 

Rock specific 
heat 

The amount of heat required to change the temperature of a kilogram of rock 
mass by one degree. It is shown as Joule per kg – degree C (J/kg°C) 

Therefore, thermal conductivity, diffusivity, and specific heat were assumed based on the 
laboratory measurement values of Quartzite, which is the dominant rock type in Konsuln 
(Gyamfi, 2020). Surface VRT and geothermal gradient were assumed based on a 
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measurement in a Canadian mine, which is located in a similar climate with the Swedish 
one. 
• Thermal conductivity: 3.0 W/m°C 
• Thermal diffusivity: 1.39 x 10-6 m2/s 
• Rock specific heat: 800 J/kg°C 
• Surface VRT: 1°C 
• Geothermal gradient: 1°C per 100 m increase of depth. 

A measurement of heat exchange between ventilating air and intake shaft wall done in 
Kiirunavaara mine in 2015 indicates that these values are quite reasonable. However, these 
parameters should be measured in the future to obtain accurate values. 

Simulation results 

Firstly, simulation of using VOD and battery-powered machineries was done in order to assess 
the benefit of using VOD and battery-powered machineries in Konsuln mine. The heat emitted 
by these machineries was set at 35% of that emitted by their diesel version (correspond to 
65% reduction of heat emitted by machineries). The condition that was simulated is the 
steady-state production, which means that the primary exhaust fans are turned off in the 
simulation since they are only used to clear production blasting fumes. It must be noted that 
no machineries and non-blasting crew are allowed to enter the mine during the clearance of 
production blasting fumes.  

The unit electrical power cost is assumed as 70 öre per kWhr. Table 4 shows the annual fans 
power cost savings when VOD and battery-powered machineries are used. The highest 
temperature within the mine in all VOD scenarios is estimated as 18°C WB during summer, 
which is far below the Australian limit of 28°C WB. The highest radon exposure in the mine is 
estimated as 0.45 MBqhr/m3 per year, which is far below the limit of 2.1 MBqhr/m3 per year. 
There are no CO, NO2, and DPM found in the mine because all machineries are battery-
powered. 

Table 4 – Annual ventilation fans power cost savings when VOD and battery-powered 
machineries are used. Q refers to airflow quantity. 

VOD 
scenario 

Annual fans power cost 
(SEK) 

Annual fans power cost without VOD 
and battery-powered machineries (SEK) 

Cost 
savings (%) 

Scenario I 256,000 (Primary Q = 52 m3/s) 
2,085,000 (Primary Q = 100 m3/s) 

87.7 
Scenario II 252,000 (Primary Q = 53 m3/s) 87.9 
Scenario III 248,000 (Primary Q = 54 m3/s) 88.1 

The savings of the heating power cost is shown in Table 5. The savings were calculated with 
an assumption that the heating system operates seven months annually (mid October until 
mid May) and the intake air is heated from -20°C to 2°C. From Table 4 and 5, it is clear that 
using VOD and battery-powered machineries will produce significant ventilation and air 
conditioning power cost savings. 

Table 5 – Annual heating power cost savings when VOD and battery-powered machineries are used. 
Q refers to airflow quantity 

VOD 
scenario 

Annual heating power cost 
(SEK) 

Annual heating power cost without VOD 
and battery-powered machineries (SEK) 

Cost 
savings (%) 

Scenario I 5.32 million (Heated Q = 52 m3/s) 
10.24 million (Heated Q = 100 m3/s) 

48.0 
Scenario II 5.43 million (Heated Q = 53 m3/s) 47.0 
Scenario III 5.53 million (Heated Q = 54 m3/s) 46.0 
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The next step was adding CPR into the simulation. In this simulation, ⅓ of the airflow quantity 
in each VOD scenario is recirculated. Therefore, the recirculation quantity is 17.3 m3/s in 
Scenario I, 17.7 m3/s in Scenario II, and 18 m3/s in Scenario III. Because the simulation only 
simulates steady-state production ventilation and air conditioning, this means that CPR is not 
used during the clearance of the blasting fumes. In practice, this is what should be done 
because blasting fumes should be exhausted from the mine and should not be recirculated. 

Figure 11 shows the location of the recirculation airway in Konsuln ventilation model. Due to 
Konsuln ventilation circuit geometry, it is not possible to install recirculation fan and 
reconditioning devices, as shown in Figure 11. Therefore, the simulation was done with 
assumption that the recirculated air is not reconditioned. The recirculation is controlled by 
installing a regulator in the recirculation airway, as shown in Figure 11. This layout means that 
the primary intake fans move both intake airflow from the intake raise and recirculated airflow 
from the recirculation airway, and the heating system on top of the intake raise deals with 
less intake airflow quantity than when only VOD and battery-powered machineries are used. 

 
Figure 11 – Layout of CPR system in Konsuln mine  

Table 6 and 7 shows the annual fans power cost savings and heating power cost savings 
respectively when CPR is used along with VOD and battery-powered machineries. 
Temperature and radon concentration are estimated to be similar with the ones found in the 
simulation without CPR (see page 19), which indicates that reconditioning devices will not be 
required in Konsuln. These two tables show that adding CPR to VOD and battery-powered 
machineries only marginally increases the fans power cost savings, but it significantly 
increases the heating power cost savings. This is because of the layout of CPR system in 
Konsuln that is described above. The primary fans move virtually the same amount of airflow 
quantity as when CPR is not used, but the heating system only deals with ⅔ of the primary 
airflow quantity. 

Table 6 – Annual ventilation fans power cost savings when CPR, VOD, and battery-powered 
machineries are used. Q refers to airflow quantity. 

VOD 
scenario 

Annual fans power cost 
(SEK) 

Annual fans power cost without VOD, CPR, 
and battery-powered machineries (SEK) 

Cost 
savings (%) 

Scenario I 255,000 (Primary Q = 52 m3/s) 
2,085,000 (Primary Q = 100 m3/s) 

87.8 
Scenario II 251,000 (Primary Q = 53 m3/s) 88.0 
Scenario III 247,000 (Primary Q = 54 m3/s) 88.2 

Intake raise Primary intake fans 

Recirculation airway 
with a regulator in it 
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Table 7 – Annual heating power cost savings when CPR, VOD and battery-powered machineries are 
used. Q refers to airflow quantity. 

VOD 
scenario 

Annual heating power cost 
(SEK) 

Annual heating power cost without VOD, 
CPR, and battery-powered machineries (SEK) 

Cost 
savings (%) 

Scenario I 3.56 million (Heated Q = 34.7 m3/s) 
10.24 million (Heated Q = 100 m3/s) 

65.2 
Scenario II 3.62 million (Heated Q = 35.3 m3/s) 64.6 
Scenario III 3.69 million (Heated Q = 36.0 m3/s) 64.0 

The study described in this sub-section shows that combination of VOD and CPR has a 
potential to be the best energy-efficient ventilation and air conditioning system that can be 
used in Swedish mines, providing that the mines are diesel-free. However, it must be noted 
that the ventilation and air conditioning power cost savings will be different in each mine. This 
is because of the following reasons: 
1. Airflow requirement when using battery-powered machineries will be different in each 

mine depending on production rate and the magnitude of heat sources that are present 
in each mine. As mentioned previously, the only hazard that comes from battery-powered 
machineries is heat. However, there are other heat sources inside the mine apart from 
machineries, which are VRT, autocompression, groundwater, and broken rock. Their 
magnitude increases along with the increase of the mine depth. Since Konsuln is a shallow 
mine (the deepest part is about 390 m below surface), their magnitude is relatively small 
in this mine. Therefore, machineries is the predominant heat source in Konsuln and using 
battery-powered machineries greatly reduces airflow requirement. In other Swedish 
mines, which are deeper than Konsuln, it is expected that their power cost savings will be 
less than those in Konsuln. 

2. Mines that are owned by companies other than LKAB do not have radon, which will 
influence their airflow requirement. 

3. Geometry of ventilation circuit in each mine is unique. Combined with each mine’s airflow 
requirement and its contaminant concentration, some mines may have to use 
recirculation fan and reconditioning device. 

Nevertheless, it has been demonstrated that combination of VOD and CPR with assumption 
that all machineries are battery-powered has a potential to be the best energy-efficient 
ventilation and air conditioning system that can be used in Swedish mines. 

4.3.2 Natural-assisted cooling systems 
For mines that must employ a cooling system and are located in sub-arctic region, there is an 
opportunity to use nature to assist cooling. The presence of ice/snow during winter months 
provides an opportunity to use it to cool airflow during the subsequent summer. This removes 
the requirement to install expensive mechanical refrigeration plant and therefore save 
significant amount of capital and operating costs. Currently, only few deep mines in Canada 
that have used or plan to use these systems. Because Swedish mines are also located in sub-
arctic region, these systems are attractive to be employed in the future should these mines 
expand to 2 km deep. However, the suitability of these systems for Swedish mines must be 
assessed beforehand, which is outlined in this section. This assessment is based on literature 
study and interviews with ventilation experts at Vale Canada, MIRARCO, and Stantec Sudbury. 
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4.3.2.1 Creighton mine’s Natural Heat Exchange Area (NHEA) / Seasonal Thermal 
Energy Storage (SeTES) and its suitability for Swedish mines 

Creighton mine, located about 20 km west of the mining town of Sudbury in the Province of 
Ontario, Canada, is the deepest nickel mine in the world with the deepest level 2.5 km below 
surface. The mine is owned by Vale Canada and has been operating since 1901. The 
predominant mining methods currently used is a variation of Sublevel Stoping called Slot-and-
Slash Mining. 

The NHEA is a natural-assisted air conditioning system at Creighton Mine (Fava et al, 2012; 
Ramsden et al, 2014; Saeidi et al, 2017a; Saeidi et al, 2017b). It is also called Seasonal Thermal 
Energy Storage – SeTES (Ghoreishi-Madiseh et al, 2015). The system is a pit containing a mass 
of broken rock connected to underground mine workings, which essentially is a caving-
subsidence zone created by sublevel caving mining method used in the upper orebody in the 
past.  

The surface ambient air is continuously drawn from the surface and through this mass of 
broken rock using three underground booster fans. The mass of broken rock allows for storing 
ambient heat and ‘coolth’ to condition the ventilating air.  During winter, cold temperatures 
propagate from surface through the broken rock mass as a result of heat transfer between 
the incoming air and the broken rock. A similar process occurs in summer with a propagation 
of warm temperatures through the cooler broken rock mass. In other words, the NHEA/SeTES 
is acting as a refrigeration system in summer and as a heating system in winter. 

The airflow passes through boxholes and slusher trenches to millholes and ore passes. The 
airflow is controlled using 96 manually operated control doors near the millholes at each 
trench. The trenches with control doors are divided into four groups known as Blocks 1, 2, 5 
and 6. The slusher trenches of Blocks 3 and 4 are inaccessible. The airflow from different 
trenches and different blocks is collected at a gathering area known as the 800 Level and from 
there the ventilating air is directed to the intake air systems of the mine (Saeidi et al, 2017a). 

Figure 12 shows the schematic of the mine ventilation system including NHEA. Figure 13 shows 
a schematic of how ventilating air is cooled by NHEA and distributed into the fresh air systems 
of the mine. 

By using this facility, Creighton mine has avoided the mechanical refrigeration that otherwise 
would be needed. Control of the NHEA has been manual, and decisions made are by past 
experience and knowledge of the system behavior (Fava et al, 2012). 
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Figure 12 – Schematic of Creighton mine ventilation system including NHEA (Saeidi et al, 

2017b) 

 
Figure 13 – How ventilating air is cooled inside NHEA and distributed into the mine 

(Ramsden et al, 2014) 
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Is NHEA/SeTES suitable to be employed in Swedish mines? Since it uses caving zone, then it 
can only be employed in Kiirunavaara and Malmberget. However, further analysis and 
interviews with Kiirunavaara ventilation personnel found that it will not be able to be 
employed in both mines for the following reasons: 
1. Ventilating air can be drawn through the NHEA/SeTES because Creighton’s caving zone has 

constant geometry and thus constant permeability and resistance. Sublevel caving was 
used to extract the upper orebody at Creighton mine, then the mining method transitioned 
to stoping mining methods that have been used since. In Kiirunavaara and Malmberget 
mines, sublevel caving has been used since the beginning of operations. This means that 
geometry of the caving zone, and thus its permeability and resistance, change every day. A 
mine cannot have a main intake airway whose resistance changes continuously. 

2. The caving zone in both Kiirunavaara and Malmberget mines is approximately 700–800 m 
deep (and getting deeper), much deeper than that in Creighton mine (approximately 200 
m). There is a high degree of compaction and crushing inside the Kiirunavaara and 
Malmberget caving zones, which causes very low permeability and very high resistance. 
The underground booster fan pressure required to draw air through the Kiirunavaara and 
Malmberget caving zones would be extremely huge and is likely to be higher than the 
pressure of a surface primary fan. 

3. Most importantly, there is radon within Kiirunavaara and Malmberget caving zones. 
Employing NHEA/SeTES means that radon will be drawn into the mine, which is very 
hazardous and totally unacceptable. Creighton mine does not have radon in its orebody. 

4.3.2.2 Lake cooling and its suitability for Swedish mines 
The topography of Canada is such that there are frequently lakes on mine properties and 
during winter the surfaces of the lakes are frozen with the temperature of the water at the 
bottom of the lake being 4°C. In summer the ice melts and the lake surface temperature 
increases. However, the temperature of the water at the bottom of deep lakes remains 
around 4°C (Ramsden et al, 2014). This water is pumped into a BAC to cool hot/warm 
ventilating air. To maintain water temperature around 4°C, the piping must be insulated. The 
warm water is pumped back from BAC into the lake via water purification plant to ensure that 
the lake is not contaminated. Figure 14 shows a schematic of this system. 

The main advantage of this system is chiller and cooling tower are no longer required. This 
makes the whole system simpler and cheaper than a vapour compression refrigeration plant. 
No mines in Canada have employed this system so far but it has been used for air conditioning 
system of many buildings in downtown Toronto using Lake Ontario (Ramsden et al, 2014). 
Trapani et al (2016) reviewed capital and operating costs (maintenance and labour costs) of 
this system and compared it with the costs of a typical vapour compression refrigeration plant. 
Their finding is summarized in Table 8. It can be seen in this table that this system is attractive 
to be employed by mines that are located adjacent to a cold lake. 

Table 8 – Capital and Operating costs of cold lake system vs vapour compression 
refrigeration plant (Trapani et al, 2016) 

System Capital cost 
(CAD$/kW(R)) 

Operating cost – maintenance 
and labour (CAD$/MW(R)) 

Lake cooling 700 1.03 
Vapour compression plant (surface installation) 794 3.57 
Vapour compression plant (underground 
installation) 

1,395 3.57 
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Figure 14 – Cold lake cooling system 

Is lake cooling suitable to be employed in Swedish mines? Kiirunavaara and Garpenberg are 
adjacent to lakes. However, interviews with ventilation personnel in both mines found that it 
will not be able to be employed in both mines because the lakes are owned by the local 
government and they will not give permit to the mine to use the lake because of a fear that 
the lake will be contaminated if the water purification plant breaks down. Therefore, although 
this system is technically and economically sound, it is not feasible from legal and 
environmental point of view. However, Dr. Stachulak, ventilation expert from MIRARCO - 
Laurentian University, suggested that if indirect contact heat exchangers (metal coils filled 
with liquid coolant) are used, the legal and environmental hurdles might be able to be 
overcome. This suggestion has been discussed with ventilation personnel from Kiirunavaara 
and they agree that it might be allowed by Kiruna city council. However, capital and operating 
costs for this system is higher than those for the system described before, so it might not be 
feasible from financial point of view. Another problem is fouling on coils surface can 
significantly reduce their performance. Figure 15 shows this system with indirect contact heat 
exchangers. 

 
Figure 15 – Cold lake cooling system with indirect contact heat exchangers 
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4.3.2.3 Ice stope and its suitability for Swedish mines 
Ice stope is an unfilled stope located near surface that is used to heat ventilating air during 
winter and theoretically can be used to cool ventilating air during summer. The air is heated 
in the stope by spraying warm return service water from the mine, at about 10°C, onto the 
sub-zero cold intake ventilation air. Through convection, mass and heat transfer occurs 
resulting in the air becoming more saturated and the water droplets releasing energy to the 
air, dropping gradually to 0°C where the droplets start changing phase from liquid to solid. Ice 
is accumulated throughout this process, filling the storage volume by about 75% of its capacity 
(Trapani and Chen, 2017). Figure 16 shows a schematic of this system. 

This system was used to heat ventilating air at Vale Canada’s Stobie mine from 1955 until the 
mine closure in 2017. Although theoretically can be used to do cooling, it was never used to 
do so throughout its operation because Stobie mine never had heat issue (Allen, 2018; 
Stachulak, 2018). Figure 17 shows a schematic of Stobie ice stopes. 

The accumulated ice inside an ice stope can be used to cool ventilating air during subsequent 
summer, in which it is melted into chilled water that is then pumped into a BAC, as shown in 
Figure 18. 

The main disadvantage of this system is the requirement to have large unfilled stope(s) 
located near surface. This is the reason of why this system will not be able to be employed in 
Swedish mines because there are no Swedish mines that have unfilled stope(s) located near 
surface. 

 
Figure 16 – Schematic of ice stope system used for heating (McPherson, 2009) 
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Figure 17 – Ice stopes at Stobie mine (Stachulak, 1989) 

 
Figure 18 - Schematic of ice stopes used for cooling (Trapani et al, 2016) 
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4.3.2.4 Underground ice/snow storage and its suitability for Swedish mines 
This system is simply harvesting ice and snow from grounds and frozen lakes during winter 
months and then store them inside old openings inside an underground mine. The ice and 
snow can be transported there using trucks or via a shaft if the opening has one that goes to 
the surface. Since VRT and geothermal gradient of rock mass in Sweden are relatively low 
throughout the year, the surrounding rock mass provides insulation, so the ice and snow 
remain frozen throughout spring and summer. During summer, this ice and snow are melted 
into chilled water that is then pumped into a BAC, similar with the concept of using ice stopes 
to cool ventilating air. Figure 19 shows a schematic of this system. 

 
Figure 19 – Schematic of underground ice and snow storage (Johansson, 1999). 

Värmeväxlare in this figure represents a BAC. 

There are no mines that have used this system. However, this system might be suitable to be 
employed in Swedish mines because they have plenty of unused old openings. What needs to 
be done is a techno-economy study, which include how much ice and snow required, how 
long they can stay frozen, its capital and operating costs. Dr. Trapani from Stantec consulting 
Sudbury did a Computational Fluid Dynamic (CFD) simulation of using Stobie ice stopes to cool 
ventilating air. She found that a stope with 100 m long, 60 m high, and 30 m wide at 75% 
capacity can store ice for about six months. Given that spring and summer in Sweden is about 
three to four months, smaller storages like old mine tunnels should be adequate to be used 
as storages. Dr. Trapani’s simulation shows that technically this system can work. However, 
the economy aspect of this system must be assessed as well.  
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5 Conclusions 
Followings are conclusions of this project. 
1. Currently there are many issues within Swedish underground mines which make them 

unprepared to combat future ventilation and air conditioning issues when these mines expand 
to a depth of 2 km or greater. These issues take several years to be solved so efforts to do so 
must be started immediately. 

2. Site measurements confirm that it is certain that Swedish mines will have heat issue should 
they expand to a depth of 2 km or greater.  

3. Combination of Ventilation on Demand (VOD) and Controlled Partial Recirculation (CPR) has a 
potential to be the best energy-efficient ventilation and air conditioning system that can be 
used in Swedish mines, providing that all machineries are battery-powered. 

4. Underground ice/snow storage is the most and only technically suitable natural-assisted cooling 
system to be employed in Swedish mines. None of the Canadian natural-assisted cooling 
systems can be employed in Swedish mines because they require unique conditions that do not 
exist in Swedish mines. 

6 Recommendations 
1. Swedish mines should give more attention to ventilation in order to combat future ventilation 

and air conditioning issues. Issues that are outlined in Section 4.1 should be addresses as soon 
as possible. 

2. A study to determine how Swedish mineworkers adapting to hot and humid working condition 
needs to be carried out in the future. This study should include finding the most appropriate 
warning limit for Swedish mines and how Swedish mineworkers acclimatize to hot and humid 
condition. Directly adopting warning limit used in mines in Sudbury might not be appropriate 
because there are few differences between climate in Sudbury and Sweden. 

3. Mine thermal parameters in Swedish mines must be measured in the future to improve the 
accuracy of heat simulations. 

4. A study of battery-powered machineries fire should be carried out in order to gain better 
understanding of it. Because these machineries are new, their fire risk is yet to be fully 
understood. Understanding this is critical for using these machineries safely. 
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Appendix A – Surface or Underground refrigeration 
plant? 

So under which circumstances a mechanical refrigeration plant should be placed on surface and 
underground? Table below shows a comparison between surface and underground placement of a 
mechanical refrigeration plant. 

Consideration Surface plant Underground plant 
Installation and 
maintenance 

Easy. No confined space 
restriction. 

Complex. Requires a chamber that is 
adjacent to a main exhaust airway. 
Restricted space to work on the 
installation and maintenance. Complexity 
in transporting components underground. 

Capital cost Low. Ease of installation makes 
its capital low. 

High. Requirement to excavate a chamber 
and complexity to transport components 
underground makes its capital high. 

Operating cost Low. High COP, ease of 
maintenance, and ability to use 
cheap refrigerant (ammonia) 
makes the operating cost 
relatively cheap. 

High. Low COP, complex maintenance, 
and inability to use ammonia makes the 
operating cost relatively expensive. 

Positional 
efficiency 

Poor, because the plant is far 
from areas that need cooling. 

Good, because the plant is close to areas 
that need cooling. 

Positional efficiency is the location of the plant with respect to the location of the areas inside the 
mine that need cooling. Cooling is more effective when the plant is closer to the areas that need to 
be cooled. When air is cooled on the surface, it picks up heat as it travels into the areas that need 
to be cooled. Also, some of the cooled air lost to areas that do not need cooling and as leakage. 
Therefore, an underground plant is more effective than a surface plant, but it is more expensive. 

Another consideration to decide the placement of the plant is the location of the predominant 
source(s) of heat. If most of heat sources are located between surface and the areas that need to 
be cooled (inside the mine), using surface plant is ineffective because sending cool intake air 
promotes more heat gain in the main intake airway. In this condition, underground plant is usually 
more suitable than surface plant. This is the case in deep gold mines in South Africa, which is in 
Witswatersrand Basin that has surface elevation of about 1700 m above sea level with surface 
summer temperatures of 18°C WB and 18°C DB. At these mines, surface summer climate is not a 
heat source. Most of the heat sources are inside the mines (machineries, autocompression, rock 
mass, broken rock, groundwater). Swedish mines have this condition and hence underground plant 
is likely to be more suitable than surface plant. Also, connecting a surface plant with intake fans and 
heating system is complex and expensive. However, due to high costs of an underground plant, the 
most feasible location is usually based on a trade-off between positional efficiency and overall costs. 

Australian mines generally use surface plant because their predominant source of heat is on the 
surface above the mines, which is the hot summer climate. In mines that have huge heat load on 
surface and inside them, plants are installed both on surface and underground, such as in Resolution 
mine in Arizona, USA (Bluhm et al, 2013b). 
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