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Effects of surface ambient temperature on refrigeration plant
design
I. SIBISI
Anglo American Platinum

The Bushveld Complex (BC) hosts the world’s largest platinum-bearing orebodies. Mining in the
Rustenburg area started in the early to mid-1900s and most of the shallow high-grade Merensky
Reef has been depleted over time, although deeper resources are still unexploited. This has
prompted the mining houses to investigate ways and means to access the deeper resources while
maintaining a safe, profitable, and low-cost platinum operation.
To address this situation the mining and supporting departments (service departments) have to
deliver a methodology to access and ventilate such deep working areas, keeping in mind the cost
and safety and health of employees. Efficient ventilation and refrigeration are a necessity.
Therefore accuracy of information and designs are necessary to help save the mine millions of
rands and improve health and safety conditions for employees. Ventilation infrastructure, such as
refrigeration plants, fans, etc. is fairly costly and thus any slight over- or under-design can impact
the mine severely. One huge cost the mines are carrying to date is the electricity bill for running
the fans, and this will shortly increase as mining proceeds deeper and current refrigeration plants
may be upgraded or new ones built. When determining the ventilation and refrigeration
requirements for underground mining, the following are key aspects (Burrows et al., 1989:
• Pre-determined acceptable ventilation conditions
• Dust and gas generation underground
• Average surface air temperature
• Airways sizes and water usage
• Minimum face velocities
• Depth of the workings
• Air travel distance
• Production rates
• Total heat loads.
This paper investigates the effects of surface temperature on the refrigeration plant’s design and
the cost implications of this.

Project overview
The Bushveld Complex (BC) (Figure 1) is divided into
three limbs: namely, the eastern limb (Limpopo and
Mpumalanga provinces), the western limb (North -West
Province), and the northern limb (Limpopo Provimce). The
town of Rustenburg, where the study was conducted, is
situated in the western limb of the BC. The three major
platinum producers; Anglo American Platinum, Impala
Platinum, and Lonmin Platinum have operations in this
area.
The BC has a higher virgin rock temperatures (VRTs)
than the rocks in South Africa’s other mining areas. The
shallower platinum resources are fast depleting and mining
in this region may go deeper to access the deeper resources.
In this scenario the VRT will increase tremendously and
thus will require sophisticated ventilation and mining
designs.

Objectives
The study focused mainly on the following:
• The effect of surface temperature on refrigeration plant
design
• The cost of putting up a refrigeration plant
• Challenges to be faced as mining proceeds deeper
• Lessons learned/ opportunities.

Assumptions
The study is based on theoretical designs and modelling,
and the following assumptions were made.
• Two theoretical mines are investigated, namely Mine A
and Mine B
• Surface temperatures mine A are 24.0/32.0 °C and at
mine B 20.0/30.0 °C
• Employees are underground between 10h00 and 13h00
• October to March are the hottest months of the year
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Figure 1. Location of some platinum mines in the BC (RPM, 2011)

• 10h00 to 16h00 is the hottest period of the day
• The refrigeration plant is situated on surface.

Ventilation design
Ventilation overview
Ventilation of a mine is divided into three ventilation
horizons as shown in Figure 2. These horizons define the
type of ventilation or cooling required. The first critical
horizon requires non-refrigerated air; the second critical
horizon requires refrigerated and non-refrigerated air,
whereas the third and last critical horizon requires only
refrigerated air, as the ‘normal’ air has no cooling power at
such depths (Burrows et al., 1989. Currently most of
operations in the BC are operating on the second critical
horizon and will soon approach the third critical horizon.
When mining gets to the third critical horizon, it will be
necessary to have most of the ventilation air cooled.
Currently, most refrigeration or cooling plants are situated
on surface. However, as the air descends on the downcast it
converts from potential energy to kinetic energy. This is
due to auto-compression as the air interacts with the
sidewall and itself. The temperature rise due to autocompression effects is 9.79 kg/kJ per 1000 m
Working areas that are 1500 m below collar are
backfilled instead of supported with the normal timber
support system. Backfilling addresses mostly the rock
engineering requirements as it also forms part of the passive
support. Backfill is applied until 6 m away from the face,
and reduces the open area but doesn’t affect the temperature
increase due to auto-compression as the air it flows down
the intake system. Figure 2 indicates the different critical
horizons and their estimated depth.

Methodology
Theoretical design
This section deals mainly with the ventilation design
process. Firstly we will design two theoretical mines,
putting in all the necessary mine design criteria and
assumptions, and then run these models in VUMA
(Ventilation for Underground Mine Atmosphere). VUMA
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Figure 2. Ventilation critical horizons
(Burrows et al., 1989, p. 957)

is a modelling and scheduling program for underground
ventilation atmosphere. The aim is to better understand the
effects of surface temperatures on the refrigeration plant’s
functionality and eventually the air temperature descending
to the working places underground.
Two theoretical mines are conceptualized on the same
ventilation design parameters but different surface
temperatures. Different surface temperatures are applied to
understand the cooling capacity needed from the
refrigeration plant to achieve an output air temperature of
8.0°C. The 8.0°C output air temperature is chosen
randomly for comparison purposes. It is also important to
understand that the wet-bulb temperature affects the
refrigeration plant’s functionality more than the dry-bulb
temperature. Table I illustrates the typical design
parameters for the two conceptualized mines.
Table II indicates the depth at which these two mines will
be mining. The study was conducted to address depths up to
1000 m below collar.
Figure 3 shows the layout of the mines. Each mine’s
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Table I
Mine design parameters
Item
Surface temperature
Raise
Winze
Back length
Raise spacing
Stoping width
Ledging
Production
Total production
Chairlift
Belt
Man and material
Virgin rock temperature

Units
°C
m²
m²
m
m
cm
m²/month
Tons/half level/month
Tons/ month
m²
m²
m²
°C

Table II
Depth below surface
Level
Level 1
Level 2
Level 3
Level 4
Level 5
Level 6
Level 7
Level 8
Level 9
Level 10

Depth below collar (m)
320
420
480
550
600
690
780
860
940
1000

Mine A
24.0–32.0°C
1.5 x 2.5
1.5 x 2.5
204
210
102
450
15 000
120 000
4.0 x 4.5
4.0 x 4.0
5.0 x 5.0
44.4

Mine B
20.0–30.0°C
1.5 x 2.5
1.5 x 2.5
204
210
102
450
15 000
120 000
4.0 x 4.5
4.0 x 4.0
5.0 x 5.0
44.4

ventilation system is divided into ventilation districts,
separated by ventilation pillars. In the figure one can see the
different ventilation installations such as surface fans, upand downcast shafts.
Infrastructure requirements
Infrastructure requirements in this case refer to amount of
air per stope line, half level, and eventual the whole level. It
should also be noted that there are limiting factors as to
how many open connection a half level can have. One of
the factors is ventilation; the area of haulage determines the
maximum air flow that can be allowed. Subsequent to that
will be how many open connections are allowed.

Figure 3. Typical ventilation layout of a mine
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To conduct a ventilation design for a section of a mine it
is important to understand how deep the section is. As a
rule at Anglo American Platinum, different factors are
applied to different depths. For example the volume of air
needed per connection will increase with an increase in
depth. This increase in volume of air per connection also
takes into account the VRT. The volume increase can range
from 12 m³/s (shallow) per connection to 25 m³/s (deep) per
connection. The velocity is mostly kept at or above our
standard of 0.4 m/s for the stoping face and 0.15 m/s/m² for
the development end. Table III estimates the air
requirements for a mine producing 120 kt/month.
Figure 4 indicates a typical layout of a half level as well
as air requirements.
Figure 5 depicts stope air circulation as well as the
ventilation controls needed. This is a typical upcast method
of ventilation. The air enters the stope from the bottom and
is directed upwards using ventilation brattices, curtains, and
ventilation holings.

Results
Effect of surface temperature
Total air volume requirements for this study were 576 m³/s
as per the calculations in the previous section. It should be
noted that not all this air volume is cooled or refrigerated.
In this study two different quantities – 200 kg/s and 300
kg/s. –were cooled and the remainder was mixed in the
main intake shaft system. The VUMA modelling software
was used in conjunction with MicroStation, a design and
scheduling tool.
For this study VUMA was used extensively to depict the
environmental conditions that would exist when changing
surface temperatures. Different input ‘surface temperatures’
were selected and the effect on the output temperatures
determined. Another important aspect to consider when
deciding on the size or type of a refrigeration plant needed
is the amount or quantity of air to be cooled. For the study
two quantities, 200 kg/s and 300 kg/s, were studied.
Tables IV illustrate the impact of surface temperature on
the amount of cooling needed to achieve the desired 8°C
output temperature at an air flow rate of 200 kg/s. Mine A,
with an input surface temperature of 24°C (wet bulb), will
require up to 11 MW of cooling capacity, whereas the
adjacent Mine B, with an input surface temperature of 20°C
(wet bulb) will achieve the same results with only 7 MW of
cooling capacity.

Figure 4. Typical air flow in a half level
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Table III
Typical air requirements for the mine

Production Stope Line
Ledging/Returnline
Air Required/Half level
Leakage Factor (%)
Number of Active Hal Levels
Total Air Required
Decline Development
Leakage Factor (%)
Total Air Required/mine

Volume
(kg/s)

Number of
Connection

12
21

3
1

1.2
8
8
0.12
1.2

57
68
224
27

Total
Vol./
connection
(m3/s)
36
21
57
68
544
27
32
576

Figure 6 illustrates the amount of cooling needed to
achieve the 8.0°C temperature for the two mines, with 200
kg/s of air passing through the BAC. This shows by how
much surface temperature affects the design of any
refrigeration plant or cooling mechanism.
Table V illustrates the impact of the surface temperature
on the amount of cooling needed to achieve the desired 8°C
output temperature at the higher air flow rate of 300 kg/s.
Mine A, with an input surface temperature of 24°C (wet
bulb), will require up to 16.5 MW of cooling capacity,
whereas the adjacent Mine B, with an input surface
temperature of 20°C (wet bulb) will achieve the same
results with only 12 MW. Once again this results in Mine A
requiring over 4 MW of plant more than Mine B.
Figure 7 illustrates graphically the amount of cooling
needed to achieve the 8.0°C temperature for the two mines,
with 300 kg/s of air passing through the BAC.
Discussion
Owing to the difference in input surface temperatures at the
two mines, Mine A’s refrigeration requirement is about 4
MW more than mine B. It should be noted that before any
works or construction of the actual refrigeration plant is
done, a study or model is run to determine the size of the
plant.

Figure 5. Typical air flow in a stope
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Figure 6. Typical intake air system with a surface refrigeration plant

Table IV
Difference in temperature output for 200 kg/s of air (VUMA)

Cooling Capacity
kW
3 000
4 000
5 000
6 000
7 000
8 000
9 000
10 000
11 000
12 000
13 000

Mine A
Temperature
24
20.1
18.7
17.4
16
14.5
13.1
11.4
10.1
8.1
7
4.3

Mine B
Wet-Bulb (°C)
20
15.6
13.6
12
10.4
8.1
6.6
4.3
2.7
0.4
-1.4
-3.9

Figure 7. Effects of surface temperature on cooling for 200 kg/s of
air

Table V
Difference in temperature output for 300 kg/s of air (VUMA)

Cooling Capacity
kW
7 000
8 000
9 000
10 000
11 000
12 000
13 000
14 000
15 000
16 000
16 500

Mine A
Temperature
24
19.5
18.3
17.4
16.3
15.3
14.1
13
11.7
10.4
9
8.1

Mine B
Wet-Bulb (°C)
20
14.3
13.1
11.8
10.3
9.2
8
6.2
4.5
2.8
1.05
0.4

Figure 8. Effects of surface temperature on cooling for 300 kg/s of
air
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It is during these stages that if an incorrect assumption
about the average surface temperatures is used, there is a
possibility of over- or underdesign of the refrigeration
system. An under-designed system it could result in the
refrigeration plant not meeting its objectives and could
delay the start-up of mining.
Conversely, a system that is over-designed leads to
needless additional capital cost and the system will be
under-utilized as it will never work at its design capacity.
Once more it does not meet its objectives. In both scenarios
the mine stands to lose revenue, be it due to delays on the
upgrades or due to capital cost of the over-designed system.

Finances
Cost of installing a refrigeration plant
As illustrated in the previous section, in each case of underor over-designing of a refrigeration plant due to the effect
of the surface temperature the mine stands to lose revenue.
This section will look at the cost of setting up a 1 MW
refrigeration plant. The refrigeration requirement for the
two mines in question differ by 4 MW due to the influence
on the difference in input of the surface temperatures. To
better understand this difference, the study was restricted to
the capital and electricity costs for installing and running a
1 MW refrigeration plant for 6 months (assumed the hottest
period of the year). Table V1 indicates the study period
between October and March. The table also shows the
effective operating hours per day of the refrigeration plant
for each month. The information excludes weekends and
public holidays, where it was assumed there was no
workforce underground or the plant was not operating. The
average peak operating hours for the plant is around 19
hours a day. This value was used to model and estimate the
electricity cost for running the plant over the period stated
above.
Table VII indicates that the electricity cost for operating a
1 MW refrigeration plant over 6 months is up to R437 000,
having assumed an average electricity cost of R0.33 per
kilowatt-hour. This cost can differ from mine to mine,
depending on the discount rates Eskom is offering. At
Anglo American Platinum a cost of R8 800 per kilowatt is
applied for the design of a refrigeration plant. This value
may vary depending on the specifications of the plant.

During the study, the range of this value was between R8
000 and R10 000 per kilowatt. To install and operate a 1
MW refrigeration plant over a period of 6 months the cost
can go up to R8.4 million excluding water, operating, and
maintenance cost.
The cost for installing and operating a 1 MW
refrigeration plant over the 6 months period has been
determined. It is now important to understand the financial
implication that this has for the two theoretical mines in
question. The difference of about 4 MW means that Mine A
will pay up to a R1 million more than Mine B on electricity
cost alone over the studied period. This cost excludes
maintenance, water, and operating cost of the plant. In
capital cost, Mine B stands to save up to R20 million in
infrastructure and installation compared with Mine A
(Table VIII).
The question now is what causes this huge difference
between the two mines? The answer is that the two mines
assumed different surface design temperatures, although
they are located in the same geographical area. What this
means is that a slight change in surface temperature has a
significant effect on the design of the refrigeration plant
itself.
Platinum mines are going deeper in search of the
remaining resources. The cost of mining will also increase,
and as mining conditions changes the following issue will
become more important.

Table VII
Cost for 1 MW refrigeration plant
Capital and Electricity Cost
Capacity (kW)
Co-efficiency of performance
Efficiency (%)
R/kW
Hours/day
Days/ 6 months
Electricity cost (R)
Output power (kW)
Input power (kW)
Capital cost (R)
Electricity cost (6 months)
Total ownership cost (TOC)

Table VIII
Capital and electricity costs

Table VI
Average operating hours of refrigeration plant (Thembelani Mine
Refrigeration Study, 2011)

Day
1
2
3
4
5
6
7
8
9
10
11
12
Av/month
Daily av.

62

Average hours per day
Oct
Nov
Dec
Jan
12
16
20
20
12
16
20
20
12
16
20
20
12
16
20
20
24
24
24
24
24
24
24
24
16
20
24
24
12
16
20
20
16
20
24
24
12
12
12
12
24
24
24
24
12
16
20
20
16
18
21
21
19

Feb
20
20
20
20
24
24
24
20
24
12
24
20
21

Mar
16
16
16
16
24
24
20
16
20
12
24
16
18

1000
3.5
75
8000
19
183
0.33
286
381
R 8 000 000
R437 163
R8 437 163

Capital and electricity cost
Capacity (MW
Co-efficiency of performance
Efficiency (%)
R/kW
Hours/day
Days/ 6 months
Electricity cost (R)
Output power (kW)
Input power (kW)
Capital cost (R)
Electricity cost/6 months (R)
Total cost (R)
Capital cost
Electricity cost
Total cost

Mine A
Mine B
11
7.0
3.5
3.5
75
75
8000
8000
19
19
183
183
0.33
0.33
2857
2143
3809
2857
R80 000 000
R60 000 000
R4 370 485
R3 278 150
R84 370 485
R63 278,150
Savings
R20 000 000
R1 092 334
R21 092 334
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Other challenges facing the mining industry
• Rock mechanics
Rock mechanics will become one of the major
challenges as mining gets deeper. It can be anticipated
that the horizontal stress will increase and may lead to
unstable ground conditions. Methods to address this
situation need to be put in place now.
• Travelling time to workplaces (effective working
hours)
One of the biggest costs of a mine is salaries. The face
time becomes an issue as mining progresses deeper and
further away from the shaft. If employees spend more
time traveling than doing the actual work, then
productivity will be affected negatively. This could
necessitate new and improved methods of transporting
employees underground, which will add to costs
• Tramming distances
To break the rock is one thing, and to take it to the
plant is a major issue. The longer the broken rock
remains underground the more it adds costs to the
mine. Is there infrastructure in place to address this
issue of ore handling and transportation?
• VRT (virgin rock temperature)
The virgin rock temperature will increase with depth;
this will add more heat into the surrounding air where
people work and travel. Will surface air cooling alone
be sufficient in the future?
There are many more challenges, and it is important that
they are addressed now. This paper looked at only one,
which is air cooling, and there are still opportunities to
learn more about methods of cooling as mining gets deeper.
It remains to be seen as to which method will be a priority
as and when these mines get to the third critical horizon of
mining. The decisions to be made will determine the future
of mining in that organization.

Data analyses
Each geographical area has a different surface temperature
regime. There are weather stations positioned strategically
around the country to supply accurate readings of surface
temperatures. It was important to understand the average
surface temperatures in the Rustenburg area, as this would
help to establish if the refrigeration design temperatures
used at Anglo American Platinum are well within the actual
surface temperatures, because any slight over- or underdesign of refrigeration plant can affect the operating cost of
a mine.
During the study surface temperature information was
gathered from the South African Weather Services for the
Rustenburg area. A total of 32 00 entries for both wet- and
dry-bulb temperatures were obtained for a four-year period
– 2008 to 2011. The information was recorded hourly. After
extensive analysis of the information it was decide to
reduce the range for wet-bulb temperature to between 17°C
and 22°C, and 26°C to 32°C for dry-bulb. This reduced the
entries to 4718 for both wet- and dry-bulb readings. A predetermined range was set for this study and so the discarded
temperatures were either above or below the set range.

Wet-bulb temperatures
Table IX and Figure 9 show the range of wet-bulb
temperatures entries. It can be seen that during the study
period (4 years) the wet-bulb temperatures ranged between
17.0°C and 22.0°C with an average at 17°C.
Figure 9 indicates graphically the frequency of
occurrence of the various wet-bulb temperatures.

Table IX
Wet-bulb information (South African Weather Services, 2011)
Wet bulb (°C)
17
18
19
20
21
22
Counted
Discarded
Total entries
Counted
90th percentile

Count
867
909
754
340
60
1

%
18.4%
19.3%
16.0%
7.2%
1.3%
0.0%
2931
1787
4718
62%
19.9

Figure 9. Wet-bulb temperature ranges

Table X
Dry-bulb information (South African Weather Services, 2011)
Dry bulb (°C)
26
27
28
29
30
31
32
33
Counted
Discarded
Total entries
Counted
90th -percentile

Count
487
461
509
473
368
288
190
120

%
10.32
9.77
10.79
10.03
7.80
6.10
4.03
2.54
2896
1822.0
4718
61%
31.7

Dry-bulb temperatures
Table X shows the records of the dry-bulb temperatures for
the period studied (4 years). The dry-bulb temperatures
ranged between 26.0°C and 33.0 °C with an average at
27°C.
Figure 10 indicates graphically the frequency of
occurrence of the various dry-bulb temperatures.
The information gathered was filtered for both wet and
dry bulb. It was also crucial tounderstand the implication of
such temperatures over a certain period during the day. A
period of between 10h00 and 16h00 was assumed to be the
hottest period of the day. It was also assumed that the
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Figure 10. Dry-bulb temperature ranges

Figure 11. Average wet- and dry-bulb temperatures (South
African Weather Services, 2011)

workforce will be underground during this period. It should
be noted that the reason for cooling the air underground is
to create acceptable environmental conditions where people
work and travel.
The information gathered from the weather service was
further broken down for the period mentioned above.
Figure 11 shows the average wet- and dry-bulb
temperatures for the assumed hottest period of the day, for
four years. It can be deduced that for four years, between
10h00 and 16h00 the wet-bulb temperatures ranged
between 15.0°C and 20.0°C with an average at 17.0°C.
It is evident that in the Rustenburg region the average
surface air temperature is 19°C (wet bulb) and 28°C (dry
bulb). This is important as it informs the decision on the
size of the refrigeration plant. It is pointless to over-design
a plant that will be under-utilized or underdesign a system
that will either be over-used or delays the deliverables. It
becomes paramount to have accurate information from the
desktop studies through to feasibility levels.

The refrigeration plant’s capacity was reduced to 27.5 MW
at an estimated cost of R242 million. This is a savings on
capital cost of up to R66 million. Table XI depicts the old
design case as well as the reviewed design parameters.

Lessons learned
Thembelani Mine – the case study
Thembelani Mine is one of the pioneers of the reviewed
design temperatures. Before this study was undertaken, the
design temperatures for Anglo American Platinum were
22.0/32.0°C. A deepening project under way at Thembelani
Mine required a new refrigeration plant as the mine is being
sunk deeper than 1500 m below surface. A design for a
refrigeration plant was undertaken using the above
parameters. The estimated cost of constructing this plant
was around R308 million and the plant would be a 35 MW
unit.
After the study the custodians of Ventilation Engineering
at Anglo American Platinum, headed by Mr Dave Stanton,
convened a meeting to come up with the most suitable
design temperatures as part of standards review. The new
design temperatures had to address the current surface
temperatures as per the study as well as the possible
temperature rise due to global climate change. After a long
and extensive deliberation, a new figure was agreed and
accepted – that is, 20.0°C wet bulb and 30.0°C dry bulb
(20.0/30.0°C).
A new process design was undertaken for the Thembelani
refrigeration plant with the reviewed design temperatures.
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Conclusions
• Refrigeration plant design is highly dependent on the
input surface temperatures, amongst other factors. It
has been shown that slight increase or decrease in input
surface temperature can affect the refrigeration
objectives. Mine A, with a 24°C design stands to overdesign their refrigeration plant by 4 MW more than
Mine B at 20°C
• An inaccurately designed plant affect not only the
output air temperature, but also the cost. It was shown
that mine B stands to save up to R20 million on capital
cost compared to Mine A
• Refrigeration or air cooling addresses one of the many
challenges faced by the mining industry as operations
progress deeper. The positional effect of the cooling
mechanism (underground or on surface) also needs to
be addressed
• The Thembelani case proved that a slight change in
surface temperature can cost the mine a fortune,
whereas considerable savings result if accurate design
temperatures are used
• Some mines currently do have the infrastructure
(refrigeration plants). However, refrigeration
technology has improved and it remains a question as
to whether the old systems can be synchronized with
the new technology. If not, would that mean a totally
new infrastructure is required?
• Information on surface temperatures is readily available
from the South African Weather Services, thus there
are no reasons for inaccurate designs.

Table XI
Old and new design temperature parameters
Item
Old
Reviewed Savings
Design temperatures
22.0/32.0 °C 20.0/30.0 °C
Refrigeration requirements (MW)
35
27.5
7.5
Estimated capital (R million)
308
242
66
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Suggestions for further work
• How can the new system (refrigeration plant) be
synchronized with the old system, without having to do
away with the old system?
• Is it necessary to cool the whole mine or restrict
cooling only to areas where people work and travel (ice
jackets, in-stope cooling, etc.)?
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