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4. Refrigerants for Deep Mines 

The focal considerations for deep mines differ in several respects from those 
for applications addressed in preceding sections of this report: 

 The thermal loads are much less dependent on ambient air 
temperatures. 

 The cooling requirements are nearly continuous, with less influence 
from seasonal and diurnal factors. 

 There is heightened concern with efficiency and energy-related 
greenhouse gas emissions due to the extent of annual operating hours. 

 The very large system capacities and efficiency targets favour water-
cooled rather than air-cooled condensers and use of turbo (centrifugal) 
or, but only for R-717 (ammonia), screw compressors. 

 Typical evaporating temperatures generally are lower than for comfort 
air conditioning. 

 Use of chilled water circuits simplifies underground cooling 
distribution (heat collection) as working locations move with 
extraction. 

 Operation in confined spaces, limited egress, and potential presence of 
flammable mine gases effectively preclude consideration of flammable 
refrigerants for underground chillers. 

 Access limitations and complexity of equipment movement dictate 
high durability for underground chillers. 

 Reliability, effectively requiring use of multiple chillers with at least 
partial redundancy, is important for surface and underground chillers 
as they are critical to both life support and mining operations. 

 
As a result, the refrigerant options, alternatives, and equipment candidates are 
quite different.  Additionally, HCFC-22 replacement – the primary focus of 
this report – is a minor issue since HCFC-22 is not a major contender in 
current systems. 
 
These points are addressed in more detail below. 
 

4.1 Focus 

Surface support buildings and underground break or control areas (for 
example winder operating rooms) use small quantities of air-cooled window 
or other unitary – both single-package and split-system – air conditioners.  
The preceding chapter 2 “on Refrigerants for High-Ambient Temperature Air 
Conditioning” addresses pertinent concerns, but the aggregate capacities of 
ancillary air conditioners are insignificant compared to those of the actual 
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mine refrigeration systems.  Also, the vast majority of deep mines are not in 
locations that experience extreme summer conditions.  Unitary air 
conditioners installed underground reject heat into cooled ventilation air, not 
an extreme condition other than very high dust levels requiring frequent 
condenser cleaning and/or leading to shortened life spans. 

Refrigerant use for vehicle cab cooling is not addressed for similar reasons. 

The underground bulk air coolers (BACs) and cooling cars (movable coolers, 
chilled water cars, CCWs) are not compressorised, but instead utilise chilled 
water as portable air handlers (in air conditioning terminology). 

This chapter focuses only on the mine refrigeration systems, and not the 
ancillary air conditioners, though a few observations and remarks are included 
on the latter group for perspective. 

4.2 Background 
World-wide refrigeration capacity for deep mines reached approximately 100 
MW (28,000 RT) by 1965 /Bra01a/ with subsequent exponential growth, a 
doubling every six or seven years /Bra01a, How97/.  South Africa is today the 
largest user by far of mine refrigeration, with more than 300 installed 
refrigeration machines /Bra01a/. 
 

4.2.1 Cooling Requirements 

The cooling requirements for deep mines are nearly continuous and the 
required equipment sizes are quite large, resulting in significant energy 
consumption and heightened concern with energy-related greenhouse gas 
emissions.  Thermal loads are largely independent of climatic factors since the 
primary cooling load components are geothermal heat from the earth and 
temperature increases resulting from depth-induced compression /Eco07/, 
rather than solar-driven heat gains.  Additional heat gains result from 
ventilation air warmth, machinery, and miscellaneous sources such as lighting, 
personnel, and service water /Bra00, Bra01a, Pic97/. 

Depth is not the sole determinant of rock temperature, since the thermal 
gradient associated with depth is not uniform globally.  Deep mines exist that 
are not considered hot mines, but the combination of steep gradient and 
significant deep mining results in South Africa being both the largest user of 
deep-mine refrigeration systems and, by virtue of the experience gained in 
addressing needs, a global centre of talent and expertise for mine cooling. 

As mine depths increase to 4-5 km (2.5-3.1 miles), virgin rock temperatures 
approach 60-70°C (140-158°F) /del88, JMV06, MVS06, Ram01, Ros08/.  A 
second load component results from auto-compression /Eco07/, primarily by 
adiabatic compression from increasing pressure due to depth (similar to water 
pressure increases with depth in oceans).  The auto-compression temperature 
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increase is approximately 16 K (29°F) at 4 km (2.5 miles) /Ram01/.  A third 
heat source adds to the cooling loads, namely machine heat primarily from 
excavation and extraction.  Such machine loads typically also increase with 
mine depths both to capitalise on the depth investment and to spread 
horizontally underground leaving more rock for structural support of the 
enormous rock stresses. 

These three effects imply high and nearly continuous requirements for heat 
removal.  The deepest and geologically hottest mines require refrigeration all 
year. 

Mine chillers cannot be deemed comfort systems, since they are critical to life 
support and mining operations.  Their nature dictates both high reliability and 
system safety. 

4.2.2 Refrigeration System Configurations 

The large capacities of deep mine systems generally result in selection of 
water- rather than air-cooled condensers.  They primarily use cooling towers 
and much less commonly evaporative condensers.  The governing metric for 
heat rejection, therefore, is wet-bulb rather than dry-bulb temperature.  
Locations with high-ambient temperatures actually have an advantage in this 
regard, since they typically are dryer and have greater wet-bulb depression.  
Some geologically hot deep mine locations, such as for the Enterprise Mine in 
Australia, experience summer ambient temperatures reaching 26°C (79°F) wet 
bulb (WB) and 40°C (104°F) coincident dry bulb (DB), with corresponding 
mid-winter temperatures 10°C (50°F) WB and 15°C (59°F) DB /Bra00, 
Bra01a/.  They are well within common refrigerant condensing (heat 
rejection) conditions for application of chillers for other applications and not 
near the condensing temperatures for the refrigerants most commonly used. 

Nearly all deep mines use surface (located above ground) chillers /del88/ to 
cool both air blown down shafts and water, or another heat transfer fluid 
(HTF), used underground for indirect rather than direct-expansion (DX) 
cooling.  HTFs also are identified as secondary loop coolants or incorrectly as 
a “secondary refrigerants” /UNEP06/.  Safety concerns and typically higher 
viscosities, impacting pumping burdens, generally preclude use of glycol-
inhibited water or similar brines in mines. 

As mining depths increase, phase-change ice slurries become more attractive 
than single-phase HTFs.  These ice slurries capitalise on the latent heat of 
vaporisation and thus reduce the mass transport burden compared to single-
phase, sensible (thermally) cooling approaches.  As mines go even deeper, 
systems using hard-ice supply with pumped melt return are now being 
considered. 

The more common alternative to ice or ice slurries, and practically 
unavoidable with further depth, is installation of underground chillers.  Such 
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underground chillers often are installed more than 1800 m (5900 ft) below 
ground. 

Underground chillers reject heat via underground cooling “towers” (spray 
chambers in mine tunnels) to ventilation exhaust air or a mixture of that with 
surface-cooled air, though the latter is partially warmed with auto-
compression.  High moisture levels from seepage and underground water as 
well as other latent loads, such as limited use of hydrostatic machinery or 
water sprays for spot cooling or dust control, result in elevated wet-bulb 
temperatures for underground cooling towers.  Such conditions can be taken 
as “high ambient extremes,” but are an economic choice in design 
optimisation – with the mix of exhaust and shaft-supplied air – rather than a 
result of local climate. 

Even with such designs, three factors spur depression of leaving chilled water 
temperatures compared to conventional building, campus, and district chilled-
water systems.  First, lowered temperatures (increasing the thermal lift 
between reduced evaporating and constrained condensing temperatures) 
reduce the mass transport requirement for chilled-water supply and return and 
therefore the pumping requirements for chilled water return.  Second, the 
depressed leaving water temperature offsets or partially offsets heat gains 
from compression heating resulting from the depths involved.  The effect is 
similar to that for auto-compression heating of air, discussed above.  Water 
chilled to 2°C (36°F) at the surface warms to 4.5°C (40°F) at 1000 m (3300 ft) 
depth /Xst05/.  Third, the lowered temperatures enable more effective 
dehumidification. 

Consideration of ice slurries and even hard ice is gaining acceptance to 
capitalise on the latent heat of vaporisation to minimise mass transport 
requirements over single-phase options.  Ice use also facilitates thermal 
storage to reduce diurnal peak power demands.  Doing so implies chiller 
evaporating temperatures below 0°C (32°F), or a higher thermodynamic lift 
than for conventional comfort-conditions, but again not high-ambient 
operation. 

Aggregate surface cooling capacities of 10-50 MW (3,000-14,000 RT) per 
shaft are common in deep mines such as those in South Africa; a mine 
typically has multiple shafts, often more than ten per mine.  Those exceeding 
2000 m (6600 ft) depth frequently have additional underground plants with 
aggregate capacities of 10-35 MW (3,000-10,000 RT).  It is common to split 
the capacities between at least two, and more commonly between four or 
more, chillers.  Doing so allows series connection and continued operation 
during maintenance and repairs.  The sizes involved still far exceed 
competitive ranges for rotary rolling piston, reciprocating piston, and scroll 
compressors relevant in other chapters of this report.  Most systems, and 
especially those serving very deep mines and those in geologically hot 
locations, utilise chillers with turbo- (radial-centrifugal) compressors.  As an 
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exception, screw compressors are the norm for R-717 (ammonia) use, and 
especially so for ice or ice-slurry supply. 

Further background on mine refrigeration systems is available in the 
references with generalised introductions in /Bai01/, /Blu98/, /Bra01a/, 
/Bra01b/, /Mar07/, /McP93/, and /Ram07/. 

Nearly all moveable coolers (chilled water cars, CWCs, or “cooling cars”) in 
deep mines use piped chilled water rather than independent refrigeration 
systems.  These devices are essentially portable air-handlers rather than 
compressorised products.  At least one manufacturer has introduced 
underground spot coolers (movable, water-cooled, air conditioners locally 
identified as “air-cooling units,” ACUs) for use where cooling cars are 
inadequate /MT07/.  The ACUs employ HFC-134a (an HFC) and R-407C (a 
blend of HFCs) for different capacities. 

4.3 Requirements 
Design conditions for individual systems vary with mine conditions, system 
configuration, and climatic conditions. Table 4-1 summarises three sets of 
representative conditions developed for this study predicated on examination 
of published guidance, specific data from mines visited, inputs on design 
and/or operating conditions obtained from mining companies, and similar 
inputs from a number of leading engineers, manufacturers, researchers, and 
other authorities addressing deep mine systems.  The objective was not to 
match a specific mine system, but instead to afford representative conditions 
to compare the performance of relevant refrigerants for typical systems.  The 
most commonly utilised heat exchanger (HX) types are indicated, recognising 
their influence on approach temperatures. 
 
 
Table 4-1:  Representative mine chiller operating temperatures 

 evaporator condenser 

System 
leaving 
water 

average 
refrigerant 

leaving 
water 

average 
refrigerant 

surface chiller 
(shell-and-tube HX) 5°C (41°F) 2°C (36°F) 28°C (82°F) 32°C (90°F) 

surface chiller second 
stage 
(plate-and-frame or 
plate-and-shell HX) 

1.5°C (35°F) -1°C (30°F) 28°C (82°F) 32°C (90°F) 

Underground chiller 
(shell-and-tube HX) 5°C (41°F) 2°C (36°F) 45°C (113°F) 48°C (118°F) 
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4.4 Refrigerant Options 

Table 4-2 summarises the environmental properties of refrigerant candidates 
for deep mine systems, notably excluding – with two exceptions – the new 
generation of unsaturated HFCs, similar chemicals, and blends of them or 
incorporating them.  The exceptions, HFC-1234yf and HFC-1234ze(Z), are 
included based on public disclosure of their consideration and limited property 
data.  As for the RTOC assessment /UNEP06/, no data are reported herein for 
proprietary candidates (single-compound or blend) for which composition or 
pertinent data have not been disclosed publicly. 
 
 

Table 4-2:  Environmental properties of refrigerant candidates for deep mine systems 
(based on /Cal07/, /UNEP06/, /WMO06/, and /Wue09/) 

refrigerant composition 

atmospheric 
lifetime, τatm 

(yr) ODP 
GWP 

(100 yr) 

HCFC-22  chlorodifluoromethane    12.0 0.050  1810

HCFC-123  (1) 2,2-dichloro-1,1,1-trifluoroethane      1.3 0.0098 77

HFC-134a 1,1,1,2-tetrafluoroethane    14.0 ~ 0.0      1430

HC-290 propane      0.041 0.0      ~ 20

HC-601 pentane      0.01 0.0      ~ 20

HC-601a isopentane      0.01 0.0      ~ 20

R-717 ammonia      0.01 0.0      < 1

R-718 water  0.0      ~ 0

R-729 air  0.0      0

R-744 carbon dioxide > 50 0.0       1

HFC-1234yf 2,3,3,3-tetrafluoropropene      0.033 0.0      4.4

HFC-1234ze(E) trans-1,3,3,3-tetrafluoropropene      0.04 0.0      6

HC-1270 propylene      0.001 0.0      ~ 20
1 The latest scientific ozone depletion potential (ODP) value for HCFC-123 is 0.0098 based on 3D modeling 

/Wue09/, but the ODP for regulatory purposes as adopted in the Montreal Protocol and 2006 assessment is 
more than twice as high at 0.02 based on an earlier semi-empirical estimate 
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The following discussion of individual refrigerant candidates for deep mines 
covers: 

1. Current use in deep mines 

2. Phase-out and service fluids 

3. Other limitations 

4. Opportunities 
 
There is no clear distinction between Article 5 and other countries except for 
phase-out schedules, and some of the cutting-edge practices occur in Article 5 
countries such as South Africa for two reasons.  First, the companies operating 
deep mines typically have significant multinational involvement, 
management, and investment.  Second, the engineering sophistication required 
and safety considerations entailed force utilisation of best practices at least for 
critical systems. 
 
Only two hydrochlorofluorocarbons (HCFCs) – HCFC-22 and HCFC-123 – 
are known to be used for deep mine refrigeration. 

4.4.1 HCFC-22 

HCFC-22 is no longer widely used in deep mine refrigeration systems other 
than for ancillary use to air condition support buildings, break areas, or control 
rooms. 

As a hydrochlorofluorocarbon, HCFC-22 is subject to consumption phase-out 
under the Montreal Protocol, which is determined in allowable is given in 
ODP tonnes for of all HCFCs consumed in a country. 

Some countries, notably those in Europe and, in case of  for HCFC-22, also 
Canada and the USA, have accelerated schedules that already preclude HCFC-
22 use in new equipment.  Whereas most unitary and some applied equipment 
has converted over to R-410A, manufacturers have discontinued HCFC-22 in 
new chillers using turbo- (centrifugal) compressors, a class of products for 
which most of the HCFC-22 service fluids addressed in /UNEP06/ are 
unsuitable.  Continued service of HCFC-22 systems in deep mines is allowed 
with HCFC-22 from inventory and recovered from other systems. 

While not regulated by the Kyoto Protocol predicated on the control by the 
Montreal Protocol /KP97/, there is concern with HCFC-22 emissions as a 
greenhouse gas stemming from its high global warming potential (GWP) of 
1810. 

Although not used in chillers for deep mines, R-407C (a blend of HFCs 
developed as a service fluid for HCFC-22) has replaced HCFC-22 in some 
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underground spot coolers (movable water-cooled air conditioners).  R-410A 
(also an HFC blend) is likely to replace HCFC-22 in air-cooled air-
conditioners for control and similar rooms both at the surface and 
underground. 

4.4.2 HCFC-123 

HCFC-123 is in use for deep mine systems in both surface and underground 
chillers using turbo- (centrifugal) compressors.  It offers the highest efficiency 
of current and identified future options /Cal06, Cal08/, of particular 
importance considering the essentially-continuous operation and resulting 
contributions of energy-related greenhouse gas emissions.  HCFC-123 also is 
used in surface and underground chillers as a retrofit service fluid for older 
RCFC-11 chillers. 

However, HCFC-123 is part of subject to the same consumption reduction 
phase-out schedule under the Montreal Protocol mentioned above. However, 
since the reduction schedule is in ODP tonnes, HCFC with its low ODP is 
much less affected.  Environmental assessments indicate indiscernible impact 
on the ozone layer attributable to its extremely low ODP and the minimal 
emission rates inherent to its low pressure /Cal99, Cal06, Cal08, Mol04, 
Wue09/.  

HCFC-123 has one of the lowest GWPs among the saturated fluorochemicals, 
namely 77, and a very short atmospheric lifetime, 1.3 yr.  It is not regulated by 
the Kyoto Protocol / KP97/. 

There are multiple candidates in various stages of evaluation and testing to 
replace HCFC-123, but such examination is proprietary and neither the 
leading options nor resulting performance impacts have been published. 

4.4.3 HFC-134a 

HFC-134a is the most common refrigerant in deep mine systems for both 
surface and underground chillers in recent installations.  HFC-134a also is 
used as a retrofit service fluid for older CFCR-12 (and possibly, though none 
were specifically identified, R-500) chillers in surface and underground 
chillers.  Additionally, HFC-134a is used for mobile air-conditioning (MAC) 
systems in mining vehicles, but primarily for shallow rather than deep mines. 

As a hydrofluorocarbon, HFC-134a is not addressed by the Montreal Protocol 
and has a near-zero ODP.  Its emissions are controlled via the basket defined 
in the by the Kyoto Protocol /KP97/ and its use and emissions in chillers and 
other stationary applications are controlled and/or taxed in some national 
regulations, notably in Europe.  Near-term HFC-134a phase-down for mobile 
air conditioning (MAC), starting by 2011 in new car models in Europe, is 
likely to yield one or more alternatives, among which HFC-1234yf and R-744 
(carbon dioxide) are the most widely discussed /Cal08/.  HFC-1234yf, a 
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proprietary blend composed of HFC-1243zf(E) with two other HFCs, and R-
744 (carbon dioxide) are the most prominently discussed candidates for 
stationary applications, but of them only HFC-1234yf is probably a practical 
candidate for centrifugal chillers. 

Both HFC-1234yf and HFC-1243zf(E) are unsaturated HFCs (also identified 
as hydrofluoro-olefins, HFOs); they and several other candidate refrigerants 
may be suitable as service fluids, with retrofit modifications, or replacements 
for HFC-134a.  Initial indications suggest both lower efficiency and capacity 
as well as, for underground chillers, very strong concern with flammability, 
albeit low.  For comparison, R-717 (ammonia) is generally considered an 
unacceptable refrigerant for underground use based on flammability, though 
widely used in surface chillers (further discussed below).  Likewise, an 
explosion involving an underground HFC-134a chiller at the AngloGold 
Ashanti Limited (then AngloGold Limited) TauTona Mine in South Africa 
spurred both an extensive investigation of HFC-134a flammability (though at 
extreme conditions since it is not flammable at ordinary conditions) and 
remediation measures to preclude repeat incidents /Hen99, Kra02/. 

As with HCFC-22 and HCFC-123, recovered refrigerants from retired systems 
are likely to provide ample quantities to service existing equipment for 
projected economic lifetimes. 
 

4.4.4 Hydrocarbons 

Hydrocarbons offer both low cost and comparatively low environmental 
impact.  They are commercially available in purities suitable for refrigerants 
needs, have a long history in small systems such as ultra-low temperature 
pharmaceutical coolers and very small chillers, and are widely used in small 
equipment such as domestic refrigerators and wine coolers.  Nevertheless, 
large equipment using hydrocarbon refrigerants are uncommon to avoid fire 
and explosion risks with large charge amounts. 

The largest known hydrocarbon refrigeration systems (other than in refinery 
systems using feedstock as refrigerant) have maximum capacities of 
approximately 400 kW (100 RT) divided into multiple circuits.  These chillers 
have charges typically not exceeding 10 kg (22 lb) per circuit, and are targeted 
for application in countries prohibiting HFC use in chillers based on global 
warming concerns.  Such capacities are far too small for mine refrigeration, 
though HC-290 (propane) and HC-1270 (propylene) frequently are cited as 
potential replacements for HCFC-22 while HC-600a (isobutane) and blends of 
it are cited as candidates to replace HFC-134a.  Several studies have examined 
HC-601 (pentane), HC-601a (isopentane), and blends of them to replace 
HCFC-123 in large turbo (centrifugal) chillers, predicated on their potential to 
achieve high efficiencies approaching that of HCFC-123 /Mac99, Mac02, 
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Cal04, Tad06/.  Still, no manufacturer is known to offer large-capacity chillers 
with hydrocarbon refrigerants predicated on safety concerns. 

4.4.5 R-717 (ammonia) 

Ammonia use is quite common in surface chillers serving deep mines, 
particularly to produce very cold chilled water, and gaining further interest to 
produce ice slurries and/or hard ice for mine cooling.  It normally is not used 
in underground systems predicated on its flammability, even though low, and 
dermal (notably skin, eyes, and mucous membranes) skin corrosivity. 

Ammonia has long been the refrigerant of choice in the food and beverage 
industries and some additional industrial refrigeration applications.  Chillers 
using ammonia typically employ reciprocating piston and screw compressors, 
but commercialisation in turbo-compressor scale has not been practical thus 
far due to the need for multiple (generally at least four) stages with radial 
(centrifugal) compressors or for axial compressors, uncommon in 
refrigeration. 

Ammonia offers an ODP of zero and extremely low GWP.  It also offers 
comparatively high efficiency particularly in low-temperature applications, as 
well as low cost.  For now, it is free of concern from environmental phase-out 
and is considered an acceptable alternative, 

4.4.6 R-718 (water) 

Several comparatively recent installations have used R-718 (water) as the 
refrigerant in systems designed to produce ice slurries and hard ice to reduce 
pumping burdens /Hag91, Jah96, Pau96, Oph07, Oph08, She01/. 

The AngloGold Ashanti Mponeng Gold Mine in South Africa is believed to 
have the largest installation in the world of vacuum ice makers (VIMs) with 
an aggregate refrigerating capacity of approximately 27 MW (7700 RT).  The 
water is pre-cooled conventionally and then fed to nine VIMs that use the 
water both as the refrigerant and to freeze – by a flash process after 
compression under vacuum – into ice /Oph08, IDE09, Rob09/.  The system 
uses three generations of equipment installed in three increments (the most 
recent in 2008-2009), suggesting favourable experience as an implied pre-
requisite for acquiring the later additions.  Whereas the first six units are two-
stage machines, the three newest are single-stage designs. 

Water is deemed an environmentally-attractive refrigerant candidate subject to 
attainment of competitive efficiencies to avoid concern with energy-related 
greenhouse gas emissions.  As a non-flammable vapour with negligible 
toxicity, the only remaining constraints are equipment cost, performance, 
durability, and size. 
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The mining industry is evaluating the vacuum ice making approach with high 
interest along with alternative use of hard ice having a higher ice (frozen 
component) to water ratio than conventional underground chillers. 

Other than in absorption chillers using lithium bromide (and formerly also 
lithium chloride) as sorbents, and arguably vacuum snow makers, the 
Mponeng mine installation is believed to be the largest commercial use of 
water as a refrigerant world-wide. 

Although not yet demonstrated in mining applications, it may be possible to 
use water in chillers /Pau06, Kha05/, but further development and 
demonstration is needed. 

4.4.7 R-729 (air) 

Although proposed in open Brayton cycles and in hybrid air-cycles cycles 
employing other surface refrigeration to cool the air for direct supply of 
cooled ventilation air, no systems using air as refrigerant (as compared to 
naturally cold air in economiser cycles addressed above) in deep mines are 
known to exist.  Although cost and energy effectiveness may increase with 
mine depth, air-cycle systems are deemed uncompetitive /del88/. 

4.4.8 R-744 (carbon dioxide) 

While frequently mentioned as a candidate, there is no known current attempt 
to develop equipment using carbon dioxide as refrigerant for the capacity 
ranges involved.  Use would require highly-optimised transcritical cycles to 
approach competitive efficiencies. 

4.4.9 Developmental and future candidates 

The above discussion deliberately does not address proposed future 
refrigerants /Bro10, Cal08, Kon10, and 2010 assessment update in preparation 
to UNEP06/ except as potential service fluid options because: 

 The majority are being pursued on a proprietary basis, without current 
public disclosure. 

 Equipment is not available yet to use them. 

 Reliable property data are not available, at least publicly, for the 
majority. 

 Future availability remains speculative at best and unlikely for the 
majority. 
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4.5 Efficiency Sensitivity 
The following tables and discussion address the comparative performance of 
chiller refrigerants for the three representative conditions for deep mines.  The 
performance data presented were calculated using CYCLE_D /Bro09/, except 
for HFC-1234yf from /EOS10 using Lem07/, at the operating temperatures 
summarised in Table 1-1 for ideal cycles.  The resulting coefficient of 
performance (COP), specific power (power per unit of cooling capacity – a 
dimensional form of the reciprocal of efficiency – commonly used in some 
countries to express chiller performance), and normalised efficiency values 
indicate comparative performance based on thermodynamic properties.  The 
data reflect limits to attainable efficiency using idealised, simple cycles 
without adjustment for such factors as compressor or motor efficiencies, 
pumping power, cooling tower fan energy, or control strategies.  Adjustments 
for non-ideal motors and compressors as well as burdens such as gear-drives, 
where used, reduce the attainable efficiencies, usually by similar factors for 
competitive refrigerants.  Cycle refinements, such as multistage compression 
with economisers and inter-stage cooling, partially offset such reductions.  
The relative efficiencies indicate comparative performance of alternative 
refrigerants in similarly optimised systems and, thereby, implications to 
reduce energy-related greenhouse gas emissions.  These indicators are more 
meaningful for high-performance chillers, since there is overlap in product 
efficiency for low-performance (not fully optimised) designs. 

The refrigerants addressed, for each condition, are those deemed suitable from 
the preceding section for which equipment comparable to that in current use 
are marketed or could be adapted with current technologies.  The proposed 
unsaturated fluorochemicals currently in development, with exception of 
HFC-1234yf (an unsaturated HFC or hydrofluoro-olefin, HFO) to replace 
HFC-134a, are excluded for four reasons.  First, they are not ready for 
commercial application particularly in stationary systems and those for deep 
mines, though that is likely to change or change quickly in coming years.  
Second, many of the specific candidates for chiller use are still proprietary and 
not yet disclosed publicly.  Third, reliable property data are not yet readily 
available.  And fourth, application limitations or acceptability are not yet 
clear. 

4.5.1 Surface Chillers 

Table 4-3 summarises the comparative performance of two HCFCs (HCFC-22 
and HCFC-123), two HFCs (HFC-134a and HFC-1234yf, although the latter 
being is an unsaturated HFC), four hydrocarbons (HC-290, HC-601, HC-601a, 
and HC-1270, the last an unsaturated HC), and an inorganic compound (R-
717, ammonia).  Of them, HFC-134a and ammonia are the most widely used 
options today for surface chillers serving deep mines. 
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Table 4-3:  Comparative refrigerant efficiencies for surface chillers 

refrigerant COP 

specific 
power 

(kW/RT) 
normalised 
efficiency 

HCFC-22  7.87 0.447 1.00 

HCFC-123 8.27 0.425 1.05 

HFC-134a 7.85 0.448 1.00 

HC-290 (propane) 7.74 0.454 0.98 

HC-601 (pentane) 8.22 0.428 1.04 

HC-601a (isopentane) 8.17 0.431 1.04 

R-717 (ammonia) 8.10 0.434 1.03 

HFC-1234yf   (1) 7.57 0.465 0.96 

HC-1270 (propylene) 7.71 0.456 0.98 
1  The performance data for HFC-1234yf derive from preliminary property data. 

 
As shown, the thermodynamic limits of an idealised simple cycle suggest 
opportunity to improve efficiency over HCFC-22 for the representative 
conditions analysed by as much as 5% using HCFC-123, to stay essentially 
the same with HFC-134a, and conversely to drop as much as 4%,  with HFC-
1234yf.  However, these comparisons are indicative only for similarly 
optimised equipment.  Efficiency ranges for each refrigerant may overlap for 
equipment selections not seeking top performance, for example to lower 
acquisition costs without regard to efficiency or energy-related greenhouse gas 
emissions /Cal04, UNEP06/.  Most old and some recent refrigeration systems 
for deep mines use low-efficiency chillers, implying significant opportunity to 
improve efficiency. 

4.5.2 Surface Chillers for Low-Temperature Chilled Water and Ice Making 

The refrigerants examined for a second-stage in series connected chillers to 
suppress chilled water temperatures close to the freezing point.  In practice, R-
717 ammonia is the most common refrigerant for this application, though 
some older equipment used HCFC-22.  The risk of evaporator damage from 
freezing water favours plate-and-frame (or less commonly plate-and-shell) 
heat exchangers over flooded shell-and-tube designs.  While chillers might be 
developed with plate heat exchangers for any of the refrigerants addressed 
herein, there are several practical considerations.  First the materials and 
designs differ, favouring the four fluids examined.  Second, low-pressure 
refrigerants (such as HCFC-123, pentane, isopentane, and blends of the last 
two) would require welded plate designs to overcome subatmospheric 
operation. 
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Table 4-4:  Comparative refrigerant efficiencies for surface chiller second stage 

refrigerant COP 

specific 
power 

(kW/RT) 
normalised 
efficiency 

HCFC-22 7.00 0.502 1.00 

HC-290 (propane) 6.87 0.512 0.98 

R-717 (ammonia) 7.20 0.488 1.03 

HC-1270 (propylene) 6.85 0.513 0.98 

 
Of the candidate refrigerants examined, Table 4-4 indicates a performance 
advantage for ammonia subject to the same caveats on practical efficiency 
ranges discussed above.  It also offers lower flammability than the two 
hydrocarbons (propane and propylene).  With minimal residual use of HCFC-
22 in this application, its phase-out poses no significant concern.  And some of 
the azeotropic and near-azeotropic blends marketed as HCFC-22 service fluids 
would be more suitable, if needed, than in flooded shell-and-tube evaporators. 

4.5.3 Underground Chillers 

Two significant differences define the third analysis group, namely 
significantly more extreme heat rejection (condensing) conditions and 
presumed exclusion of flammable refrigerants.  Unlike surface condensing 
using cooling towers or evaporative condensers, effectively limited by 
climatic wet bulb temperatures, fresh air is much more limited below 1800 m 
(5900 ft).  The primary supply is a mixture of cooled surface air subsequently 
warmed by auto-compression and exhaust air warmed and laden with moisture 
from mine cooling.  Of the three conditions examined herein, the underground 
conditions come closest to the study focus on high-ambient temperatures.  
Even then, the dry- and wet-bulb temperatures remain similar to widely 
occurring climatic occurrence and both the average and bubble-point 
temperatures of condensing refrigerant still lower than in common peak 
conditions with air-cooled condensing. 

Table 4-5 summarises the comparative performance of HCFC-22 and HCFC-
123 (two HCFCs) with that of HFC-134a (an HFC).  Flammable refrigerants 
are not examined here based on mine safety practices, precluding use of 
ammonia, though common for surface chillers, and the more flammable and 
explosive hydrocarbons.  In this context, HCFC-123 offers a significant 
advantage predicated on its commercial use as a fire suppressant in contrast to 
incidents of HCFC-22 and HFC-134a explosion and the latter specifically in a 
mining accident /Hen99, Kra02/, even though non-flammable under normal 
rating conditions. 
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Table 4-5:  Comparative refrigerant efficiencies for underground chillers 

Refrigerant COP 

specific 
power 

(kW/RT) 
normalised 
efficiency 

HCFC-22  4.64 0.758 1.00 
HCFC-123 5.02 0.701 1.08 
HFC-134a 4.57 0.770 0.98 

 
 
As shown, HCFC-22 phase-out forces consideration of alternatives including 
HCFC-123 and HFC-134a as well as successor fluids being developed to 
replace them.  Among current options, HCFC-123 offers higher performance, 
potentially up to 8%, while HFC-134a yields lower efficiency.  However, 
HCFC-22 is no longer commonly used in underground chillers, so the impact 
is minimal.  Also, the older HCFC-22 chillers still in use are significantly less 
efficient than newer chillers using other refrigerants, including both HCFC-
123 and HFC-134a. 

Phase-out of HCFC-123 effectively limits current options to HFC-134a, 
though it too is likely to be phased out as addressed above.  While HCFC-123 
offers up to 10% higher thermodynamic efficiency than HFC-134a as 
indicated in Table 4-5 for underground conditions, there again is overlap in 
performance for low-efficiency models, especially for older chillers and those 
retrofit from other refrigerants. 
 

4.6 Not-in-Kind Options 
Studies of a Brayton air cycle suggest that it could offer both efficiency and 
cost benefits at depths below 3.5 km (2.2 miles) /del88/, now relevant in light 
of recent mining below such depths /JMV07/.  One of the main unknowns is 
the effect of ice formation in the expansion turbine, but this concern could be 
overcome either by drying the compressed air or using modified expansion 
turbines.  Either method is considered costly and could make an air cycle 
system cost effective only at mining depths greater than 4 km (2.5 miles) if 
then /del88/. 

Air-cycle refrigeration systems using wave-rotor compressors, with reported 
lower weight and bulk, have been used in two prototype systems installed in 
gold mines in India and South Africa, /Kha07/, though actual performance 
data could not be obtained. 

Vacuum ice makers, addressed above, offer an opportunity to replace – or at 
least lessen in light of required pre-cooling of the water used – dependence on 
refrigerants of concern.  Further information on such systems is available from 
/Jah96/, /Oph07/, /Oph08/, and /IDE09/. 
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While warranting assessment, use of carbon-dioxide (R-744, CO2) as a heat-
transfer fluid (HTF) in a secondary loop is likely to raise significant concerns 
with the pressures involved, especially so with the hydrostatic heads and 
adiabatic compression (auto-compressive effect).  There likely will be 
concerns with oxygen displacement and resulting asphyxiation potential 
should a leak develop underground.  No studies were found that examined, 
and no systems were identified that attempted, this option. 

4.7 Changing Criteria 
Relocation of old equipment from mined-out shafts (in some cases depths) to 
new mines, shafts, or depths for re-use forces more frequent examination of 
retirement than is the case for building systems that often continue in 
operation until no longer repairable.  Mining companies already have retrofit 
or phased out most old equipment using CFCs.  The majority of recent deep 
mine installations have used HFC-134a and/or R-717 (ammonia) in surface 
chillers and HFC-134a in underground chillers. 

Several factors that will influence future system selections are changing.  
First, electricity prices are increasing, significantly so in many deep mine 
locations.  Second and particularly in some developing countries, inadequate 
power supplies are forcing demand limits or even curtailments to make 
electricity more available for other markets, such as urban and manufacturing 
uses.  Both factors are forcing attention to improved efficiency and 
replacement of older, less efficient equipment. 

Third, mines are going deeper to reach previously untapped or previously less 
economic minerals.  Cooling loads therefore are increasing from increased 
geothermal, auto-compression, and machine loads.  They force both system 
innovation, including lowered supply and raised return temperatures for 
chilled water, and use of both ice slurry and hard ice systems.  Increased depth 
also heightens flammability concerns, with more limited egress, and to 
reliability, with increasing dependence as critical for both life safety and 
productivity. 

Additionally, mining firms are under intense pressure to be perceived as 
socially responsible to avoid mandates and to attract investment, hence they 
are seeking to be and to be seen as environmentally responsible and 
innovative.  Collaborative efforts to assess system options and safety measures 
are common. 

The consequence for mine refrigeration systems is keen awareness of 
environmental restrictions on refrigerants and willingness to examine more 
efficient, long-term alternatives. 
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4.8 Concluding Remarks 
As de tailed herein, deep mine systems are not as vulnerable to high-ambient 
climatic conditions as other applications addressed in this report.  CFC use is 
very limited and replacement is progressing.  HCFC and especially HCFC-22 
dependence is comparatively low and again being addressed.  Unlike instances 
where economic limits may hinder transition to new, more acceptable 
technologies and retard development for countries in extreme climates, nearly 
all deep mines are capitalised and run by multi-national firms that address 
equipment costs as critical investments in an already capital- and skill-
intensive industry.  Rather than developing countries being at a technological 
disadvantage in mining, some Article 5 countries – and South Africa in 
particular – are world leaders in the technologies involved and able to export 
the requisite technologies. 
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