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Executive Summary 

 

Hot water storage vessels are commonly used in installations where multiple heat sources are available or 

where there is an offset between the generation of, and demand for, domestic hot water.  Copper and 

Stainless Steel alloys are the most common materials used in the manufacture of hot water storage cylinders.  

This report provides an unbiased comparison between these two materials and analyses the performance of 

‘off the shelf’ 144 litre Copper and Stainless Steel cylinders.  It also presents a comparative performance 

analysis of Copper and Stainless Steel cylinders with similar heat exchanger configurations. 

The key findings from the investigation into the use of Copper and Stainless Steels for manufacturing hot 

water storage cylinder are: 

 The most common Stainless Steel alloys used for hot water storage applications are low carbon 

austenitic (304L and 316 L) and Duplex (2205 and 2304) Stainless Steels.  The corrosion resistance 

of Stainless Steel alloys is dependent upon the maintenance of the ‘stainless’ passivation layer which 

requires a minimum Chromium concentration of 11 % and exposure to an oxygenated environment.  

Low temperature hot water systems are designed to limit oxygen ingress which may affect the 

maintenance of the passive layer. 

 The manufacturing process used in the appropriate production of hot water storage cylinders from 

Stainless Steel alloys is much more involved than that of Copper cylinders.  In order to allow the 

formation of the passive layer the cylinder welds must be purged and pickled during construction 

and care must be taken when selecting suitable insulating foam.  There are, at present, no official 

guidelines on the manufacturing process for Stainless Steel hot water storage cylinders or the alloys 

most appropriate for this application. 

 A best practice manufacturing process for the production of Copper hot water storage cylinders has 

been presented in a number of relevant British Standards (most notably BS 1566 and BS 12897) and 

is much less aggressive on the raw materials used.  These standards present detailed information in 

the form of; minimum heat exchanger area, storage capacities, material thickness, top and bottom 

design etc. 

 As a non-reactive base metal, Copper is also less prone to the formation of rust and attack by 

chlorides leached from insulating foam.  However, when scaling up storage capacity, the yield 

strength of Copper makes it less competitive financially than Stainless Steel alternatives. 

 In order to address the commonly held belief that Stainless Steel cylinders are a cheaper alternative 

to Copper cylinders and that they have no inherent scrap value, the initial capital cost and the scrap 

value of both Copper and Stainless Steel cylinders was investigated.  In collating the information 

gathered it was found that Stainless Steel cylinders have a higher capital cost than Copper cylinders 
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and that Copper cylinders have a higher scrap value than Stainless Steel cylinders, although there is 

an intrinsic scrap value for both materials. 

 In terms of the effect material choice has on the control of bacterium although not directly related to 

domestic hot water storage, there is an increasing body of work highlighting the benefits of using 

Copper instead of Stainless Steels for infection control in hospitals.  The only information provided 

for either material in the context of hot water storage and distribution states that the corrosion of 

Stainless Steel “may lead to conditions which encourage the growth of legionella” (Anon, 2012). 

 Finally, the practical considerations associated with heat exchanger design and operating 

temperature are discussed.  When combined with an uncontrolled heat source, a minimum heat 

exchanger pipe diameter of 28 mm is required by BS 1566-2 and in instances where the storage 

temperature may exceed 65 oC Stainless Steel is an unsuitable material for use based on the 

manufacturer’s literature which accompanies the cylinders. 

The comparative experimental program was carried out at Copper Industries (Ireland) Ltd.’s in-house testing 

facility in Toome, Northern Ireland.  The comprehensive test facility was configured to provide a vented, 

indirect charging circuit and a vented, direct discharging circuit.  The data in the test chamber, charging and 

discharging circuits and the cylinders were autonomously collected at 10 second intervals using calibrated T-

type thermocouples and inline turbine flow rate sensors connected to a DT85 data logger.  The test cylinders 

were fitted with a series of temperature sensor pockets along their height allowing the profile of the stored 

water to be investigated throughout the experimental program.  During the retrofit of the temperature sensors 

on the Stainless Steel cylinder a substantial amount of rust was encountered on the inside of the cylinder. 

The testing of the three cylinders was concerned with two phases of operation; charging (heat up) and 

standing (cool down).  The results are presented for both the phases investigated along with an evaluation of 

the heat exchanger effectiveness in each case. 

The findings of the experimental testing can be summarised as follows: 

 The performance of each of the test cylinders during the Charging phase was investigated by raising 

the temperature of the stored water from ambient conditions to the pre-determined storage 

temperature using a non-condensing oil boiler supplying the cylinder at a constant flow rate.  The 

results are then presented graphically.  The result from the charging experiments identify the 

superiority of Copper over Stainless Steel in terms of heat transfer with the Copper cylinder with a 

comparable heat exchanger to the Stainless Steel cylinder attaining temperature over 15 minutes 

faster than the Stainless Steel cylinder.  Comparing the materials ‘like for like’ equates to a 28.8% 

decrease in the heat up time for a cylinder. 

 The results from the Charging experiments were also used to evaluate the performance of the heat 

exchanger in each cylinder and the results from this analysis identify a substantial benefit in using 

Copper as the heat exchanger material and also the advantage of using 28 mm Copper rather than 22 

mm Copper of Stainless Steel. 
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 After each of the Charging experiments had been completed the ability of the cylinders to retain the 

stored heat was evaluated.  The cylinders were allowed to stand for a period of 24 hours with no 

additional heat supply.  The temperature profiles within the hot water store were continuously 

monitored and the results show that the difference in heat losses from the cylinders over the 24 hour 

period were negligible with a maximum variation in average heat loss over 24 hours equal to 4 K. 

In conclusion, the perceived cost effectiveness and superiority in the performance of Stainless Steel alloys 

used in domestic hot water storage is unfounded.  During the comparative charging tests the efficiency of the 

heat exchangers in the Copper cylinders was significantly higher (per metre) than the coil in the Stainless 

Steel cylinder tested.  This increase in performance was attributed to the higher thermal conductivity of 

Copper. 

The significant factors in the suitability of using Stainless Steel alloys in the manufacture of hot water 

storage cylinders are the lack of official guidelines equivalent to the British Standards describing best 

practice in the manufacture of Copper hot water storage cylinders and the limitations on use identified by the 

diameter of the heat exchanger coil and the upper limit on hot water storage temperature. 
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1 Introduction to Domestic Hot Water (DHW) storage and supply 

 

In dwellings with multi-fuel heat sources or where there is an offset between the generation of and demand 

for hot water it is common practice to incorporate a hot water storage vessel into the heating system.  The hot 

water cylinder should be sized to meet the maximum hot water demand for the dwelling given the appliances 

installed and the number and rating of the heat sources while at the same time avoiding excessive volumes 

which can lead to increased fuel costs. 

In order to store hot water, a number of factors must be satisfied; the water must be stored and supplied in a 

safe, clean, convenient, reliable and efficient way.  This means that a number of specific design and 

operation criteria must be satisfied for each installation.  For Northern Ireland, this guidance can be collated 

from Part P of the NI Building Regulations [1], the HSC’s Approved Code of Practice L8 [2] and the NHS 

guidance document D 08 [3] on hot water supply temperatures for individual appliances which is referenced 

in the British Standard for the design, installation, testing and maintenance of services supplying water for 

domestic use within buildings and their curtilages [4].  These documents require hot water to be stored at a 

temperature in excess of 60 oC [2,4], supplied to the hot water distribution system above 50 oC [2] and below 60 
oC [1] and to be further mixed at the point of use to a suitable temperature of between 38 and 46 oC depending 

on the appliance in use [3]. 

Copper and Stainless Steel alloys are the principal materials used for the manufacture of hot water cylinders, 

thermal stores and buffer vessels.  Each of these materials has its own characteristic advantages and 

disadvantages for this application and the material selected for the cylinder body and heat exchanger have a 

direct effect on the design of the cylinder and the quality of the hot water stored and supplied. 

The aim of this report is to provide an unbiased comparison between two common materials (Stainless Steel 

and Copper) used in the manufacture of hot water cylinders to provide specifiers, designers, wholesalers, 

installers and the end users of these products with enough information to recommend or request the most 

appropriate product for their needs.  This is achieved by presenting a general description of each of the 

materials and their associated properties; the mechanical, thermal and antibacterial properties alongside an 

experimental evaluation of three hot water cylinders tested under the same conditions.  The results from the 

experimental tests are presented and the discussion focuses on the differences in charging (heat up), heat 

exchanger and storage (cool down) efficiencies of the different cylinders.  The implications of these 

differences to both the end user(s) and their hot water system are discussed.  
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2 Physical descriptions of Copper and Stainless Steels 

 

Contrary to popular belief all materials corrode, the rate at which this corrosion occurs is what varies and that 

rate is dependent upon the specific environment the material is exposed to.  In the context of low temperature 

hot water storage the materials are exposed to pressures of between 1 and 3 bar (gauge) and are fully 

immersed in water which varies in temperature from ambient to 95 oC.  Added to these various temperature 

and pressure operating conditions is the fact that a domestic hot water system is designed to minimise the 

ingress of new oxygen into the system.  Therefore the purpose of this section is to give a brief unbiased 

overview of the material characteristics used in the manufacture of aqueous thermal energy storage vessels; 

Copper and Stainless Steel. 

 

2.1 Stainless Steels 

 

The term Stainless Steel covers a wide range of different iron alloys sub-categorized under 5 groups: ferritic, 

martensitic, precipitation hardening, austenitic and Duplex with Duplex being a 50/50 mix of ferritic and 

austenitic Stainless Steel.  The various Stainless Steel alloys are classified according to their crystalline 

structure and composition namely the percentage of; carbon, Chromium, nickel and molybdenum used. 

The most common alloys used for hot water applications are low carbon 300 series austenitic (304L and 

316L) and Duplex Stainless Steel (2205 and 2304).  The term ‘stainless’ emerged as a result of the thin 

‘passive’ film created on the surface of the metal created when the Chromium in the metal reacts with 

oxygen in the surrounding environment.  The minimum amount of Chromium required for passivation is 11 

% by weight [7] but in most Stainless Steels the concentration tends to be higher.  This passivation film 

prevents the formation of iron oxide (rust) and can repair itself in an oxygenated environment but, contrary 

to popular belief, this only makes Stainless Steel resistant to corrosion it does not prevent Stainless Steel 

from corroding. 

Within the Stainless Steel alloy the quantity and combination of these components have the following 

characteristics: 

 Carbon is used to add strength to the alloy but carbon also reduces the corrosion resistance of the 

alloy by drawing Chromium out of the steel to create Chromium carbides leaving behind an area 

more prone to corrosion.  As a result of this low carbon Stainless Steels (304L and 316L) are 

generally better for storage cylinders than their higher carbon counterparts (304 and 316). 

 Chromium is added to create the passivation layer in combination with oxygen when present, the key 

to maintaining corrosion resistance is to maintain oxygen in the installed environment this is usually 

difficult in a hot water storage systems because they are designed to limit oxygen ingress 
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 Nickel stabilizes iron and aids in the repair of the passivation layer 

 Molybdenum reduces the effectiveness of chloride ions in locally breaking down the passive layer 

The thermal conductivities of the Stainless Steels, shown in Table 2.1, are relatively low compared with 

Copper. 

 

Table 2.1 – Thermal conductivity of Stainless Steels commonly used in hot water cylinder manufacture 

Type of Stainless Steel Designation 
Thermal Conductivity 

(Wm-1K-1) 

Austenitic 
304L 16.2 

316L 16.2 

Duplex 
2205 15.9 

2304 17 

 

Stainless Steels generally have a more stable material cost but, when used appropriately, require a much 

more time consuming and expensive manufacturing processes including purging and pickling to ensure that 

the cylinder’s corrosion resistance is fully restored.  Welding Stainless Steel is an aggressive process and if 

not carried out correctly can greatly reduce the corrosion resistance of the metal.  Purging is a process used 

in conjunction with welding which limits the oxidation of steel by replacing the air around the seams with an 

inert gas (usually Argon) until the temperature of the metal returns to a temperature where oxidation is less 

of an issue.  After the welding process has taken place pickling is used to treat the weld and allows the 

passive layer to reform.  This can be particularly difficult to achieve on inner weld surfaces and requires a 

specialised process.  In order for the passive layer to be reformed the weld is cleaned by removing oxide and 

Chromium depleted layers using an acidic pickling paste.  Once the pickling paste eats away the oxide and 

Chromium depleted layers it is washed away with high pressure water.  The wash water must then be 

disposed of responsibly as an environmentally hazardous substance. 

If during and after the manufacturing process the Chromium in the metal has been preserved and oxides to 

allow for the formation of the passive layer then the Stainless Steel cylinder will be corrosion resistant.  

However, any areas where the passive layer has been damaged or its formation has been prevented will result 

in an area which will corrode more readily. 

The final concern when manufacturing Stainless Steel cylinders is the insulating foam.  Certain types of 

insulation, including generic polyurethane sprayed foam insulation, contain varying amounts of leachable 

chlorides (Appendix A) which actively attack Stainless Steel and can lead to the development of stress 

corrosion cracking which in turn drastically decreases the life expectancy of a storage cylinder.  Therefore 

care must be taken to choose an appropriate insulating material. 
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These additional labour, time and material requirements combined with the higher yield strength of Stainless 

Steels makes them more appropriate for commercial and industrial scale applications where more 

consideration can be given to the more complex and/or diverse products required. 

 

2.2 Copper 

 

Copper is a naturally occurring element (Cu) which is mined, refined and alloyed for use in a multitude of 

applications.  There are currently more than 400 Copper alloys available, each with a unique combination of 

properties to suit a given application [5].  The Copper used in the manufacture of hot water cylinders is 

99.99% pure with a thermal conductivity of 385 Wm-1K-1, a higher thermal conductivity than any of the other 

commercially available metals.  The thickness of the Copper used is dependent upon the operating conditions 

the cylinder will be exposed to and can be benchmarked against a series of well-established British 

Standards. 

Copper is a non-reactive base metal and as such is resistant to the formation of rust. As a result of this, 

Copper can be melted down and refined over and over again making it one of the most sustainable and 

environmentally friendly materials available to the construction industry.  This means that Copper is an 

almost 100 % recyclable construction material with recycled Copper meeting a reported 42% of the 

European Copper demand [6] and has been used successfully in hot water applications for hundreds of years. 

During the manufacture of Copper cylinders the joints are created in one of two ways; either through brazing 

or by seam welding.  The body of the Copper cylinder is joined to itself by using a Copper-phosphorous wire 

to seam weld the cylinder closed using an electric welding machine and the tops, bottoms and connections to 

the cylinders are made by brazing a Copper-phosphorous filler material into the gap between the two 

components using a brazing torch.  The inclusion of phosphorous lowers the melting point of the filler 

material which means, unlike welding, the base metal is not melted during the manufacturing process 

resulting in seams with a more consistent corrosion resistance. 

Unlike Stainless Steel, Copper is less prone to attack by the leaching of chlorides from the insulation which 

makes it a much more durable material if this is likely to be an issue and more easily repaired on-site if a 

leak presents itself during installation. 

The yield stress of Copper is however lower than that of Stainless Steel and as a result when scaling up 

cylinder capacity the thickness of the material required means that Copper becomes less competitive for 

commercial and industrial applications compared with Stainless Steels.  
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3 Relative costs associated with the products, their resale and scrap value 

 

There is a commonly held belief that Stainless Steel cylinders have a significantly lower cost than Copper 

cylinders and that there is no associated scrap value with Stainless Steel cylinders making them less 

attractive to opportunistic thieves.  Within this section the initial capital costs of Copper and Stainless Steel 

cylinders and their scrap values have been investigated and the findings presented. 

The initial capital cost associated with purchasing a new cylinder was found to be substantially higher for 

Stainless Steel cylinders than it was for their Copper counterparts in all instances (Appendix B) and as a 

result there is an inherent resale value associated with both.  Theft is a recurring problem for domestic hot 

water and electrical installations due to the intrinsic value of the materials and/or products used for sale as 

scrap or as second hand equipment.  Resale value is difficult to quantify reliably however, despite regular 

fluctuations in the value of scrap metal, an independent value can be attained for a fixed date from the 

agencies which deal in handling scrap metals.  As an indication of the relative prices of the metals the 

following scrap values have been compiled for the metals discussed in this report from Northern Ireland 

waste management companies the Clearway group [8] and T-MET [9].  The values presented in Table 3.1 were 

accurate as of the 26th of September 2013. 

 

Table 3.1 – Scrap metal values for Copper and Stainless Steel 

Material 
Scrap value 

(£/ton) 

Weighted value for a 

144 L cylinder (~15 kg) 

Copper 3675 – 3875 £64 

Stainless Steel 600 – 740 £12 

 

The information presented in Table 3.1 highlights the problem that irrespective of the material used there is 

an intrinsic value in terms of resale and scrap value to all of the materials/products used in the storage of hot 

water for domestic applications. 

4 Regulations governing the manufacture of vented cylinders for domestic hot water storage and supply 

 

The regulations covering the manufacture of hot water cylinders are outdated, non-existent or, where 

available, simply not policed appropriately and as a result of this consumers have suffered.  In the past the 

use of thinner material by manufacturers to cut costs has led to poor quality products and has damaged the 

reputation of hot water storage cylinders as a whole. 
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The following serves as a summary of the guidance available on the manufacture of vessels for use in the 

storage of hot water. 

Basic guidance on the sizing of hot water cylinders is given in BS 6700 [4] with a rudimentary allowance of 

between 35 and 45 litres of hot water at 60 oC per person per day with Annex C providing further guidance 

on the calculation of hot water storage capacity based on a typical appliance. 

Copper sheeting and fixtures in the construction of domestic hot water cylinders is comprehensively covered 

in BS 1566 [10] and BS 12897 [11] for vented and unvented cylinders, respectively.  Some of the information 

provided in these standards has now become a little dated with the latest revision in 2002 and 2006 however 

they are still useful tools to insure the appropriate manufacture of Copper cylinders for various applications.  

The standards give detailed guidance on the construction of Copper cylinders in terms of storage capacities, 

material thicknesses and cylinder top and bottom specifications including geometry and thickness for most 

ideal installations.  BS 1566 [10] and BS 12897 [11] also provide minimum requirements for Copper heat 

exchanger areas, maximum requirements on working and test pressures and the testing requirements for 

evaluating the performance of both the cylinder and the heat exchangers used.  As a result of this guidance, 

cylinders manufactured to these British Standards are in compliance with what is regarded as best practice 

and appropriate for these applications. 

In contrast to the well documented guidance available for the construction of Copper domestic hot water 

cylinders for vented and unvented applications, there is no British Standard for, or official guidance on the 

use of Stainless Steels for the construction of hot water storage cylinders.  The lack of guidance available to 

manufacturers on the material requirements of Stainless Steel cylinders in terms of manufacturing process, 

testing parameters and appropriate thicknesses and geometries for the specific alloys means manufacturers 

have nothing to benchmark their products against and the consumer/supplier are less informed on which 

cylinders are appropriate for use in hot water storage applications.  The inevitable outcome of this in a 

market so heavily dependent on price is the proliferation of products with questionable suitability and/or 

quality with little or no repercussions for the companies involved. 

At present there are no official bodies reliably governing the manufacture of hot water cylinders and, as a 

result, the impetus to ensure the production of a high quality product lies with the manufacturer itself. To 

ensure the end user is provided with a suitable product care should also be taken by specifiers, suppliers and 

consumers to seek out a reputable source for their hot water storage requirements. 

5 The effect of material choice on the control of bacterium 

 

Although not directly applicable to low temperature hot water storage components there is an increasing 

body of evidence highlighting the effect of material choice in the control of bacteria on surfaces within 

hospitals.  The requirement for producing hygienic hot water however suggests that this emerging topic 
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should not be ignored with the main findings from a range of academic publications indicating the 

superiority of Copper over Stainless Steels in its ability to both prevent bacterial growth and ‘kill off’ 

bacteria already present.  The only guidance on the topic for hot water systems comes from paragraph 101 in 

the 3rd edition of L8, the Approved Code of Practice and Guidance for the control of legionella bacteria in 

water systems, which states: “Corrosion of steel should be inhibited as it may lead to conditions which 

encourage the growth of legionella” (Anon, 2012). 

6 Specification of coil design for indirect hot water cylinders 

 

Solid fuel heat sources are uncontrolled heat sources and are a popular feature in the UK and Ireland.  They 

operate using a process known in the trade as ‘gravity circulation’ but which in actuality is a gravity assisted 

natural convective flow generated as a consequence of the varying densities of water at different 

temperatures.  This flow arrangement works without the use of a mechanical pump to transfer heat from the 

heat source to the storage cylinder.  An uncontrolled heat source is a heat supply, like a back boiler or multi-

fuel stove, which cannot be readily switched off once a pre-set temperature has been reached and therefore 

requires additional coping mechanisms to deal with overheating.  As a safety precaution the distribution 

circuit of an uncontrolled heat source is un-pumped and designed in such a way that, in the event of a power 

outage, excess heat is managed in a safe way without risk to the occupants or their property.  The design for 

gravity assisted natural convective flow is heavily dependent on the pressure losses from the system as a 

result of friction encountered along the circuit.  From the perspective of heat exchanger design, for a cylinder 

used with an uncontrolled heat source a larger diameter pipe is used for the heat exchanger coil to minimise 

the friction through the circuit which directly impacts the un-pumped flow.  In light of these factors, BS 

1566-2 [12] indicates best practice for incorporating uncontrolled heat sources at a domestic scale which 

contains the inclusion of a minimum storage capacity of 100 litres [4] and the use of a coiled heat exchanger 

pipe with a minimum diameter of 28 mm, although for larger domestic installations this should be calculated 

as part of the low temperature hot water system design. 

7 Specification of operating temperature 

 

In addition to the concerns on the impact of coil specification on systems using ‘gravity circulation’ is the 

potential for higher storage temperatures with uncontrolled and solar energy sources.  When operating at full 

capacity, these energy sources have the potential to reach temperatures in excess of 65 oC however the 

manufacturers’ literature accompanying Stainless Steel cylinders commonly specify a maximum working 

temperature of 65 oC making Copper the only solution for these higher temperature energy sources over a 

sustained period of time.  
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8 Description of the test facility 

 

The experimental testing program was carried out at Copper Industries (Ireland) Ltd.’s in-house testing 

facility in Toome, Northern Ireland.  The company’s comprehensive test rig (Figure 8.1 and Figure 8.2) 

capable of providing typical test conditions for vented and unvented systems with a combination of direct 

and indirect heat sources and sinks was configured to provide a vented, indirect charging circuit and a 

vented, direct discharging circuit. 

The test facility, located in a heavily insulated chamber, is equipped with an array of temperature and fluid 

flow sensors capable of measuring variations in the test components and the room itself every 10 seconds to 

a high level of accuracy.  The flow rates on the charging and discharging circuits are measured at 5 positions 

using FT-110 turbine flow rate sensors with an accuracy of ± 3% [13].  Temperatures are measured using an 

array of custom made T-type thermocouple sensors bonded to sensor pockets inserted into the fluid flow and 

the storage cylinder using a heat transfer paste.  The thermocouples are calibrated to within an accuracy of ± 

0.25 oC using a fully calibrated PT 100 platinum resistance cold junction reference sensor. 

The sensor array is connected to a programmable DataTaker DT85 data logger [14] configured to 

autonomously collect the experimental results at an interval of 10 seconds for the duration of the tests to 

ensure the data were captured at a high resolution.  The DT85’s real time browser based HUD (Head’s Up 

Display – Figure 8.1) was used during the calibration of the test rig before each of the experimental 

installations.  The recorded information, stored as a .csv (comma separated value) file, was then downloaded 

in and analysed using a series of templates constructed in Microsoft Excel. 

 

 

Figure 8.1 – Photo of the sensor array linked to the DT85 data logger and the HUD 

HUD 
DT85 data logger 
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Figure 8.2 – Schematic of Copper Industries’ in-house testing facility  
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9 Description of test cylinders 

 

Three cylinders were used during the testing programme; an indirect 144 L Duplex Stainless Steel cylinder, 

an indirect 144 L Copper cylinder with a similar heat exchanger configuration to the Stainless Steel cylinder 

(Table 9.1) and a 144 L indirect Copper cylinder built to the specifications presented in BS 1566 [10]. 

 

Table 9.1 – Coil dimensions for each of the test cylinders 

Cylinder 
Pipe Diameter 

(mm) 
Coil Length 

(m) 
Surface area 

(m2) 

Stainless Steel 22 10 0.69 

Copper (comparable) 22 10 0.69 

Copper (standard) 28 8 0.70 

 

An indirect 144 L Stainless Steel cylinder was bought from a plumbing supplies merchant to test its 

performance against that of a Copper alternative.  The only specifications given to the merchant were the 

configuration and capacity of the cylinder required.  No specific manufacturer was requested and the 

cylinder arrived covered in a layer of foam lagged insulation with no paperwork to identify the 

manufacturing company.  The, as delivered, cylinder dimensions were then recorded before the insulation 

was stripped away to allow for the retrofit of temperature sensor pockets.  Twelve 150 mm temperature 

sensor pockets were fitted along the height of the cylinder at a depth of 100 mm where possible to capture 

the results at a relatively high resolution (Figure 9.1).  Care was taken to ensure that the sensor pockets were 

suspended within the storage water and not in direct contact with the heat exchanger coil.  The locations of 

the temperature sensors are presented in Table 9.2. 
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Figure 9.1 – Stripped Stainless Steel cylinder with sensor pockets installed (left) and Stainless Steel cylinder 
under test (right) 

 

When a portion of the Stainless Steel cylinder shell was removed to insert the temperature sensor pockets a 

significant amount of rust was exposed on the inside of the cylinder Figure 9.2.  At this point in the testing 

programme the cylinder, which was purchased new, had not been installed into any systems post-

manufacture.  Of particular concern for the longevity of the cylinder was the damage to the hot water outlet 

where significant amounts of iron oxide (rust) was encountered on the weld.  The, as examined, condition of 

this specific cylinder suggests that an appropriate manufacturing process has not been followed in this case.  

As previously highlighted, the cylinder was bought as a blind sample with no indication of manufacturer.
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Figure 9.2 – Rust encountered in the Stainless Steel cylinder when installing the temperature sensor pockets: 
heat exchanger coil (left), cylinder bottom (middle) and cylinder top (right) 

 

Two Copper cylinders were manufactured to the same capacity specified for the Stainless Steel cylinder from 

the plumbing merchant but using the dimensions recommended in BS 1566 [10].  The Copper heat exchanger 

coils for each of the cylinders (Figure 9.3) were manufactured to match the dimensions of the configuration 

of the Stainless Steel cylinder (22 mm coil) and to match the dimensions of a standard 144 L Copper cylinder 

(28 mm coil). 

 

 

Figure 9.3 – Copper cylinder heat exchanger coils: 28 mm (left) and 22 mm (right) 
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The sensor pockets were installed at equidistant intervals along the height of each of the cylinders and their 

positions from the base of the cylinders (datum) are presented in Table 9.2.  The temperature of the stored 

water next to the coil inlets and outlets was recorded by temperature sensor 6 (coil inlet) and temperature 

sensor 1 (coil outlet) and the cylinder thermostat controlling the boiler shared a sensor pocket with 

temperature sensor 11. 

 

Table 9.2 – Temperature sensor pocket locations on the cylinder 

Sensor number Position from cylinder base (mm) 

1 95 

2 175 

3 250 

4 325 

5 405 

6 480 

7 535 

8 630 

9 715 

10 790 

11 865 

12 960.5 (mid-point across the dome) 

 

The nominal storage capacity of each of the 144 L cylinders tested was calculated using the methodology 

presented in BS 1566 [10] by subtracting their weight when full from their weight when empty using an 

industrial weighing scale with an accuracy of ± 1 kg and then converting the weight to litres.  The nominal 

capacities of the cylinders are shown in Table 9.3. 

 

Table 9.3 – Nominal capacity of the test cylinders 

Cylinder type Nominal capacity 
(litres) 

Stainless Steel 141 

Copper (comparable) 143 

Copper (standard) 143 
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10 Description of the testing programme 

 

The testing programme was designed to compare the performance of an ‘off the shelf’ standard 144 litre 

indirect Copper cylinder and an ‘off the shelf’ Stainless Steel hot water cylinder with a Copper cylinder built 

to a similar specification as the Stainless Steel cylinder during their charging and standing phases of 

operation.  The heat source in all cases was the same Warmflow Bluebird 70/90 non-condensing oil boiler [15] 

controlled by a cylinder thermostat located at the same mounting position in all cases.  This section presents 

the methodologies used in the calibration of the installed cylinders and the charging and discharging 

experiments. 

 

10.1 Calibrating the test rig for the comparative testing 

 

After each of the cylinders was installed and before any of the experiments were started the test rig was 

calibrated to ensure a fair and consistent methodology.  For the purposes of the experiments carried out in the 

report the most important characteristic for the calibration process was establishing a stable and consistent 

flow rate through the system.  The flow rate on the charging loop is affected by both the length and diameter 

of the heat exchanger coil however stability and repeatability during the cylinder charging experiments was 

achieved using a high precision throttling or balancing valve.  Figure 10.1 shows an example of the iterative 

flow standardising process. 

 

 

Figure 10.1 – Typical calibration experiment showing the establishment of a constant flow rate 

 

Flow calibration region 
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Once the rig had been calibrated the test cylinder was flushed to ambient temperature and charged until the 

cylinder thermostat turned off the heat supply from the boiler.  The results from the charging phase were then 

retrieved and the data logger continued to monitor the cylinder during the standing phase.  The experiments 

were repeated 3 times in each case to increase the accuracy of the results obtained. 

 

10.2 Charging experimental methodology 

 

Before the start of the charging experiments the cylinder under test was flushed with fresh water to ensure 

the storage temperature within the cylinder was as close to ambient conditions as is reasonably practicable.  

Once the storage volume reached a suitable temperature the cylinder was allowed to settle.  At this point the 

logger and the charging loop was turned on and the valves were arranged so that the heated water by-passed 

the coil using valves 3 and 4 in Figure 8.2 allowing it to warm the water in the boiler circuit without adding 

heat to the cylinder (~5 minutes) in a similar methodology to that presented in BS 1566 [10].  Once the 

temperature in the charging loop began to increase valve 4 was opened and valve 3 was closed allowing an 

unimpeded flow of hot water through the indirect heat exchanger coil.  The boiler was then allowed to run as 

normal, modulating its output based on the flow and return temperatures until the cylinder thermostat 

reached temperature and stopped calling for heat from the boiler.  Once the desired storage temperature had 

been achieved the cylinder thermostat was disabled eliminating the boiler and circulating pump and the data 

were downloaded and transferred to the charging template. 

 

10.3 Standing experimental methodology 

 

Once the cylinders had been fully charged their performance during the storage phase, where no additional 

energy is transferred into the cylinder, was investigated in order to evaluate their ability to retain the heat 

over time.  To determine a value for the thermal losses of a hot water cylinder the testing methodology 

outlined in BS 1566 [10] requires the cylinders to be continuously heated by a 3 kW immersion heater for a 

period of 24 hours before the test begins and the test is continued until the recorded daily standing losses are 

within 2 % of each other on two consecutive days.  The methodology outlined in BS 1566 [10] was not 

followed in this investigation and instead focus was given to the evaluating the heat loss profile from the 

cylinders in the initial 24 hour period after they had been fully charged without a further heat input.  In using 

this methodology it allowed for the impact of the heat exchanger configurations on the stratified storage 

profile to be examined.  
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11 Results and discussion 

 

The results and discussion section is split into three sub-sections examining the charging, heat exchanger and 

operational standing heat loss characteristics of the cylinders tested as well as the performance of their 

individual heat exchangers.  The ambient temperature conditions in the test facility were recorded throughout 

all of the test periods and are presented at the beginning of each sub-section. 

 

11.1 Charging performance 

 

In the following sub-sections the performance of the cylinders during the charging phase is presented 

graphically by examining the temperature increase along the height of the cylinder over time.  The average 

ambient temperature during each of the experiments is collated and presented.  The results from the 

individual cylinder experiments are then shown, beginning with the Stainless Steel cylinder and finishing on 

the Copper (standard) cylinder.  Finally, the results from the charging experiments are summarised and 

discussed. 

 

11.1.1 Ambient temperature profiles during charging experiments 

 

The ambient temperature in the testing facility increases from the pre-test conditions as the cylinder is 

charged.  This increase in ambient temperature was recorded on both the charging and discharging sides of 

the cylinder and then averaged to encompass a more accurate view of the test environment during the 

charging experiments.  The extent of the increase in ambient temperature during each of the charging 

experiments has been collated and is presented in Figure 11.1. 

 



17 
 

 

Figure 11.1 – Average ambient temperature within the test chamber during each of the charging experiments 

 

With the exception of the test Copper (comparable) 1 the ambient temperature conditions in the test chamber 

were relatively consistent during all of the charging tests varying from ± 2 oC at the start of the experiments 

(± 3 oC including the Copper (comparable) 1 test) and ± 2 oC at the end with the highest temperatures 

encountered during Stainless Steel experiment 3 and the lowest encountered during Copper (comparable) 1.
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11.1.2 Stainless Steel 

 

The performance of the 144 litre Stainless Steel cylinder during the charging phase of operation is presented 

for the three experiments in Figure 11.2 to Figure 11.4 

 

Figure 11.2 – Stainless Steel charging profile_experiment 1 

 

 

Figure 11.3 – Stainless Steel charging profile_experiment 2 
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Figure 11.4 – Stainless Steel charging profile_experiment 3 

 

11.1.3 Copper (comparable) 

 

The performance of the 144 litre Copper cylinder with a comparable heat exchanger configuration during the 

charging phase of operation is presented for the three experiments in Figure 11.5 to Figure 11.7. 

 

Figure 11.5 – Copper (comparable) charging_experiment 1 
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Figure 11.6 – Copper (comparable) charging_experiment 2 

 

 

Figure 11.7 – Copper (comparable) charging_experiment 3 
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11.1.4 Copper (standard) 

 

The performance of the 144 litre standard Copper cylinder during the charging phase of operation is 

presented for the three experiments in Figure 11.8 to Figure 11.10. 

 

Figure 11.8 – Copper (standard) charging_experiment 1 

 

 

Figure 11.9 – Copper (standard) charging_experiment 2 
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Figure 11.10 – Copper (standard) charging_experiment 3 
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11.1.5 Summary of the charging performance experiments 

 

The charging profile for each of the cylinders was relatively consistent throughout the experimental 

programme and consisted of two distinct storage areas identified by temperature sensor 1.  The primary body 

of storage water within the cylinder extended from a point between temperature sensors 1 and 2 (95 – 175 

mm above datum) to the top of the cylinder and the creation of a secondary region where the transfer of heat 

was less effective was evidence by a region of continuous lower temperature from a point between 

temperature sensors 1 and 2 to the bottom of the cylinder.  The temperature of the water in the primary 

section of the cylinder increased gradually from ambient temperature to the pre-set boiler cut out temperature 

with the rate of temperature increase slowing towards the desired storage temperature.  The temperature 

throughout the volume of water in the primary region increased uniformly throughout the charging process.  

In all cases the temperature of the water in the secondary region was continuously lower that the temperature 

of the primary region with a difference of between 10 and 20 oC noted at the end of the charging 

experiments. 

The marginal decreases in the water measured by temperature sensor 6 (beside the boiler flow) are assumed 

to be a consequence of boiler cycling. 

The performance of each of the cylinders during the charging experiments has been collated and is 

summarised in Table 11.1.  
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Table 11.1 – Summary of cylinder charging temperature increase and time 

Cylinder 
Coil 

length 
(m) 

Test 
number

Average 
Temperature 
at the start 

(oC) 

Average 
Temperature 

at the end 
(oC) 

Rate of Temperature 
increase 
(Kmin-1) 

Stainless Steel 10 

1 15.37 70.36 0.85 

2 13.84 70.50 0.83 

3 13.73 70.65 0.80 

Copper (comparable) 10 

1 12.90 67.73 0.98 

2 14.91 67.39 1.03 

3 7.01 67.29 1.16 

Copper (standard) 8 

1 9.94 68.18 1.05 

2 9.24 69.08 1.10 

3 8.93 69.18 1.09 

 

The cylinder thermostat was calibrated for a storage temperature of approximately 65 oC using a standard 

Copper cylinder and, for the purposes of maintaining the integrity of the comparative tests, the cylinder 

thermostat remained unaltered during all of the test installations.  The variations in the storage temperature at 

which the boiler was cut-off are a result of the response time for the thermostat varying as a result of the 

different thermal conductivities of the thermostat pockets used in each case; Stainless Steel thermostat 

pockets for the Stainless Steel cylinder and Copper thermostat pockets for the Copper cylinders.  The 

maximum variation in the storage temperatures achieved before the heat source was cut off was 3.36 oC or a 

maximum relative error of 4.8 %. 

The results show that the Copper cylinder made with a comparable specification to the Stainless Steel 

cylinder performed best in the series of charging experiments with an average charging time of 52.89 

minutes, 15.22 minutes faster than the Stainless Steel cylinder and 1.67 minutes faster than the standard 

Copper cylinder.  Comparing the materials ‘like for like’ equates to a 28.8% decrease in heat up time as a 

result of using Copper instead of Stainless Steel.  
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11.2 Heat exchanger performance and rating 

 

In order to further understand the performance of the heat exchangers in the tested cylinders and relate them 

to each other the coils were evaluated over the charging period in two ways; the heat exchanger output 

( ) was evaluated in terms of temperature drop across the coil inlet (  and outlet ) using Equation 

11.1 and the average rating of the heat exchangers over the test period ( ) was determined using 

Equation 11.4. 

 Equation 11.1

 

Figure 11.11 graphically presents an example of how the heat exchanger output and fluid flow varied 

throughout each of the charging period as a result of boiler cycling despite a constant flow rate.  The 

intermittent outliers in flow rate are thought to be a function of the boiler pump control mechanism. 

 

 

Figure 11.11 – Example of heat exchanger output and flow rate 

  

Constant 
flow rate 

Boiler 
modulation 
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An example of the power output of the coil ( ), calculated using Equation 11.1, for the duration of the 

charging period is shown in Figure 11.11 and the power rating of the coil ( ) was calculated using 

Equation 11.4 which is derived as follows: 

The amount of energy ( ) required for the increase in temperature of the stored water ( ) is directly 

proportional to the volume of water stored ( ) and the specific heat capacity of water (  = 4.2 kJkg-1K-1). 

 Equation 11.2

The power rating of the heat exchanger is then determined by incorporating the time taken to charge the 

cylinder in seconds (60	 	 ). 

4.2
60	

 
Equation 11.3

 

This equation is usually presented in the following form 

60
4.2

14.3
 

Equation 11.4 

 

Where;  is the charging time in minutes. 

The heat exchanger power ratings were then averaged over the 3 charging experiments to give a more 

accurate approximation of power output using Equation 11.5. 

	
42.9

 
Equation 11.5

 

The length of the heat exchanger in each cylinder has also been incorporated into the results presented in 

Table 11.2 and they show a clear benefit in using Copper over Stainless Steel and 28 mm tubing over 22 mm 

heat exchanger coil. 

Table 11.2 – Power output and average effectiveness of the cylinders’ heat exchangers 

Cylinder Type 
Heat exchanger 

rating* 
(kW) 

Heat exchanger power per 
metre 

(kWm-1) 
Stainless Steel 8.32 0.83 

Copper (comparative) 10.65 1.07 

Copper (standard) 10.80 1.35 

*as installed - based on nominal cylinder capacity and a flow rate of 9 lm-1 
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11.3 Storage performance 

 

In the following sub-sections the performance of the cylinders during the standing phase is presented 

graphically by examining the temperature loss along the height of the cylinder over time.  The average 

ambient temperature during each of the experiments has been collated and presented.  The results from the 

individual cylinder experiments are then shown, beginning with the Stainless Steel cylinder and finishing on 

the Copper (standard) cylinder.  Finally, the results from the standing experiments are summarised and 

discussed. 

 

11.3.1 Ambient temperature profiles during standing experiments 

 

The ambient temperature in the testing facility decreases gradually from the maximum ambient temperature 

attained during the charging tests during the standing experiments.  This decrease in ambient temperature 

was recorded on both the charging and discharging sides of the cylinder and then averaged to encompass a 

more accurate view of the test environment during the standing experiments.  The extent of the decrease in 

ambient temperature during each of the standing experiments (24 hours or 1440 minutes) has been collated 

and is presented in Figure 11.12. 

 

Figure 11.12 – Average ambient temperature within the test chamber during each of the standing 
experiments 

 

Ambient temperature conditions in the test chamber were relatively consistent during all of the tests varying 

from ± 3 oC at the start of the experiments and ± 2 oC at the end with the highest temperatures encountered 

during Stainless Steel experiment 3 and the lowest encountered during Copper (comparable) 1. 
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11.3.2 Stainless Steel 

 

The storage performance of the 144 litre Stainless Steel cylinder during the standing phase of operation is 

presented for the three experiments in Figure 11.13 to Figure 11.15. 

 

Figure 11.13 – Stainless Steel standing_experiment 1 

 

 

Figure 11.14 – Stainless Steel standing_experiment 2 
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Figure 11.15 – Stainless Steel standing_experiment 3 

 

11.3.3 Copper (comparable) 

 

The storage performance of the 144 litre Copper cylinder with a comparable heat exchanger configuration 

during the standing phase of operation is presented for the three experiments in Figure 11.16 and Figure 

11.18. 

 

Figure 11.16 – Copper (comparable) standing_experiment 1 
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Figure 11.17– Copper (comparable) standing_experiment 2 

 

 

Figure 11.18 – Copper (comparable) standing_experiment 3 
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11.3.4 Copper (standard) 

 

The storage performance of the standard Copper cylinder during the standing phase of operation is presented 

for the three experiments in Figure 11.19 to Figure 11.21. 

 

Figure 11.19 – Copper (standard) standing_experiment 1 

 

 

Figure 11.20 – Copper (standard) standing_experiment 2 
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Figure 11.21 – Copper (standard) standing_experiment 3 
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11.3.5 Summary of the standing experiments 

 

The performance of each of the cylinders during the standing experiments has been collated and is 

summarised in Table 11.3. 

Table 11.3 – Summary of cylinder standing experiments 

Cylinder 
Insulation 
thickness 

(mm) 

Test 
number

Average 
Temperature 
at the start 

(oC) 

Average 
Temperature 
after 24 hours 

(oC) 

|ΔT| 
(K) 

Average 
|ΔT| 
(K) 

Stainless Steel 45 

1 70.31 47.16 23.15 

22.34 2 70.55 47.84 22.71 

3 70.77 49.60 21.17 

Copper (comparable) 43.5 

1 67.75 40.94 26.81 

26.26 2 67.18 42.41 24.77 

3 68.00 40.80 27.20 

Copper (standard) 45 

1 67.14 42.23 24.91 

25.99 2 69.07 41.22 27.85 

3 67.17 42.02 25.15 

 

The variation in insulation thickness shown in Table 11.3 is a result of the susceptibility of the expansion of 

polyurethane foam to minor variations in ambient pressure and temperature conditions during the spray 

lagging process.  The results show a total variation in the average loss of storage temperature after 24 hours 

of 3.92 oC.  The lowest storage losses were experienced by the Stainless Steel cylinder at 22.34 K with the 

standard Copper cylinder losing an additional 3.65 K over the initial 24 hour storage period.  The maximum 

average loss in storage temperature was encountered with the Copper cylinder manufactured to the Stainless 

Steel cylinder specification which lost an additional 0.27 K in average storage temperature. 
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12 Summary 

 

This report has briefly introduced the need for, and issues associated with, the storage of low temperature hot 

water along with a description of the most common materials used and environmental condition in which 

they operate.  The regulations covering the manufacture of both vented and unvented cylinders have been 

identified and subsequent gaps in legislation have been identified.  The safety issues associated with 

connecting a solid fuel heat source to a storage cylinder have also been briefly introduced. 

Three test cylinders were manufactured or modified to allow for the comparative experimental evaluation of 

the two most common materials used for the storage of low temperature domestic hot water and the heat 

exchanger configuration employed in each case.  All three test cylinders were installed in an open vented 

configuration in a state-of-the-art experimental test facility at Copper Industries (Ireland) Ltd.’s 

manufacturing facility in Northern Ireland and connected to a typical non-condensing oil boiler.  The tests 

examined the performance of the cylinders and their heat exchangers during the thermostat controlled 

charging period and examined the storage ability of the cylinders. 

From the information presented in this report the following points can be summarised: 

 All materials eventually corrode, however, for the purposes of hot water storage there are fewer 

issues with the manufacture of hot water cylinders from Copper than with Stainless Steels 

 If manufactured in a way in which the corrosion resistance of Stainless Steel is maintained then it is 

suitable for hot water storage at between 60 and 65 oC 

 Limited oxygen ingress within a low temperature hot water system may make it difficult for 

Stainless Steel alloys to maintain their passive layer 

 The thermal conductivity of Copper is substantially higher than that of Stainless Steels 

 Both Stainless Steel alloys and Copper have an intrinsic scrap metal and resale value 

 There are a range of British Standards specifying the construction of both vented and unvented 

Copper hot water cylinders 

 At the time of writing there are no British Standards or official technical guidance documents 

specifying the construction of hot water cylinders manufactured from Stainless Steel alloys 

 Although not directly applied to low temperature hot water storage and distribution systems, there is 

an increasing and compelling body of evidence highlighting the potential benefits in the use of 

Copper over Stainless Steels for the management of bacterial growth and the longevity of bacteria on 

surfaces manufactured from the two materials, with the potential of corrosion in steels to encourage 

legionella growth identified in L8 (Anon, 2012) 

 A minimum heat exchanger diameter of 28 mm is recommended for integrating a solid fuel heat 

source into a hot water storage cylinder. 
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 Based on manufacturers’ specifications, when integrating energy sources where there is a potential 

of reaching storage temperatures in excess of 65 oC, such as solid fuel and solar applications, 

Stainless Steel cylinders are not suitable for long term operation 

 During ‘like for like’ experimental comparative testing between Stainless Steel and Copper cylinders 

manufactured to the same specification, the Copper cylinder charged 28.8% faster 

 The heat exchanger output per metre length is substantially higher in a standard Copper cylinder 

with a 28 mm coil than it is in a Copper or Stainless Steel cylinder with a 22 mm heat exchanger coil 

 The Stainless Steel heat exchanger had the lowest output per metre length, 44 % lower than the 

output of the 28 mm Copper heat exchanger 

 The standing losses during the initial 24 hours of storage were all relatively similar with a total 

variation in the amount of heat lost from the 3 cylinders of ~ 4 K. 
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13 Conclusions 

 

In conclusion, the perceived cost effectiveness and superiority in performance of Stainless Steels for use in 

domestic hot water storage is unfounded.  There are intrinsic scrap and resale values associated with both 

Copper and Stainless Steel alloys. 

The performance of each of the cylinders investigated during the charging experiments identified the 

superiority of the Copper heat exchanger over the Stainless Steel heat exchanger with the ‘like for like’ 

comparative Copper cylinder performing significantly better than the Stainless Steel cylinder during the 

charging experiments. 

The per metre output from the 28 mm Copper heat exchanger coil was also found to be substantially higher 

than the 22 mm Copper and Stainless Steel heat exchanger coils. 

The storage performance was similar for all of the cylinders tested with a maximum variation in storage 

temperature of 4 K after 24 hours. 

The main differences between the two materials used in the construction of domestic hot water cylinders are 

therefore the regulations governing manufacture and the suitability of the materials for a given application.  

There is, at present, no official guidance on the manufacture of Stainless Steel cylinders for domestic hot 

water applications, including which alloys are most suitable and a standard manufacturing procedure, and 

based on the manufacturers’ own stipulations the Stainless Steel cylinders which are commonly available are 

not recommended for applications in excess of 65 oC.  This temperature limitation combined with the use of 

a heat exchanger coil with a diameter of 22 mm means that Stainless Steel cylinders should not be used for 

applications where temperatures may exceed 65 oC, including solid fuel heat sources and solar energy 

installations.  For domestic hot water storage temperatures in excess of 65 oC Copper remains the only viable 

material and when using an uncontrolled heat source a Copper cylinder with a minimum coil diameter of 28 

mm is required.  
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Nomenclature 

 

Symbols  

 Specific heat capacity of water kJkg-1K-1 

 Mass flow rate kgs-1 

 Energy kJ 

 Power kW 

t time Minutes 

 Temperature oC 

 Change in temperature K 

 Volume l 

 

Subscripts  

 inlet - 

 outlet - 

 number - 
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Appendix A 

 

The amount of leachable chlorides in various insulation samples has been independently tested by Queen’s 

University Belfast and reported on by consultant metallurgist Alan Deering.  The results show the 

performance of 3 common types of cylinder insulation (sample 2, 3 and 4 in Figure A1) as well as a sample 

of insulation taken from a Stainless Steel cylinder which failed in service (sample 1) and the calcified residue 

present on the surface of the cylinder near the point of failure (code 5 in Figure A2). 

 

Figure A1 – Foam samples provided for the leaching test 

 

The results presented in Figure A2 show that despite sample 3, the spray foam currently used by most 

manufacturers, having the lowest concentration of leachable chlorides when exposed to moisture in service 

there is a significant degradation in the suitability of polyurethane foam insulation for use with Stainless 

Steel cylinders.  As such the metallurgist’s report highlighted that this type of insulation should be 

discontinued for use with Stainless Steel cylinders. 
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Figure A2 – Results from the chemical analysis of the foam samples 
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Appendix B 

 

The quotations received from the various wholesalers contacted for a 42 x 18 (144 L) Copper and Stainless 

Steel cylinder are attached as follows: 

Figure B1 – Quote from Miller Wholesale Supplies 

Figure B2 – Quote from Beggs and Partners 

Figure B3 – Quote from Haldane Fisher 

Figure B4 – Quote from Bassetts 
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Figure B1 – Quote from Miller Wholesale Supplies 
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Figure B2 – Quote from Beggs and Partners 
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Figure B3 – Quote from Haldane Fisher 
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Figure B4 – Quote from Bassetts 


