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Abstract

In this article, Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) quantify the performance of variable and fixed speed centrifugal chillers using two refrigerants (HCFC 123 or HFC 134A) in commercial air-conditioning systems. Electricity demand during operation causes the highest environmental and economic burdens for all options.  Detailed energy simulation shows that chillers operate most of the time in partial load, therefore energy-optimised variable-speed systems are preferable. We demonstrate the significance of understanding each phase of the life cycle to optimise overall performance.  A systems approach, if broadly applied, could reduce the barriers between stakeholders along supply chains.
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1 Introduction

Large air-conditioning systems are installed in office buildings to maintain well-defined thermal environmental conditions acceptable for the majority of occupants.  During the design and construction phase of a building there are many criteria for selecting air-conditioning systems.  These include technical performance, capacity and spatial requirements, reliability, flexibility and maintainability and economic aspects (i.e. capital and operating costs).  Environmental criteria considered critical to the heating, ventilation and air conditioning (HVAC) industry are ozone depletion and climate change [1].  The Total Equivalent Warming Impact (TEWI) or Life Cycle Climate Potential (LCCP), [2], [3] are both measures of climate change used in the industry.  The TEWI indicator has the ability to incorporate greenhouse gas emissions from manufacturing, operating energy, leakage and disposal.  In practice, however, TEWI usually covers only selected life cycle phases, i.e. operating energy and emissions during disposal.  A comprehensive TEWI analysis, taking into account the life cycle of an air-conditioning system, is not yet widely practiced nor communicated to decision makers.  LCCP is a more sophisticated and accurate measure than TEWI because it includes embodied energy and emissions with fluorocarbon production and the fate of the refrigerant at the end of equipment service life [4].
A recent Life Cycle Assessment (LCA) study on air-conditioning systems [5] and studies focusing on the TEWI–indicator [6] indicate that the direct contribution to the total TEWI impact from the operation and the after-use phase is small when compared with indirect emissions from electricity generation.  There is, however, conflicting information on the environmental impacts associated with the production of refrigerants.  Campbell and McCulloch [7] report negligible emissions from refrigerant manufacture, whereas Banks [8], estimate high emissions at the manufacturing stage.  The findings by Sand et al [6] and Banks [8] underpin the argument that, if leakage is sufficiently controlled in modern systems, selection of air conditioning systems should be based on systems energy efficiency rather than the total greenhouse gas emissions or ozone depletion potential of the refrigerant itself [1].
In addition to the environmental assessment in this article, Life Cycle Costing (LCC) was used to perform an economic assessment of air conditioning in commercial buildings.  LCC is an accounting technique that quantifies the costs over the life cycle of a product.  The LCC methodology has been addressed in general by Hellweg et al [9], Hunkeler and Rebitzer [10], Huppes et al [11], James [12], Rebitzer [13] and Rebitzer and Seuring [14], Schaltegger [15], Schaltegger and Burrit [16] amongst others.  Case studies using LCC, however, are rare; examples include biosolids [17] and food packaging [18].
In practice, the choice regarding the air-conditioning is usually made by technicians (design engineers or consultants) at an early stage of the life cycle of a building, during the design or beginning of the construction phase.  The type of central equipment used for air-conditioning systems (i.e. type of chiller and refrigerant) in large building is mainly driven by economic considerations.  Two types of costs can be differentiated: capital costs at the time of construction and operating costs due to energy consumption and maintenance.  Minimizing capital costs for the entire building, and with that for the air-conditioning system, is the most attractive option for construction companies.  Therefore, air-conditioning systems with limited technical features, such as fixed speed systems as opposed to variable speed systems, are often chosen in order to fulfil technical specifications at low capital costs.  To improve the performance of air-conditioning systems, refrigerants with a high coefficient of performance (COP) at maximum load are often chosen to reduce operational costs.  However, the choice based on the highest COP at maximum load might be incorrect for two reasons: 1) air-conditioning systems operate at partial load most of the time; and 2) the COP as a function of load factor is non-linear [19].  Therefore, a selection of least cost air-conditioning system with a high COP refrigerant at maximum load might be sub-optimal in terms of economic and environmental considerations over the entire life cycle of the building.

In this article we present the findings of a detailed integrated environmental-economic assessment of air-conditioning systems in commercial office buildings applying life cycle methodology.  The study considers air-conditioning systems with either water-cooled fixed or variable speed chillers, centrifugal compressors and assesses two refrigerants (i.e. HCFC 123 and HFC 134A); in total four options.  It also investigates the importance of simulated energy consumption figures when choosing central equipment of air-conditioning systems.  Technologies rather than specific models of selected air-conditioning manufacturers were chosen in order to derive generic recommendations for policy makers and decision makers in the building and HVAC industry.

2 METHODOLOGY
2.1 Life Cycle Assessment Methodology

The environmental analysis is based on LCA methodology that is consistent with the ISO 14040 framework [20], [21], [22], [23].  The main purpose of air-conditioning systems is the provision of acceptable thermal environmental conditions to the occupants in an office building.  On this account, a functional unit that is related to this function of annual cooling services is required.  Heating has not been considered as the Australian climate requires predominantly cooling.  Therefore, the study is specifically interested in costs and environmental impacts of cooling rather than heating services provided by HVAC systems.  Consequently, the capital equipment associated with HVAC installations is fully allocated to water-cooled speed chillers with centrifugal compressors.  The ducting system in the building is excluded from the analysis as it is assumed to be identical for all options under study.  The functional unit that has been chosen is the supply of 1000kW cooling capacity in an office building.  The use of this type of functional unit enables alternative technical system models to be compared consistently.  Impact categories were chosen to examine the issues that are considered most relevant to industry, i.e. total energy use, climate change and ozone depletion potential.  These three environmental indicators and impact categories reflect both on-site and off-site impacts to varying degrees (see Table 1).  For example, the climate change impact category considers the direct impacts from the release of refrigerants during operation and release of refrigerants during the after use phase.  The impact category also considers, however, indirect greenhouse emissions associated with electricity supply and refrigerant production.  A detailed description of these indicators and impact categories may be found elsewhere [24], [25].
	Environ-mental Indicators and Impact Categories
	Direct
	Indirect

	
	On-site

(Includes all processes that are required for operating a system)
	Off-site

(Includes all processes that are required off-site for a system)
	(Includes all off-site processes that are required for facilitating system)

	Total energy
	Energy consumption
	Trans-portation 
	Electricity supply

Refrigerant/ chemical production

	Climate change


	Release of refrigerants from operating system
	Release or combustion of refrigerants from after-use phase of system
	Electricity supply

Refrigerant / chemical production

	Ozone depletion potential
	Release of refrigerants from operating system
	Release of refrigerants from after-use phase of system
	Refrigerant production


Table 1: Mapping of direct and indirect impacts by environmental indicators and impact categories
A model simulating the material and energy flow throughout the system was constructed to include all phases of the life cycle, starting from the manufacturing of the air-conditioning system, transportation, installation, operation until decommission of the air-conditioning system and its subsequent waste management and disposal.  A simplified flow diagram of the system is given in Figure 1.  This model approach is applied to all four options, i.e. variable speed chillers using refrigerant HCFC 123 (option 1), variable speed chillers with refrigerant HFC 134A (option 2), fixed speed chillers with refrigerant HCFC 123 (option 3) and fixed speed chillers with refrigerant HFC 134A (option 4).  To simplify database management and process visualisation, the LCA software GaBi 4 [26] has been used.  Each of these phases are separately modelled:
2.2 Capital equipment and refrigerants 

This LCA study analyses the production of the air-conditioning unit by taking into account metals, oil and refrigerant production and welding processes.  Based on a statistical analysis of technical information from a comprehensive market survey of air-conditioning systems, a quantitative relationship was established between the installed chiller capacity and the total mass of the air-conditioning unit (see Figure 2).  The total mass of capital equipment and refrigerant charge could therefore be determined by selecting the required capacity for the building. Given that installed cooling capacity of the functional unit is 1000kW, using the relationship in Figure 2, it is estimated that the total mass of the air conditioning unit is 7,400kg.  The air conditioning system comprises of predominantly of steel, cast iron and copper.  A simplified average material composition of the air-conditioning systems was used in order to deduce the weight of different materials required for manufacturing (steel and cast iron 35% each and 30% copper).  The material composition is similar to that reported by Heikkilä [5] for air-conditioning systems.  
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Figure 1: Simplified flow diagram within the defined system boundaries
Survey data were used for estimating average transport distances and modes of transportation from the manufacturing site to the place of installation.  Kröger [27] indicates that less R134a is required than R123 for the same cooling capacity.  A cooling capacity of 1000kW requires approximately 320kg of R123 and 260kg of R134a.  The environmental impacts associated with mass and refrigerant charge for the air-conditioning unit is then annualised by dividing the total material quantity by its average life time of 20 years.  Life cycle inventory data for the production of the refrigerants have been obtained from PE Consulting [28].
2.3 Operating phase and energy simulation

The operating phase considers electricity use and annual recharge of leaked refrigerants.  An annual leakage rate of 5% has been calculated for HFC 123 and 8% for HCFC 134A depending on the saturation pressure at 25°C ambient temperature of R134a is 6.7 bar (absolute) as compared to 0.9 bar for R123 inclusive the risk of a possible total loss of refrigerants.  The demand for electricity of water-cooled chiller and centrifugal compressor during the operating phase has been quantified by an energy simulation model using thermodynamic calculations in addition to approximations based on information supplied by manufacturers.  The simulation utilises average 24 hour temperature data in Sydney for a typical day for each month of the year.  A daily load profile has been used assuming a minimum daily capacity of the air-conditioning system of 20% when operating [29].  In determining the load factor for each month and each hour of the day, the following assumptions are made: 1) below a certain ambient dry bulb temperature the air conditioning system is not in operation; 2) at this dry bulb ambient temperature the load factor is the minimum load factor according to the standard daily load profile (which is mainly determined by internal building loads); 3) the maximum daily load factor is proportional to the difference between the maximum daily dry bulb temperature for the month and the minimum air conditioning ambient temperature as described above; and 4) if the maximum daily temperature for the month reaches the design ambient temperature, the load factor becomes 100% (design temperatures are derived from AIRAH, [30]).  The design ambient temperature is the ambient temperature for which air conditioning system shall be designed to perform satisfactorily at all times.
With the above assumptions, the load factor as a function of the ambient temperature can be expressed as
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Equation 1
with LF = load factor, tmax = maximum ambient temperature for day [°C], tmin = minimum operating temperature [°C], tdesign = AIRAH design temperature [°C], LPt = value of standard load profile for hour of day and LPmin = minimum value of standard load profile [29].

In preparing the simulation model for centrifugal chillers we have obtained capacity data from manufacturers as a function of the load factor.  Figure 3 shows the COP of a typical centrifugal chiller with and without variable speed drive (VSD).
In the simulation model, the COPs are expressed as a function of the load factor using polynomial regressions for both the fixed speed and variable speed systems.  The polynomial regressions were obtained from 10 data sets each. The power input (Pinput expressed in [kW]) can now be expressed as
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Equation 2
with Qinst = installed refrigeration capacity [kW] and COPLF = COP as function of load factor [29].
While we have been unable to obtain conclusive performance and efficiency data from manufacturers on different refrigerants, we have calculated the COP based on Cube et al [31, p 123]:
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Equation 3
with h1 = enthalpy of refrigerant after evaporator, h2 = enthalpy of refrigerant after compressor and h4 = enthalpy of refrigerant before evaporator.  The enthalpies of refrigerants have been obtained from the calculation software Refrigeration Utilities [32], which enables to plot refrigeration cycles for various refrigerants.  Hence, the electricity consumption is calculated in two steps: firstly, the hourly electricity demand is calculated using equation 2 under consideration of the installed cooling capacity load dependent COP (Figure 3 and equation 3), temperature dependent load factor (equation 1) and climatic data; and secondly, the calculation is performed and summed up for each hour of the day and for each month of the year.
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Figure 2: Mass of air-conditioning system versus cooling capacity
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Figure 3: COP of a centrifugal chiller as function of load factor 

2.4 Waste management of the decommissioned air-conditioning system
It is assumed that large air-conditioning systems are decommissioned, dismantled and treated via a well-managed waste management system.  Capital equipment is dismantled and transported to the nearest metal recovery facility (transport distance 90km), while the refrigerant is extracted by suction and collected for transportation.  The refrigerants are then transported 1000km and treated by pyrolysis at the Halon Bank in Melbourne, Australia [33], [34], [35].  During treatment, the refrigerants are first pumped through sandstone filters, separating oil and removing moisture, before the reclaimed substances are stored in feed tanks.  Refrigerants are destroyed by an in-flight plasma arc system where vaporised refrigerants are mixed with argon and directly injected into a plasma arc.  The plasma arc provides temperatures in excess of 3000oC and at these temperatures the refrigerants are pyrolysed.  The organics in the refrigerants are dissociated into their elemental ions and atoms and recombine in the cooler area of the reaction chamber prior to a rapid alkaline quenching to form simple molecules.  The resulting end products include gases consisting of argon, carbon dioxide and water vapour and an aqueous solution of inorganic sodium salts (including sodium chloride, sodium bicarbonate and sodium fluoride) [36]. Further treatment of the end product is not required.  A detailed mass balance and emission profile has been calculated for the two refrigerants under study based on Nigido [33], EPA Waste Discharge Licence [37] and City West Water [38}.
2.5 Life Cycle Costing
Life Cycle Costing (LCC) methodology is at an early stage of development compared with LCA.  Nevertheless, Huppes et al. [11] have compiled probably one of the most comprehensive compendiums on possible approaches for LCC.  They categorise four main dimensions of LCC: cost types, cost categories and bearers, cost models and type of aggregation.  When quantifying the costs over the life cycle of a product each of these four categories have to be specified.  The choice of cost types is usually limited to Cost Benefit Analysis, budget LCC, managerial accounting and LCA-type LCC.  We have chosen the latter cost type, LCA-type LCC, using product related flows of purchases and sales – expressed in monetary terms – to represent the costs and proceeds of each life cycle phase.  The life cycle costs are then differentiated by activity, i.e. purchase price of capital equipment, transportation costs, operation (including electricity and refrigerant demand) and waste management.  The costs associated with installation and maintenance of equipment or labour costs are omitted due to a lack of reliable data.  The bearer of the costs is the tenant of the office building.  The LCA-type LCC cost model is modelled using steady state approach as the cost model lacks time specification and assumes that all technologies remain constant in time.  For cost aggregation, a steady state cost (SSC) approach is used to relate the life cycle costs to the functional unit (i.e. the annual air-conditioning services provided to the tenant).  In SSC models the average annual cost is the sum of the yearly costs of the product divided by its functional operating time [11].
The economic assessment is based on an extensive market survey considering depreciation of capital equipment, electricity and chemical usage, transportation and waste management services [39], [40], [41], [42], [43].
3 Results and discussion

The electricity demand during operating phase causes the highest environmental impacts for all options with an overriding contribution of more 98% for total energy input and climate change.  The trend is similar for ozone depletion potential due to the release of refrigerants to the atmosphere although the contribution from manufacturing is higher for the HCFC 134A system.  The annualised costs reflect the high importance of electricity consumption, accounting for 76% to 85%, while annualised capital costs are the second most important costs at 9% and 15%.  The waste management phase and transportation have a small cost component, i.e. 5 - 6% and 1 - 2% respectively (see Tables 2 and 3).  These results of this study confirm in principle the findings of Campbell and McCulloch [7].

The results clearly highlight the advantages of using energy-optimised variable speed systems, resulting in relative environmental and economic savings of up to 34% compared to fixed speed systems.  The substantial savings are due to the COPs for different loads.  It can be seen from Figure 3 that the COP of a chiller equipped with variable speed drive (VSD) is significantly higher than the COP of a chiller without VSD.  The reason for this lies in the different part load characteristics of chillers with and without VSD.  Centrifugal chillers without VSD are usually capacity-controlled by tilting the inlet vanes of the compressor.  This leads to decreased efficiency when the load is decreased; however, at higher part loads (above 50%) this is over-compensated by the fact that the heat exchanger surfaces remain the same as for the design point at full load.  During part load this leads to an increase in evaporating temperature and a decrease in condensing temperature, hence the COP of the chiller remains approximately the same while the efficiency of the compressor decreases.  With a VSD, the efficiency remains approximately the same during part load.  Hence the effect of an increase in evaporating temperature and a decrease in condensing temperature leads to a significant increase of the COP during part load.
In general, systems running with HCF 123 cause lesser environmental impacts (e.g. total energy and climate change) and annualised costs due to the slightly better thermodynamic properties of HCF 123 compared with HCFC 134A, i.e. 4% [1]. However, HCFC systems outperform HCF systems by one order of magnitude in ozone depletion potential due to its high specific impact one a per kg basis.  In this context, it has to be emphasised that data quality of refrigerant manufacturing is low and is subject to high uncertainty.
	Options
	1
	2
	3
	4

	Life cycle costs ($/a)
	48025
	47451
	65369
	64053

	Contributions (%)
	

	  Capital equipment
	15
	15
	9
	9

	  Transport
	2
	2
	1
	1

	  Operation
	77
	76
	85
	84

	  Waste
   management
	6
	8
	5
	6


Table 2: Economic life cycle performance (Option 1: variable speed, HCFC 123; Option 2: variable speed, HFC 134A; Option 3: fixed speed, HCFC 123; Option 4: fixed speed, HFC 134A)
The results of the LCA and LCC clearly demonstrate that operation of a variable speed chiller with a more “environmental friendly” refrigerant (HCFC 134A) is substantially more cost effective than the conventional fixed speed/HCF 123 air-conditioning system on an annual operating cost (31%) and life cycle cost basis (25%).  The annual operating costs for the variable speed/HCFC 134A system are approximately $37,200 p.a. compared to $53,800 p.a. for the fixed speed/HFC 123 air-conditioning system.  The cost savings in lower annual operating costs far outweigh the higher capital cost of the VSD, with a payback time of less than 2 years.  It also has less environmental impact on an energy (31%), climate change (27%) and ozone depletion (97%) basis, despite having a higher refrigerant leakage rate (e.g. 8% versus 5% for HCF 123).  

	Options
	1
	2
	3
	4
	1
	2
	3
	4
	1
	2
	3
	4

	Indicator
	Total energy input 
(GJ/a)
	Climate change 
(t CO2-eq./a)
	Ozone depletion 
(g R11-eq./a)

	Total result
	5302
	5520
	8004
	8335
	404
	445
	610
	659
	312
	9
	312
	9

	Contributions (%)
	
	
	

	  Capital equipment 
	0.9
	0.8
	0.6
	0.5
	0.9
	0.8
	0.6
	0.5
	1.5
	40.1
	1.5
	40.1

	  Transport 
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	  Operation
	99.2
	99.3
	99.5
	99.5
	99.1
	99.2
	99.4
	99.5
	98.5
	59.6
	98.5
	59.6

	  Waste management
	0.1
	0.1
	0
	0.1
	0
	0
	0
	0
	0
	0.3
	0
	0.3


Table 3: Environmental life cycle performance (Option 1: variable speed, HCFC 123; Option 2: variable speed, HFC 134A; Option 3: fixed speed, HCFC 123; Option 4: fixed speed, HFC 134A)

While the variable speed/HCF 123 air conditioning system is slightly more cost effective than the variable speed/HCFC 134A system, this combination may not be recommended due to the high ozone depletion potential despite the small additional energy savings.
Energy optimised systems, such as variable speed systems that have high COPs at partial load, are most important in order to achieve low electricity demand, low environmental impacts and lower annual costs.  The thermodynamic characteristics of refrigerants are of lesser importance when considering the environmental indicators total energy input and climate change and annualised the life cycle costs.  When quantifying the impact to ozone depletion potential, the choice of refrigerants, such as HFCs versus HCFCs, is critical under normal operating conditions and particularly in the event of uncontrolled refrigerant leakage to the atmosphere.

4 Conclusions

The life cycle approach has demonstrated the significance of understanding each phase of the life cycle in order to optimise both the environmental and the economic performance of the entire air-conditioning system.  A systems approach may decrease the traditional barriers between the different stakeholders along the supply chain, such as manufacturers, construction companies, building operators and waste managers.  Furthermore, LCA can provide in-depth insight into various environmental impacts that goes beyond indicators currently used by industry, i.e. TEWI and LCCP.  When new office buildings are approved by local government, optional or even compulsory incentives could be given to planners and construction companies to carry out LCA and LCC studies prior to construction to optimise environmental and economic performance of air-conditioning systems.

The selection of air-conditioning systems (or components of it) is usually made during the design or construction phase on the grounds of economic considerations for the construction company, i.e. capital costs.  Efficiency during the operating phase may be taken into account by choosing a refrigerant with the highest COP at maximum load.  While these two criteria may well serve for decision making by construction companies, it is quite likely that this narrow set of indicators will result in higher environmental impacts and economic burdens over the life cycle of the air-conditioning system because of the typical load characteristics over the year.  Detailed energy simulations are of particular importance and these require regional climatic data, building-specific load profiles and load factor dependent COPs.
The operational and environmental data collected during the course of this project have been built into an easy-to-use assessment tool that runs in Microsoft Excel.  Users are guided through a sequential process assisted by inbuilt explanatory messages and drop-down boxes.  This tool is available as a free download at www.cwwt.unsw.edu.au/lca/airconditioning.html.
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