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[bookmark: _Hlk113275958][bookmark: _Hlk112703592][bookmark: _Hlk107665583]Abstract: Heating and/or cooling account for around 20 % to 50 % of the total energy use of residential buildings in Australia. Hence, more efficient heating and cooling appliances can lower the environmental impact of residential buildings. This research aims to determine the environmental impacts of upgrading 59 gas heaters to electric reverse cycle air conditioners through a life cycle assessment (LCA), using the ecoinvent 3.7 cut-off database. It further assesses if the gas savings from the upgrade will outweigh the embodied impacts and the increased electricity usage. As the decarbonisation of the electricity grid plays an important role on the impacts and potential offsets of the upgrade it has also been taken into consideration.
The results show that operational energy savings offsets the following impact categories: climate change, fossil and nuclear energy use, mineral resources use, photochemical oxidant formation, ozone layer depletion, ionizing radiation and land transformation (biodiversity). However, freshwater and terrestrial acidification, marine eutrophication, particulate matter formation, land occupation (biodiversity) and water scarcity can only be offset with the decarbonisation of the electricity grid. Nonetheless, human toxicity, freshwater ecotoxicity and eutrophication cannot be offset even with a complete decarbonisation of the electricity grid, as the impacts from the production stage are too high. 
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1. Introduction
The impacts of climate change are omnipresent and buildings account for 32 % of global energy consumption and 19 % of energy related carbon dioxide equivalent (CO2 eq.) emissions [1]. Therefore, reducing the energy related CO2 emissions of buildings can significantly reduce overall CO2 emissions. Globally, the energy used for heating and cooling of buildings can vary between 18 % and 73 % [3]. In Australia, depending on the climate zone, heating and/or cooling accounts for 20 % to 50 % of the total energy use of residential buildings [2,4]. Consequently, a reduction of the energy used by heating and cooling appliances can contribute to the overall reduction of CO2 emissions of residential buildings but also to the reduction of further environmental impacts. Though, the question arises if it is reasonable to upgrade a heating system to a heating and cooling system before the end of its lifetime. It is often not clear if the operational energy savings will offset the embodied energy of the upgrade. A life cycle assessment (LCA) is a suitable instrument to consider the environmental impacts of the upgrade and makes the environmental impacts of the embodied and operational energy comparable.
2. Previous Work
From 1990 to 2016 the energy use of air conditioners has more than tripled [5,6]. By 2016 more than 135 million units were sold annually [5] and it is expected that around two-thirds of all households around the world will have air conditioning by 2050 [6]. This growth demonstrates the increased demand for cooling in buildings. Zhang et al. [7] showed that with the increase of residential air conditioners the CO2 eq. emissions in Shenzhen, China, increased by 2.9 million tonnes (Mt) CO2 eq. from 2005 to 2017, with a predicted increase to 10 Mt CO2 eq. by 2030. Gheewela et al. [8] ascertain that individual split air conditioners emit 40 % more CO2 emissions than central air conditioning systems. Zhang et al. [7] implies that emissions from residential air conditioners can be reduced if the refrigerant R22 is replaced with R410A. In 2021, Beshr et al. [9] further assessed the impact on CO2 emissions of refrigerants and showed that shifting from R410A to low global warming potential (GWP) refrigerants, N-40 and L-41a, lowered the total CO2 emissions of residential air conditioners by 30 %Click or tap here to enter text.. Further to that, Yanjie et al. [10] determined that BAT-R32 was the refrigerant with the most significant greenhouse gas (GHG) emission reduction pathway [10]. Almutairi et al. [11] assessed the environmental impacts of an air conditioner based on an LCA and demonstrated that most impacts occur in the use phase while transportation has a minor impact, which has been further confirmed by Lui et al. [12], and it was further assumed that metals are 100 % recyclable whereby non-metals are only 50 % recyclable at the the End-of-Life (EoL) [11]. Karkour et al. [13] investigated the environmental impacts of residential air conditioners in Indonesia and also noted that the use stage has the highest impacts on GWP, while copper and nickel have the largest impacts on resource consumption. Moreover, the importance of the impacts on air pollution was highlighted as well as the energy mix of the country, which plays a crucial role on the environmental impacts of the residential air conditioner [13]. Shah et al. [14] and Li [15] also highlighted the impacts of the electricity mix on the air conditioner while considering the different electricity mixes within the American states [14,15]. 
Nonetheless, the use phase of most studies was not based on primary data, thus variation due to behaviour is not included in the research. Other studies which distinguish the share and type of material for the heating appliance could not be found. There is clearly a lack of research in this field and more detailed research, coming predominantly from primary data, is needed. It is also important to consider what happens when switching from gas heating to electric heating and cooling while at the same time decarbonising the electricity grid. These issues are what this research aims to investigate and assess.
This research paper therefore aims to close the gap of LCAs of air conditioning upgrades. It further assesses an upgrade of a heating only unit to a heating and cooling appliance which most likely will occur in an existing residential building. Furthermore, the decarbonisation of the electricity grid and its impacts on a sole heating to heating and cooling upgrade are assessed. 
3.  Research Aim and Goal
Firstly, this research paper aims to determine whether a gas to electric heating and cooling upgrade is environmentally beneficial. Hence, the upgrade of 59 gas heaters to reverse cycle air conditioners were assessed via an LCA. Secondly, this research aims to determine if a gas heating to electric heating and cooling upgrade is worthwhile when considering the decarbonisation of the electricity grid. 
[bookmark: _Hlk107665659]The goal is to help decision makers choose between the most environmentally friendly heating and cooling options and to take future grid developments into consideration. Furthermore, the research aims to answer the following questions: 
· Can the embodied energy of the old gas heater and new reverse cycle air conditioner be offset by the operational energy savings? 
· To what extent does the decarbonisation of the electricity grid impact the environmental footprint of the reverse cycle air conditioner upgrade?
4. [bookmark: _Ref113191174]Methods
A sample size of 59 gas heater to 6-star reverse cycle air conditioner upgrades was assessed. An LCA approach was considered to be the most suitable as the embodied and operational energy of the old and new appliance could be aggregated and compared in detail. SimaPro [16] was used to assess the life cycle of the upgrades via the ecoinvent 3.7.1 cut-off database [17]. The IMPACT World+ Midpoint V1.00 impact assessment method [18] was chosen, which is an update to the IMPACT 2002+, LUCAS, and EDIP methods. The following impact categories have been assessed: climate change (short and long term) [20,21], fossil and nuclear energy use, mineral resources use [22], photochemical oxidant formation, ozone layer depletion [23], human toxicity (cancer and non-cancer) [24,25], particulate matter formation [26,27], ionizing radiation, land transformation (biodiversity) and land occupation (biodiversity) [28,29], terrestrial acidification [30], water scarcity [31], freshwater ecotoxicity, acidification and eutrophication [32,33] as well as marine eutrophication. All data on the operational energy use one year prior and after the upgrade, the weight and the environmental impacts of each upgrade are publicly available [34]. The methods, system boundaries, goal and scope have been extensively described by Peukes et al. [35]. This research paper uses the same approach for data collection and quality therefore, predominantly the differences will be highlighted in this research paper.
4.1. Life Cycle Inventory
The life cycle inventory (LCI) of the old gas heater and the new reverse cycle air conditioner, as well as the energy savings from the upgrade are shown in Figure 1. Country specific data was predominantly used where possible. Where not possible, rest-of-the-world (ROW) countries or geographical location global (GLO) data of the ecoinvent 3.7.1 cut-off database were used.
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[bookmark: _Ref113002600]Figure 1: Life cycle inventory of the old gas heater and new reverse cycle air conditioner
4.2. End-of-Life Stage
The installation company travels on average 53.61 km from the installation company to the customer within the Australian Capital Territory (ACT) [35]. After the removal of the old appliance and the installation of the new appliance it is assumed that the same distance is driven to reach the recycling facility. The transportation from the recycling facility in Canberra to the recycling facility in Sydney (which further processes the appliance) is assumed to be 290 km by truck [35].
As previously shown, there has been limited research on gas heating, which is why an old gas heater was deconstructed (as seen in Figure 2) and assessed on its weight as well as the type and quantity of material. Internal copper gas pipes in the building were excluded, as the length might vary by house type. The deconstructed gas heater was then used as a reference for the 59 upgrades. 
All types of material have been determined and existing components in the ecoinvent 3.7.1 cut-off database have not been further deconstructed. The type of plastic could not be determined but it was assumed that it is heat resistant and therefore PA 6 plastic of the ecoinvent 3.7.1 cut-off database was chosen [35]. Copper has been listed as a raw material in the ecoinvent 3.7.1 cut-off database, nonetheless, the values are based on an older version. A cast Aluminium–lithium alloys (AlLi) and low-alloy was chosen from the database for aluminium and steel respectively, due to the increased strength, hardness and resistance. The exact weight of the components and material can be seen in Table 1. The reference gas heater weighs 58.97 kg and 67.61 % of the system is made of steel.
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[bookmark: _Ref113002780]Figure 2: Material composition of deconstructed gas heater 
[bookmark: _Ref113002805][bookmark: _Ref113002801]Table 1: Material weight of gas heater
	Material
	No
	Grams
	Percentage

	Steel
	1
	620
	1.05 %

	
	2
	130
	0.22 %

	
	3
	400
	0.68 %

	
	4
	370
	0.63 %

	
	5
	670
	1.14 %

	
	6
	1,450
	2.46 %

	
	7
	340
	0.58 %

	
	8
	1,140
	1.93 %

	
	9
	230
	0.39 %

	
	10
	210
	0.36 %

	
	11
	1,840
	3.12 %

	
	12
	90
	0.15 %

	
	13
	2,980
	5.05 %

	
	14
	9,100
	15.43 %

	
	15
	18,900
	32.05 %

	
	16
	1,400
	2.37 %

	Aluminium
	17
	15,000
	25.44 %

	Plastic
	18
	270
	0.46 %

	Copper
	19
	200
	0.34 %

	Cast Iron
	20
	2,940
	4.99 %

	Electric
wiring
	21
	120
	0.20 %

	
	22
	130
	0.22 %

	Switchboard
	23
	440
	0.75 %

	Total
	
	58,97
	100 %



As mentioned above, the deconstructed gas heater was used as a reference. The brand and model of some gas heaters was provided and their weight could be assessed based on the installation manual. Nonetheless, most of the replaced gas heaters were so old, that there were no installation manuals available with which the weight could have been determined. Therefore, similar types of heaters have been assessed on their weights and most heaters ranged from 29 kg to 39 kg. Therefore, depending on the type of heater, an estimated weight was assigned. 
Afterwards, the share of materials was multiplied with the weight of each old gas heater. While the metals will be recycled; the rest would be going to landfill, as advised by the recycling facility. The output streams of the old gas heater were fed into SimaPro.
4.3. Manufacturing Stage
A reverse cycle air conditioner can be a standalone unit or a multi-split unit. In this case a gas heater has been replaced with a standalone reverse cycle air conditioner. Almutairi et al. [11] provided details on the construction material constituents of an air conditioner unit. The split of materials could not be verified by further research. Furthermore, the gas heater was upgraded with a reverse cycle air conditioner, therefore it can be assumed that the material share of an air conditioner would differ to that of a reverse cycle air conditioner. Hence, a reverse cycle air conditioner was deconstructed (as seen in Figure 3) and assessed on its weight as well as the type and quantity of material. The same assumptions for the rubber and insulation were made as in Peukes et al. [35]. The reverse cycle air conditioner was then used as reference for the 59 upgrades. A detailed view of the share of materials can be seen in Table 2. The total system weighs 34.20 kg and 27.47 % of the system is made of steel, while 19.67 % is made of plastic and 18.50 %.
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[bookmark: _Ref113003129]Figure 3: Material composition of reverse cycle air conditioner
[bookmark: _Ref113003182]Table 2: Material weight of reverse cycle air conditioner
	Material
	No
	Grams
	Percentage

	Steel
	1
	60
	0.18 %

	
	2
	1,800
	5.25 %

	
	3
	160
	0.47 %

	
	4
	560
	1.63 %

	
	5
	1,620
	4.73 %

	
	6
	70
	0.20 %

	
	7
	1,590
	4.64 %

	
	8
	420
	1.23 %

	
	9
	780
	2.28 %

	
	10
	110
	0.32 %

	
	11
	510
	1.49 %

	
	12
	1,730
	5.05 %

	Aluminium
	13a
	525
	1.53 %

	
	14a
	1,588
	4.63 %

	Copper
	13b
	1,575
	4.60 %

	
	14b
	4,763
	13.90 %

	Plastic
	15
	540
	1.58 %

	
	16
	450
	1.31 %

	
	17
	1,160
	3.39 %

	
	18
	730
	2.13 %

	
	19
	410
	1.20 %

	
	20
	410
	1.20 %

	
	21
	240
	0.70 %

	
	22
	940
	2.74 %

	
	23
	1,820
	5.31 %

	
	24
	40
	0.12 %

	Rubber
	25
	<5
	0.00 %

	Insulation
	26
	920
	2.69 %

	Capacitor
	27
	220
	0.64 %

	
	28
	180
	0.53 %

	Switchboard
	29
	570
	1.66 %

	
	30
	640
	1.87 %

	Electric 
wiring
	31
	160
	0.47 %

	
	32
	270
	0.79 %

	Compressor
	33
	6,700
	19.56 %

	Total
	
	34,260
	100 %



[bookmark: _Hlk105961162]As the deconstructed reverse cycle air conditioner and all 59 reverse cycle air conditioner upgrades are made in Japan, it has been assumed that the raw materials would come from South-East Asia. A lot of mining in South-East Asia is inland and has a distance to the coastal line of approximately 500 km. It is assumed that the raw materials would be transported 500 km by truck in South-East Asia before being shipped to Japan. The transportation journey by ship from continental Asia to Japan is estimated to be 2,250 km. Furthermore, it is believed that the raw materials are then transported a further 8,750 km by ship to Australia. The contractor advised that the appliances are then delivered from Sydney harbour to the manufacturer by truck within a distance of 50 km.
The manufacturing process takes place in Japan. Therefore, the electricity production mix for Japan of the ecoinvent 3.7.1 cut-off database was used. It was assumed 20 MJ/kg of energy was needed for the production of the appliances [36].
4.4. Construction Stage
It was assumed that only minimal equipment was used for the deconstruction of the old gas heater and the construction of the new reverse cycle air conditioner. Hence, it has not been considered. For the transportation, detailed information was provided by the contractor. It was known that the supplier’s depot is based in Sydney. Therefore, the appliance is transported 285 km from the supplier side to the installation company and stored before it is transported to the recipient by van. As mentioned in Section 4.2 the distance driven by van was calculated based on a dataset of 132 energy efficiency upgrades. The van drives an average distance of 53.65 km [35].
4.5. [bookmark: _Ref113135802]Use Stage
As per the previous research, only the operational energy one year prior and after the energy efficiency upgrade was considered. This decreases the likelihood of any further upgrades which could have been done during this timeframe. All details on the assumptions can be found in Peukes et al. [35]. The change in energy use prior and after has been multiplied by the lifetime of the new appliance. The lifetime of the reverse cycle air conditioner is around 20 years [37]. Due to the relatively large sample size of 59 energy efficiency upgrades, outliers resulting from unconventional household energy usage can be eliminated from the research.
To assess the environmental impact categories (listed at the start of Section 4) for the use phase, the energy savings were fed into SimaPro. The “Heat, central or small-scale, natural gas” with the unit process “{ROW} market for heat, central or small-scale, natural gas” for gas and the “Electricity, low voltage” with the unit process “{AU}| market for | Cut-off, U” for electricity, of the ecoinvent 3.7.1 cut-off database were used. 
4.6. Decarbonisation of the Electricity Grid
The Australian electricity grid relies heavily on coal, followed by gas. Renewables accounted for 23 % of Australian electricity generation in 2019-2020 [38]. There is no exact data on the energy mix of the ACT, as their energy mix is reported under the New South Wales (NSW) energy generation, where 19 % of their electricity generation was from renewable energy. The ACT reported that its electricity related emissions were zero in 2020-21 due to its renewable electricity supply [39]. Emissions were offset due to offsite renewable generation and retiring Large Generation Certificates [39]. The operational energy increase or decrease in virtue of the energy efficiency upgrade was modelled with the ecoinvent 3.7.1 cut-off database (as described in Section 4.5).

To assess the 100 % renewable electricity grid of the ACT and the decarbonisation of the energy grid, the following scenarios were calculated in Excel for the gas heating to reverse cycle air conditioning upgrades:

· an energy mix based on the ecoinvent 3.7.1 cut-off database
· a multi-scenario approach, considering the decarbonisation of the Australian electricity grid from 10 % to 90 %
· an electricity mix which is assumed to be 100 % renewable and therefore it is assumed that the electricity grid is 100 % decarbonised during the entire use phase.

5. Results
5.1. [bookmark: _Ref113136766]Assessed Impact Categories
The assessment of 59 gas heating to reverse cycle air conditioning upgrades showed that only 3 households of 59 were unable to reduce their operational energy consumption. All other properties reported an increased electricity usage but a decreased gas usage. The decreased gas usage was able to offset the increased electricity usage and overall energy savings were generated. The environmental impact via the IMPACT World+ Midpoint V1.00 impact assessment method was implemented for all 18 impact categories. To ensure the comparability of all impact categories, the values have been normalised. Figure 4 gives an overview of all cumulative impacts across all 59 upgrades. It can be seen that climate change (short and long term), fossil and nuclear energy use, mineral resources use, photochemical oxidant formation, ozone layer depletion, ionizing radiation and land transformation (biodiversity) can be predominately offset by the gas savings even though the electricity usage increased after the upgrade. 
For mineral resources use, ozone layer depletion and ionizing radiation; the product stage has the highest impact followed by increased electricity. Nonetheless, the impacts can also be offset by the gas savings. 
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[bookmark: _Ref113004100]Figure 4: Normalisedenvironmental impacts - IMPACT 2002+ Midpoint
[bookmark: _Hlk113282005]However, freshwater and terrestrial acidification, marine eutrophication, particulate matter formation, land occupation (biodiversity) and water scarcity, cannot be offset by the gas savings when no decarbonisation is considered. 
As seen in Table 3, the freshwater ecotoxicity impacts are highest in the product stage due to the significant impact of the printed wiring board (Pb containing) production, followed by the copper and air compressor production; the printed wiring board (Pb containing) has the highest impact with 64 %. The product stage also contributes the most to the freshwater eutrophication impacts and cannot be offset by the gas savings. The printed wiring board (Pb containing) contributes 91 % of these product stages emissions. The human toxicity (non cancer) impacts are the highest in the product stage due to the significant impact of the steel and the printed wiring board (Pb containing). The steel has the highest impact with 35 % and the printed wiring board (Pb containing contributes 24 % of these product stages emissions.
For human toxicity (cancer) the impacts of the increased electricity usage are the highest, but the gas savings are not high enough to offset the impacts of the EoL, product and construction stage.
 
For all impact categories the EoL stage has the least impact. The high content of metals and its reusability contributed to the low impact. The construction stage has also a minor impact. This is due to the minor impact of the transportation, to and from the construction site and to the recycling facility.
[bookmark: _Ref113004934][bookmark: _Ref113004930]Table 3: Environmental impacts - IMPACT 2002+ Midpoint
	
	End- of-life stage
	Product stage
	Construction stage
	Gas (savings or increase)
	Electricity (savings or increase)

	 Climate change, short term [kg CO2 eq.]
	290.09
	89,825.94
	565.74
	-2,548,727.19
	650,728.18

	 Climate change, long term [kg CO2 eq.]
	284.18
	84,240.74
	554.86
	-2,340,881.48
	641,091.04

	 Fossil and nuclear energy use [MJ deprived]
	4,700
	1,178,216
	8,785
	-32,259,827
	2,387,688

	 Mineral resources use
[kg deprived]
	4.72
	2,042.76
	8.36
	-7,686.85
	1,047.87

	 Photochemical oxidant formation [kg NMVOC eq.]
	1.63
	392.97
	2.75
	-2,489.61
	1,437.40

	 Ozone layer depletion 
[kg CFC-11 eq.]
	0.0001
	0.0787
	0.0001
	-0.3991
	0.0094

	 Freshwater ecotoxicity
[CTUe]
	1,270,352,112
	21,613,375,187
	6,331,307
	-4,048,880,195
	10,913,113,791

	 Human toxicity cancer
[CTUh] 
	0.00005
	0.13697
	0.00008
	-0.06364
	0.09057

	 Human toxicity non-cancer [CTUh] 
	0.00004
	0.13697
	0.00005
	-0.04049
	0.16035

	 Freshwater acidification
[kg SO2 eq.] 
	0.000003
	0.001974
	0.000004
	-0.004736
	0.005818

	 Terrestrial acidification
[kg SO2 eq.]
	0.002
	1.599
	0.004
	-3.874
	4.702

	 Freshwater eutrophication
[kg PO4 eq.]
	0.01
	4.08
	0.02
	-1.77
	0.63

	 Marine eutrophication
[kg N eq.]
	0.03
	11.75
	0.05
	-36.35
	28.52

	 Particulate matter formation [kg PM 2.5 eq.]
	0.16
	62.86
	0.27
	-148.69
	122.33

	 Ionizing radiation
[Bq C-14 eq. ]
	2,297
	819,809
	4,270
	-1,672,176
	237,660

	 Land transformation, biodiversity [m2yr arable]
	0.10
	24.71
	0.14
	-136.69
	32.54

	 Land occupation, biodiversity [m2yr arable] 
	10.55
	2,783.04
	15.05
	-3,760.32
	2,431.32

	 Water scarcity
[m3 world eq.]
	23.85
	24,614.89
	37.93
	-31,868.84
	46,022.93


5.2. Decarbonisation
While the Australian electricity grid relies heavily on coal and gas, it can be expected that the share of renewable electricity is going to grow. Therefore, the decarbonisation of the electricity grid has been taken into consideration and Figure 5 shows that this has an impact on the environmental impact of the upgrades.

The decarbonisation of the electricity grid enables the offset of the following impact categories: 
· freshwater acidification: when the electricity grid is decarbonised 
by around 53 %;
· terrestrial acidification: when the electricity grid is decarbonised 
by around 52 %;
· marine eutrophication: when the electricity grid is decarbonised 
by around 14 %;
· particulate matter formation: when the electricity grid is decarbonised 
by around 30 %;
· land occupation, biodiversity: when the electricity grid is decarbonised 
by around 61 %; and
· water scarcity: when the electricity grid is decarbonised 
by around 84 %.

Nonetheless, human toxicity (cancer and non-cancer), freshwater ecotoxicity and freshwater eutrophication cannot be offset even with 100 % decarbonisation of the electricity grid, as seen in Table 4. This is due to the impacts of the product stage as described in Section 5.1. In total, in 14 of the 18 impact categories, the environmental performance can be improved when decarbonising the electricity grid. For the energy efficiency upgrades in the ACT, which has achieved net zero emissions, the energy efficiency upgrade is therefore beneficial as the overall environmental impact improves. 
[image: ]
[bookmark: _Ref113005040]Figure 5: Normalised environmental impacts (IMPACT 2002+ Midpoint) taking into consideration the decarbonisation of the electricity grid
[bookmark: _Ref112946290]Table 4: Environmental impacts with decarbonisation of the electricity grid (operational energy savings/increase)
	 
	Electricity (savings or increase) – ecoinvent 3.7.1 cut-off {AU}
	Electricity (savings or increase) - decarbonised by 10 %
	Electricity (savings or increase) - decarbonised by 30 %
	Electricity (savings or increase) - decarbonised by 50 %
	Electricity (savings or increase) - decarbonised by 70 %
	Electricity (savings or increase) - decarbonised by 90 %
	Electricity (savings or increase) - decarbonised by 100 %

	Climate change, short term
	                         650,728 
	                       585,655 
	                       455,510 
	                       325,364 
	                       195,218 
	                         65,073 
	0 

	Climate change, long term
	                         641,091 
	                       576,982 
	                       448,764 
	                       320,546 
	                       192,327 
	                         64,109 
	0 

	Fossil and nuclear energy use
	                      7,288,984 
	                    6,560,085 
	                    5,102,288 
	                    3,644,492 
	                    2,186,695 
	                       728,898 
	0 

	Mineral resources use
	                        1,047.87 
	                         943.08 
	                         733.51 
	                         523.93 
	                         314.36 
	                         104.79 
	0 

	Photochemical oxidant formation
	                        1,437.40 
	                      1,293.66 
	                      1,006.18 
	                         718.70 
	                         431.22 
	                         143.74 
	0 

	Ozone layer depletion
	                               0.01 
	                             0.01 
	                             0.01 
	                             0.00 
	                             0.00 
	                             0.00 
	0 

	Freshwater ecotoxicity
	             10,913,113,791 
	             9,821,802,412 
	             7,639,179,654 
	             5,456,556,896 
	             3,273,934,137 
	             1,091,311,379 
	0 

	Human toxicity cancer
	                               0.09 
	                             0.08 
	                             0.06 
	                             0.05 
	                             0.03 
	                             0.01 
	0 

	Human toxicity non-cancer
	                               0.16 
	                             0.14 
	                             0.11 
	                             0.08 
	                             0.05 
	                             0.02 
	0 

	Freshwater acidification
	                               0.01 
	                             0.01 
	                             0.00 
	                             0.00 
	                             0.00 
	                             0.00 
	0 

	Terrestrial acidification
	                               4.70 
	                             4.23 
	                             3.29 
	                             2.35 
	                             1.41 
	                             0.47 
	0 

	Freshwater eutrophication
	                               0.63 
	                             0.57 
	                             0.44 
	                             0.31 
	                             0.19 
	                             0.06 
	0 

	Marine eutrophication
	                             28.52 
	                           25.67 
	                           19.96 
	                           14.26 
	                             8.56 
	                             2.85 
	0 

	Particulate matter formation
	                           122.33 
	                         110.09 
	                           85.63 
	                           61.16 
	                           36.70 
	                           12.23 
	0 

	Ionizing radiation
	                         237,660 
	                       213,894 
	                       166,362 
	                       118,830 
	                         71,298 
	                         23,766 
	0 

	Land transformation, biodiversity
	                             32.54 
	                           29.29 
	                           22.78 
	                           16.27 
	                             9.76 
	                             3.25 
	0 

	Land occupation, biodiversity
	                        2,431.32 
	                      2,188.19 
	                      1,701.92 
	                      1,215.66 
	                         729.40 
	                         243.13 
	0 

	Water scarcity
	                           46,023 
	                         41,421 
	                         32,216 
	                         23,011 
	                         13,807 
	                           4,602 
	0 


5.3. Discussion 
The assessment of the embodied and operational energy made it possible to determine whether the environmental impacts of the materials and the embodied energy can be offset by the energy savings of an energy efficient heating and cooling upgrade. While choosing a conservative approach for the materials, the embodied impacts are rather high. Therefore, the environmental impacts could be lower by choosing a non Pb containing wiring board. Furthermore, reducing the impacts of the air compressor production and using less copper could be considered. Alternatives to copper could be steel or aluminium. It also would be recommended to use a CO2 based refrigerant, as the environmental impacts could be lowered. 
The environmental assessment highlights the importance of an LCA approach, as it shows which life cycle stages and materials impact our environment the most. Based on that, manufacturers and policy makers can make decisions on which stages to improve and which materials to substitute or reduce. Therefore, it is recommended to always assess the whole life cycle of products to further enhance transparency and making conscious decisions. 
Nonetheless, the environmental impacts of the heating and cooling upgrade cannot be offset in all cases. Human toxicity (cancer and non-cancer), freshwater ecotoxicity and freshwater eutrophication cannot be offset even if the electricity usage has zero emissions due to a 100 % renewable electricity grid. On the one hand, one way to avoid these impacts would be to choose alternative retrofits which decrease the load of heating and cooling. This could be done through further insulation with woodwool, hemp or other sustainable materials or the installation of green roofs and vertical gardens. It is questionable though, if even with a decreased heat and cooling load an energy efficiency upgrade will be avoidable. On the other hand, with increasing weather extremes, a heating to heating and cooling upgrade seems unavoidable. Therefore, it is already recommended to consider the most environmentally friendly alternatives. The upgrade to reverse cycle air conditioning is one alternative. Furthermore, it would be interesting to consider air source heat pumps. 
Many countries try to be more environmentally friendly which often goes hand in hand with the decarbonisation of the electricity grid, and the latter is important in encouraging the switch from gas to electric heating and cooling. Nonetheless, this research has some limitations like the availability of data for the raw materials in the appliances as well as on the transportation modes. Therefore, assumptions had to be made. It can be assumed that different parts of the reverse air conditioner are also produced at different factories but this could not be included in the research. Also, the research only contains data on the whole energy use of the building, not just for space heating and cooling, thus energy data one year prior and after the energy efficiency upgrade had to be used which potentially weakens the liability of the energy data.
For a better assessment of heating and cooling appliances more data transparency would be helpful. Most manufacturers provide no information about the share of materials used in the appliances and the commonly used databases do not provide all the exact single components. Often different, proxy components have to be chosen. Also, for refrigerants, databases do not include all types of refrigerants, which makes comparisons harder. Consequently, more data transparency and more extensive databases would help the modelling of energy efficiency upgrades for further research.
6. Conclusion
In this paper, 59 gas heating to reverse cycle air conditioner upgrades have been assessed on their environmental impact while also accounting for the decarbonisation of the Australian electricity grid. The end of the life cycle of the old gas heater as well as the production, construction and use stage of the new reverse cycle air conditioner have been assessed. A gas heater and a reverse cycle air conditioner were deconstructed as reference heaters to determine the material composition. The operational energy data relies on primary data over the course of one year prior and after the energy efficiency upgrade. The impacts on climate change (short and long term), fossil and nuclear energy use, mineral resources use, photochemical oxidant formation, ozone layer depletion, ionizing radiation, as well as land transformation (biodiversity) can be offset by the gas savings generated through the upgrade. 
The results show that the human toxicity (cancer and non-cancer), freshwater ecotoxicity, acidification and eutrophication, terrestrial acidification, marine eutrophication, particulate matter formation, land occupation (biodiversity) and water scarcity, cannot be offset by the gas savings with the current electricity mix of Australia. 
When increasing the share of renewables in the electricity mix of Australia, the following impact categories can be offset: freshwater acidification, terrestrial acidification, marine eutrophication, particulate matter formation, land occupation (biodiversity) and water scarcity. Nonetheless, even with a 100 % renewable electricity grid the impacts of human toxicity (cancer and non-cancer), freshwater ecotoxicity and freshwater eutrophication of the energy efficiency upgrade cannot be offset. This is due to the high impacts during the product stage. The printed wiring board (Pb containing) impacts freshwater ecotoxicity (64 %) and eutrophication (91 %) as well as land occupation, biodiversity (48 %), the most. The impact category human toxicity (non-cancer) is impacted the most by steel (35 %). For human toxicity (cancer) the impacts of the increased electricity usage are the highest.
The results clearly illustrate that upgrading from gas to electric heating and cooling has environmental impacts which cannot be offset through the gas savings of the upgrade. Especially water categories, human toxicity, particulate matter formation and land occupation, biodiversity are impacted. Nonetheless, most of the impacts can be offset when decarbonising the electricity grid. 
From a government and policy maker point of view there should be a stronger focus on the choice of materials. Also, the use of secondary materials could further decrease the environmental impacts of appliances. With a higher decarbonisation of the electricity grid the impacts of gas to electric heating and cooling upgrades can be further reduced. As there is a high likelihood that households will switch from heating only to heating and cooling systems, it is important to assess common energy efficiency upgrades to help decision makers choose the most environmentally friendly solution on the market. 
Supplementary Materials: The following supporting information can be downloaded at: https://figshare.com/s/faa566fab8409e408b9c details on Table 1 and 2.
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