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Introduction: To reduce greenhouse gases, the Kigali Amendment to the Montreal Protocol seeks a phasedown of hydrofluorocarbons. R134a alternatives were analyzed for use in a water-cooled chiller: R450A, R513A, R516A, R1234ze (E), R515A, and R515B.
Methods: A thermodynamic model of the chiller was employed to calculate compressor power, an input to the life cycle climate performance (LCCP) framework to estimate total equivalent carbon dioxide emissions, CO2eq. Emissions were calculated for an 809 kW [230 Tons of refrigeration (RT) nameplate] water-cooled centrifugal chiller at constant cooling capacity using five power sources (i.e., coal, distillate fuel oil, natural gas, nuclear, and wind) for a median chiller lifetime of 27 years. Two chiller operating profiles were considered: one using operational data from a university campus and a second from literature based on the Atlantic Fleet operation.
Results and discussion: When powered via fossil fuels, over 90% of emissions were due to the indirect emissions from energy; therefore, the global warming potential (GWP) of the refrigerant was not the primary contributor to the total CO2eq emissions. With natural gas, total LCCP emissions were reduced for R450A (7.8%), R513A (4.7%), R516A (9.4%), R1234ze (E) (10%), R515A (8.4%), and R515B (6.4%) compared to R134a for the university campus load profile. For the round-the-clock Atlantic Fleet profile, there were emission reductions for R450A (3.6%), R513A (0.25%), R516A (2.3%), R1234ze (E) (2.4%), R515A (1.5%) and R515B (2.4%) compared to R134a. When coupled with renewable energy, the indirect emissions from the chillers substantially decreased, and GWP-dependent leakage emissions accounted for up to 74% or 40% of emissions from R134a alternatives powered by wind and nuclear, respectively. For operation using the load profile from the university campus chillers, R450A had the highest coefficient of performance (COP) of 5.802, while R513A had the lowest COP (5.606). Tradeoffs between alternative refrigerants exist in terms of operation, temperature glide, size of heat exchangers, system design, flammability, cost, availability, and material compatibility. In terms of flammability, R134a, R513A, R450A, R515B and R515A are A1 (nonflammable) fluids. R450A and R516A also have temperature glides of 0.4 K and 0.056 K, respectively, which can affect condenser design. In terms of equipment modification (sizing), R513A require fewer modifications.
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1 INTRODUCTION
The 2016 Kigali Amendment—the most recent addition to the Montreal Protocol—aims to reduce hydrofluorocarbons (HFC) production and consumption (Heath, 2017), and in 2021, the White House proposed a 50%–52% reduction in green gas emissions from 2005 levels by the year 2030 (WhiteHouse, 2021). These policies support achieving net zero emissions (i.e., carbon neutrality) by 2050 and limiting average global temperature rises to 1.5°C (UN, 2023). Approaches to reducing CO2 emissions from heating, ventilation, air conditioning, and refrigeration (HVAC&R) systems vary by region; for example, the European Union’s F-gas regulations set a fluid’s global warming potential (GWP) limit to 150 for specific HVAC&R applications. Thus, there is significant interest in replacing the hydrofluorocarbon R134a in HVAC&R systems (Heredia-Aricapa et al., 2020) with alternative, lower GWP refrigerants for drop-in replacements, such as hydrofluoroolefins [R1234ze (E)] and their blends [e.g., R513A, R450A, R516A (Brown et al., 2014; Nair, 2021)], although boiling and condensing heat transfer coefficients for these alternative fluids can be lower than R134a under specific flow conditions (Jacob et al., 2019; Nair, 2021; Morrow and Derby, 2022). Mildly flammable (i.e., ASHRAE-designated A2L), hydrofluoroolefin (HFO) refrigerants must comply with additional ventilation, detection, and safety standards (ASHRAE, 2019), as there are also other safety requirements for systems exceeding charges of 10 kg in commercial occupancies.
Policies, such as the F-gas regulations, tend to focus on the refrigerant’s GWP to measure its environmental impacts, but quantifying total equivalent CO2 emissions, CO2eq, is a more holistic approach (Andersen, 1999). The life cycle climate performance (LCCP) framework, developed by the United Nations Environmental Program (Hwang et al., 2015; Lee et al., 2016), builds upon the Total Equivalent Warming model developed by Oak Ridge National Laboratory (Makhnatch and Khodabandeh, 2014; Mota-Babiloni et al., 2020; Wan et al., 2021), by incorporating a “cradle-to-grave” mindset. LCCP calculations quantify indirect greenhouse gas emissions from power generation and embodied emissions (e.g., manufacturing, emissions embodied in manufacturing the system) in addition to quantifying direct CO2 emissions as a result of the fluid’s GWP (e.g., leaking, accidental release during servicing, end-of-life disposal, etc.,) (Mota-Babiloni et al., 2020; Wan et al., 2021).
Indirect emissions from electricity generation were significant for vapor compression cycle heat pumps (Li, 2015; Lee et al., 2016; Yang et al., 2021). For example, energy emissions from R410A alternatives were approximately 97%–98% of total LCCP emissions for the Chicago climate for a residential heat pump (Lee et al., 2016), and Wan et al. (2021) determined 70%–80% of emissions were from indirect emissions for commercial and residential air conditioning systems. LCCP analyses conducted for industrial chiller systems are limited; Li (2021) utilized the LCCP framework for centrifugal chillers with low GWP R134a alternatives in China and South Korea and noted that total LCCP emissions could decrease by up to 28% based on the fluid and region. Altering system configurations can increase performance, thereby reducing lifetime emissions. In life cycle analyses for five Chinese cities, transcritical CO2 heat pump systems were integrated with direct dedicated mechanical subcooling to reduce primary energy consumption, and hence CO2 emissions by up to 17%, 33%, and 69% compared with baseline CO2 heat pumps, coal-fired boilers, and direct electric heating, respectively (Dai et al., 2019). Based on life cycle analyses for heating applications, high temperature heat pumps with ejectors and two-stage compression reduced emissions up to 76% compared to fossil fuel-fired boilers (Dai et al., 2023). Another approach to reducing indirect emissions is to use high temperature power systems for cogeneration and multigeneration purposes (Rahbari et al., 2023).
Alternative fluids can affect cycle performance, including the coefficient of performance (COP) and capacity. Yi et al. (2022) performed numerical simulations of a drop-in test of R1234yf and R1234ze (E) in an R134a centrifugal compressor system. Performance curves from working conditions were generated; using R1234yf produced a higher cooling capacity and COP reduction of about 12.5% compared to R134a. The cooling capacity of R1234ze (E) was reduced under partial working conditions with COP reduced by 7.0% compared to R134a (Yi et al., 2022). Schultz et al. (2016) noted reduced COPs at equivalent capacities with R513A in an 809 kW (230RT) water-cooled chiller due in part to lower refrigerant-side heat transfer coefficients in the evaporator and condenser; however, R513A had favorable material compatibility and chemical stability. The COP with R513A was 5% lower than R134a; they attributed half of this difference to R513A’s thermophysical properties and half to condenser design.
The research objectives of this paper are to analyze the carbon dioxide emissions from water-cooled, centrifugal chillers using the life cycle climate performance framework for R134a and its lower global warming potential alternatives [i.e., R1234ze (E), R450A, R513A, R516A, R515A, and R515B]. A thermodynamic model is employed to model the chillers with a nameplate capacity of 809 kW (230RT) and the model is validated based on experimental data obtained by the Air-Conditioning, Heating and Refrigeration Institute (Amrane, 2015). Two chiller operational profiles are analyzed and the use of real, operational chiller data is a novel part of this study; one is based on university operations in the Midwest of the United States, and the second is a round-the-clock profile with operation every hour of the year [i.e., Atlantic fleet profile (Helmick, 1987)]. This study takes a holistic view of carbon dioxide emissions generated by water-cooled chillers by using the LCCP framework, thereby analyzing other sources of carbon dioxide emissions in addition to leakage emissions from the GWP of the fluids.
2 MODELING
This paper discusses the chiller model and its validation in Section 2.1.1; Section 2.1.2, chiller operating profiles in Section 2.1.3, and the LCCP framework in Section 2.2.
2.1 Chiller model
The primary objective of chiller modeling is to determine the compressor power required to operate an 809 kW (230 RT) water-cooled chiller with R134a and its alternatives. The chiller model is based on the system presented in AHRI data sheets (Amrane, 2015). The major components in the chiller are the evaporator, compressor, condenser, and expansion valve (Figure 1). Refrigerant is assumed to be at the suction pressure, Ps, on the low-pressure side. At the evaporator exit, state 1, the refrigerant was superheated and then further superheated with compressor suction superheat at state 2 to T2 to protect the compressor. The refrigerant exits the compressor at the discharge pressure Pd, and at compressor discharge temperature Tcd. It enters the condenser at Temperature T3 and at the condenser exit, the refrigerant exits at the discharge pressure. An expansion valve, assumed to be isenthalpic (i.e., same enthalpy across the valve), separates the low-pressure and high-pressure sides.
[image: Figure 1]FIGURE 1 | Schematic of a water-cooled chiller, including the refrigerant loop, chilled water at the evaporator, and cooling water loop at the condenser.
The chiller’s capacity (i.e., the heat transfer to the evaporator from the chilled water loop) is a critical consideration for alternative refrigerants. In the chilled water loop, Treturn is the temperature of the chilled water entering the chiller, which rejects heat to the refrigerant and leaves at the supply temperature Tsupply; the chilled water entering temperature is assumed to be the mean evaporator temperature. The condenser rejects heat to a water-based cooling loop (e.g., a cooling tower). The high temperature and pressure refrigerant from the compressor transfers heat at a mean condenser temperature to cooling water entering at temperature Tci, and the refrigerant is subcooled to a temperature T4 at state 4. The cooling water exits the condenser at temperature Tco and rejects heat to the atmosphere.
2.1.1 Thermodynamic model
A thermodynamic model was used to compute the COP and compressor power for each refrigerant, which were inputs to the LCCP analysis. The model was validated using AHRI data in Section 2.1.2 (Amrane, 2015). The assumptions for this analysis include a compressor isentropic efficiency of 70%; no suction pressure losses or pressure drops in the discharge, suction, and liquid lines; limited to centrifugal compressors without side flow, and negligible differences in kinetic energies of refrigerants at suction and discharge. The compressor power is,
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where [image: image] is the refrigerant mass flow rate, and h are enthalpies at the compressor inlet (state 2) and exit (state 3). The evaporator cooling capacity, [image: image], is given as,
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And heat rejection through the condenser is also computed as
[image: image]
Where the numbered states correspond to Figure 1.
The COP is the ratio of the evaporator cooling capacity to the compressor power, [image: image],
[image: image]
The model created in Engineering Equation Solver (EES) requires the following inputs: condenser sub-cooler outlet temperature, T4; evaporator outlet temperature, T1; compressor inlet temperature, T2; discharge pressure Pd; suction pressure Ps; and refrigerant type. Figure 2A illustrates the process for validation with AHRI data and Figure 2B is the process to compute compressor power for the LCCP model. These values were computed from the thermodynamic cycle conditions for each alternative refrigerant candidate reported by Amrane (Amrane, 2015): mean evaporator temperature, mean condenser temperature, evaporator outlet superheat, compressor suction superheat, compressor discharge superheat, volumetric capacity, temperature glides of condenser and evaporator. After computing T4 (i.e., condenser temperature—subcooling); T1 (i.e., evaporator mean temperature + evaporator superheat); and T2 (i.e., T1 + compressor suction superheat) using the subcooling, SC, and superheat, SH, temperatures, respectively, thermodynamic properties were calculated, including the compressor discharge temperature Tcd. Temperature T3 corresponds to the compressor discharge temperature minus the compressor discharge superheat. Since each case utilized the same capacity as R134a, this model also outputs the refrigerant mass flow rate, [image: image], evaporator and condenser heat transfer rates, [image: image] and [image: image], and COP.
[image: Figure 2]FIGURE 2 | The flowchart of the process used to (A) validate AHRI data, and (B) compute compressor power needed for annual energy consumption based on chiller load profiles from the university campus and Helmick (1987).
2.1.2 Validation of the thermodynamic model
The model for COP, and, therefore, compressor power was validated using five experimental data points for the baseline refrigerant (R134a) and alternative refrigerants included in the experimental data sheet R450A, R513A, R516A, and R1234ze (E) (Amrane, 2015). The five experimental data points spanned a range of operating conditions: mean evaporator temperature ranges from −32°C–7.2°C, mean condenser temperature from 37.8°C to 54.4°C, evaporator outlet superheat of 5.6°C, compressor suction superheat from 5.6°C to 22.2°C and subcooling from 0°C to 8.3°C. There was good agreement between the model, as described in Figure 2A, and experimental data from AHRI, shown in Figure 3. For R134a, R450A, R513A, R516A, and R1234ze (E), the mean absolute percentage error, MAPE, for the five experimental data points are 3.99%, 4.53%, 5.08%, 7.08%, and 5.32% respectively. The largest deviations corresponded to conditions with the lowest evaporator temperature and COP (i.e., mean evaporator temperature, mean condenser temperature, and compressor suction superheat of −31.7°C, 40.6°C, and 22.2°C, respectively).
[image: Figure 3]FIGURE 3 | Validation of the thermodynamic model against experimental chiller data reported by Amrane (Amrane, 2015).
2.1.3 Chiller operating profiles
For chillers, energy consumption is significantly influenced by the prevailing operating conditions and cooling capacity (Yu and Chan, 2007). Chiller load profiles in literature for the actual operation of centrifugal chillers are limited. The load profiles used for this study are from 1) a university campus, shared by Kansas State University (KSU) facilities for the year 2022, and 2) the Atlantic Fleet profile (Helmick, 1987). For both operating profiles, all refrigerants were set to have the same capacity as R134a; thus, the refrigerant mass flow rate varied between different refrigerants.
The university campus’ system analyzed consisted of two R134a chillers, Chiller 1 and Chiller 2, in a chiller plant built in 2016 (KSU, 2015) with individual capacities of 10,375 kW (2950RT) and a chiller efficiency (i.e., energy consumption in kW per heat removed in RT at rated conditions) of approximately 0.7 kW/RT. Table 1 shows data from Chiller 1 and 2. Due to design redundancies, building occupancy, and weather conditions, the chillers did not run daily; Chiller 1 ran for 100 days, while Chiller 2 operated for 123 days in the year 2022. Despite seasonal temperature differences, chilled water temperatures were often within ± 1°C, and cooling water temperatures were often within ± 3°C. Figure 4A shows the number of hours operated at a range of percentage of full load. Due to the data collection methods, if the chillers were documented as running for the day, it was assumed to have a 24-h operational time. The evaporator cooling capacity and the percentage of full load for every operating condition were computed using the compressor power and the chiller efficiency. The profile focused on the percentage of total chiller load and operational time to scale this down to an 809 kW (230RT) system.
TABLE 1 | University campus chiller data for the year 2022.
[image: Table 1][image: Figure 4]FIGURE 4 | Chiller operating profiles for (A) university campus and (B) Atlantic Fleet load profiles (Helmick, 1987).
Figure 2B shows the procedure used to calculate the compressor power for each refrigerant using the university chiller data. From the university campus data, the cooling water return temperature was assumed to be equal to the mean condenser temperature, Tcond, and the chilled water entering temperature equal to the mean evaporator temperature, Tevap. Condenser subcooler outlet temperature, T4, evaporator outlet temperature, T1, and compressor inlet temperature, T2, were computed using subcooling temperature, evaporator superheat, and compressor suction superheat of 5.56°C. Other values for each state and the mass flow rate were calculated for each refrigerant to meet the 809 kW (230RT) capacity. The compressor power was multiplied by the hours operated and summed for all operating conditions.
The Atlantic Fleet air conditioning load profile used an R114 chiller with 703.4 kW (200RT) capacity (Helmick, 1987). It considered a year-round operation, which was categorized based on the air conditioning usage. The hours of operation varied from 33 h when used for battle to 1,347 h at anchor and shore (Figure 4B). In both the Atlantic Fleet and university campus operating profiles, the system was never operated at its maximum nameplate capacity, perhaps due to design redundancy. Using the compressor model and the operating temperatures given (Helmick, 1987), the 200RT was scaled to the profile of 809 kW (230 RT) centrifugal chiller operating with R134a, and the compressor work for the alternative refrigerants was then computed.
2.2 LCCP modeling
The LCCP method (Hwang et al., 2015; Wan et al., 2021) separates emissions into five categories: leakage, Eleak; energy, Eenergy; material, Emat; manufacturing, Eref, man; and disposal, Eref, dis,
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Direct emissions are from leakage,
[image: image]
where C is the refrigerant charge in kg; L is the lifespan of the system; ALR is the annual leakage rate, as a percent of refrigerant charge; EOL is end-of-life refrigerant leakage as a result of servicing and refrigerant removal, as a percent of refrigerant charge; GWP is the Global Warming Potential of the refrigerant (kgCO2eq/kgref); and ADP.GWP is the GWP of Atmospheric Degradation Products of the refrigerant (kgCO2eq/kg). GWP values from IPCC AR6 (Smith et al., 2021). Charge values were sourced from the AHRI data sheets; the refrigerant charge used was double the values supplied in the datasheet since the chiller had two operating circuits (Schultz and Kujak, 2013). Drop-in experiments reported that the cooling capacity of R1234ze (E) and R450A reduced by 25% and 15% respectively compared to R134a (Schultz and Kujak, 2013). Poggi et al. (2008) established that 50% of the refrigerant charge in a system can be found in the heat exchangers; since the heat exchangers volume will increase to meet this capacity, in the LCCP model, the charge was increased by 12.5% and 7.5% for R1234ze (E) and R450A, respectively, to augment the capacity reductions observed in their experiments (Schultz and Kujak, 2013).
Indirect CO2 emissions associated with the energy consumption of the system during operation are calculated,
[image: image]
Where AEC is the total annual electrical energy consumption in kWh, EM is the energy emissions factor in kgCO2eq/kWh, and n is the % runtime over the system’s lifetime. The annual energy consumption (AEC) is the linkage between the thermodynamic and LCCP models. It was calculated from the compressor model,
[image: image]
where h3,i and h2,i are the enthalpies across the compressor calculated from the compressor model, and ti is the total time of chiller operation, in hours.
The power source for a system is an important parameter in overall emissions contribution. Energy emission factors for five different power sources (i.e., coal, distillate fuel oil, natural gas, nuclear, and wind) were aggregated using the EPA eGRID plant and generation data (EPA, 2020), as shown in Table 2.
TABLE 2 | Energy emission factors for fuel sources from eGRID (EPA, 2020).
[image: Table 2]Further indirect emissions are associated with the materials needed to construct the system,
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where mv is the mass of new or virgin materials, mr is the mass of recycled materials, MMv is the emission factor associated with the virgin materials, and MMr is the emission factor for recycled materials and indirect emissions from refrigerant manufacturing and disposal,
[image: image]
[image: image]
where RFM is the refrigerant manufacturing emissions factor (kgCO2/kgref), and RFD is the refrigerant disposal emissions factor (kgCO2/kgref).
All materials used to construct the chiller were assumed to be virgin as a conservative estimate, with the emission factors for virgin and recycled materials (Hwang et al., 2015) provided in Table 3. Although emission factors for the materials are lower for 100% recycled materials, the impacts on the LCCP emissions are minimal. As the weight of the chiller was not reported in the data sheets, the weights of similar chillers were compared to obtain a chiller weight of approximately 2,600 kg (Techwell, 2022). Material percentages for the chiller were estimated as 10% steel, 55% aluminum, 30% copper, and 5% plastic (Wan et al., 2021); it should be noted that the final LCCP model was not sensitive to the material composition. Refrigerant manufacturing and disposal emissions for alternative refrigerants have not yet been reported for all alternatives; thus, the values for R134a manufacturing [i.e., 15.9 kgCO2eq/kgref (Wang et al., 2022)] and disposal [i.e., 5 kgCO2eq/kgref (Wan et al., 2021)] were used for all refrigerants.
TABLE 3 | Material manufacturing emission factors (Hwang et al., 2015).
[image: Table 3]3 RESULTS AND DISCUSSION
3.1 Annual energy consumption for constant cooling capacity
At a fixed capacity of 809 kW (230 RT), refrigerants with lower latent heats than R134a, such as R515A, R515B, R1234ze (E), and R513A, required higher refrigerant mass flow rates than R134a, thereby affecting compressor power (Figure 5). The resulting annual energy consumption was comparable between R134a and its alternatives (Table 4).
[image: Figure 5]FIGURE 5 | Refrigerant mass flow rate for different compressor power using (A,B) university campus and (C) Atlantic Fleet load profiles.
TABLE 4 | Annual Energy Consumption for the university campus and Atlantic Fleet load profiles (Helmick, 1987).
[image: Table 4]3.2 LCCP results for the university campus and Atlantic Fleet load profiles
The LCCP analysis uses the average annual energy consumption computed from the compressor model, and calculations assume a 27-year lifetime, the median chiller life in an ASHRAE survey (Abramson et al., 2006). Leakage rates of 5% (annual) and 15% (end-of-life servicing) were based on Wan et al. (2021), although it is critical to note that the LCCP model is not sensitive to the leakage rate for industrial-scale chillers due to the sizable loads and hours of operations (i.e., the importance of indirect emissions to the total CO2eq emissions). For the university campus load profile, for all fossil fuel sources, over 90% equivalent carbon dioxide emissions are due to the energy required to run the chiller. For the Atlantic fleet profile, over 98% of emissions are from the indirect emissions from energy when powered by fossil fuels. When operating using fossil fuels, the global warming potential (GWP) of the refrigerant was not a significant contributor to the total CO2eq emissions, which is noteworthy as many regulations focus on the GWP of alternative refrigerants. The direct emissions (i.e., from the refrigerant’s GWP) are less than 10% for distillate fuel oil, natural gas, and coal using the university campus load profile. For the university campus profile, with low indirect energy emissions, leakage emissions dominate when powered by wind [R134a (86.96%), R450A (74.72%), R513A (74.54%), R516A (39.55%), R1234Aze (E) (0.64%), R515A (67.18%), R515B (60.45%)]—except for R1234ze (E) (0.64%) which has a very low GWP—and, thus, fluid’s GWP is important for operation with renewable energy. This indicates that the power source has the strongest impact on emissions (Figure 6), even stronger than the choice of refrigerant, which is significant due to the focus of some regulations on the fluid’s GWP. The Atlantic Fleet’s total emissions are higher overall compared to the campus building profile due to longer hours of operation. Renewable wind energy exhibited the lowest total emissions for both load profiles due to the very low emissions factor.
[image: Figure 6]FIGURE 6 | Total LCCP emissions for (A) university campus and (B) Atlantic Fleet load profiles.
With natural gas as a fuel source (Table 5), and using R134a emissions as a baseline, total LCCP emissions were reduced for R450A (7.81%), R513A (4.72%), R516A (9.39%), R1234ze (E) (10.20%), R515A (8.36%), and R515B (6.39%) for the university campus load profiles. For the Atlantic Fleet profile and using natural gas as a fuel source (Table 5), there were emission reductions for R450A (3.61%), R513A (0.25%), R516A (2.33%), R1234ze (E) (2.41%), R515A (1.54%) and R515B (2.37%) compared to R134a. The emissions reduction for the Atlantic Fleet profile was more modest compared to the university campus load profile due to the operating conditions: condenser exit temperature, T4, varied between 4°C and 30°C (Helmick, 1987); due to a lack of temperature distribution information, constant values of 10.56°C and 16.11°C for the evaporator exit, T1, and compressor inlet, T2, were used to compute the compressor power. Therefore, the annual energy consumption is nearly equal for all refrigerants, which in turn reduces the variation observed for the total emissions. R1234ze (E) had the highest emission reduction for the campus load profile and the second highest for the Atlantic ship due to its low GWP (1.37) and low suction vapor density. Among the A1 alternatives, R515B’s emission reduction of 8.36% and 2.37% for the campus building and Atlantic Fleet profile, respectively, was due to its low discharge temperature that reduced the compressor work.
TABLE 5 | Total emissions compared to R134a for the University campus load profile using natural gas as a fuel source.
[image: Table 5]3.3 The behavior of alternative refrigerants
The alternative refrigerants considered have lower GWPs compared to R134a, are medium pressure refrigerants, and their GWP relates to the emission contributions from refrigerant leakage. Apart from R1234ze (E), all the alternative refrigerants are blends of single-component HFCs (R134a, R32, and R152) and HFOs (R1234ze (E), R1234yf). Among the refrigerants considered, R1234ze (E) and R516A are the only A2Ls, while the others are A1, according to their ASHRAE safety designations. All refrigerants are non-azeotropic (i.e., they have constant boiling and condensing temperature at a particular pressure), except R450A and R516A, with temperature glides of 0.4 K and 0.056 K, respectively. Temperature glides can impact heat exchanger designs; temperature glide of HFC mixtures may increase COP in a counterflow heat exchanger (Li et al., 2002). In terms of material compatibility, R450A, R515B, R513A, and R1234ze (E), and R134a are compatible with commonly used materials except acrylic and kalrez6375 (Honeywell, 2021; Mota-Babiloni et al., 2016) and they typically use polyolester oil as the lubricant. R515B can be used in all equipment designed for R1234ze (E) (Mateu-Royo et al., 2021), but there may be difficulties replacing R134a without changing the operating conditions of the components. All refrigerants considered have relatively low boiling points at ambient temperature (Table 6). Table 6 gives a comprehensive list of the different alternative refrigerants and their properties at the average evaporation temperature of 5.42°C. As temperature increases in the evaporator, there is an increase in the vapor densities of the refrigerants, hence increasing compressor capacity. R513A has the highest vapor density of 20.76 kg/m3; compared to R134a, there is an increase in compressor power (Table 7). At the evaporation temperature, R134a has the highest latent heat, and thus the lowest mass flow rate of the fluids (Figure 5).
TABLE 6 | Thermodynamic properties of R134a and its alternatives at the evaporator temperature; thermodynamic properties from Engineering Equation Solver at 5.42°C, compositions and safety designations from ASHRAE (ASHRAE, 2019), and GWP values from IPCC AR6 (Smith et al., 2021).
[image: Table 6]TABLE 7 | COP and compressor power comparison for all refrigerants using the university campus load profile.
[image: Table 7]3.4 Sensitivity analysis for COP
A sensitivity analysis was performed to observe how changing key refrigerant parameters affected the COP of the system. Changing the value of evaporator outlet temperature, T1, at a particular condenser subcooler outlet temperature, T4, has a negligible change on the COP (Figure 7). With a constant subcooler outlet temperature, T4, and varying evaporator outlet temperature, T1, by 0.94°C, the refrigeration capacity reduces, and the compressor power increases, which reduces the COP, but these resulting changes in COP are minimal. The university campus chiller data indicates that over a range of weather conditions, operating temperatures have low variance; chilled water temperature standard deviations are less than ±1°C, and cooling water temperature standard deviations are less than ± 3°C (Table 1). Additionally, as subcooler outlet temperature increases from 16°C to 28°C, the condenser temperature is increased by a constant subcooling temperature (5.56°C). As the condenser temperature increases, the ability of the condenser to remove heat reduces, which increases the compressor power (Al-Hassani and Al-Badri, 2021). Decreasing the subcooler outlet temperature reduces the condenser refrigerant pressure, thereby reducing the work done by the compressor. Using the university campus data, the increase almost cancels out; thus, there was no sharp drop in COP (Figure 7). Results of compressor power based on condenser outlet temperature are plotted in Figure 8. There are minimal differences between alternative refrigerants.
[image: Figure 7]FIGURE 7 | Sensitivity analysis for changing evaporator outlet values at constant condenser sub cooler outlet temperature, for the university campus, (A) Chiller 1 and (B) Chiller 2, and (C) Atlantic Fleet load profile.
[image: Figure 8]FIGURE 8 | Compressor power for all refrigerants for different values of subcooler outlet temperature, for the university campus, (A) Chiller 1 (B) Chiller 2, and (C) Atlantic Fleet profiles.
3.5 Impacts of GWP on leakage emissions
Leakage emissions increase linearly based on the annual leak rate but do not depend on power source or runtime (Figure 9); hermetically-sealed systems can decrease the direct CO2eq emissions from chiller operation. Energy emissions are linear with percentage of runtime for the two load profiles (Figures 9, 10) and are approximately an order of magnitude higher than leakage emissions using natural gas as a fuel source. Utilizing renewable or low-carbon energy, reducing the chiller operating time when it is not needed, and using variable frequency drive compressors and controls for partial loads are approaches to reduce the dominant source of emissions (i.e., the indirect emissions associated with energy to run the chiller). Increasing the chilled water temperature increases the suction pressure, Ps, which reduces the pressure ratio and the work done by the compressor to attain the discharge pressure. The LCCP model is not very sensitive to one-time emissions (e.g., refrigerant manufacturing and disposal, and emissions associated with building the material), partly because these contributions to the lifetime emissions are small compared to yearly emissions.
[image: Figure 9]FIGURE 9 | Impacts of annual leakage rate on leakage emissions; leakage emissions are affected by the fluid’s GWP.
[image: Figure 10]FIGURE 10 | Energy emissions for the (A) university campus and (B) Atlantic Fleet load profiles using natural gas as the energy source.
3.6 Heat exchanger comparison of alternative refrigerants
Due to the different properties of alternative refrigerants and concerns about capacities, condenser and evaporator bundle models provided in the Supplementary Material were used to estimate changes in area with alternative refrigerants with equivalent cooling capacity, [image: image] evap and condenser capacity, [image: image] cond, for each refrigerant obtained from the model in Figure 2B. For the evaporator, there is an increase in the length and area of tubes for all the alternatives except for R1234ze (E), R513A, and R516A. Using R134a area as a baseline, R450A has an 80% increase in area due to the saturation temperature of R450A caused by the chilled water outlet temperature [5.56 (°C)] and the temperature glide (0.8 K). R513A has a decrease of 20%. For the condenser heat transfer area, there is an increase of 29.73% (R450A), 47.62% (R516A), 33.97% (R513A), 39.74% [R1234ze (E)], 51.67% (R515A), 58.54% (R515B) compared to R134a.
4 CONCLUSION
A thermodynamic model and life cycle climate performance analysis were conducted for an 809 kW (230RT) water-cooled centrifugal chiller using two operating profiles—a university campus and the Atlantic Fleet ship load profiles (Helmick, 1987)—with R134a and its alternative refrigerants R1234ze(E), R450A, R513A, R516A, R515, and R515B for a 27-year lifetime. A constant nameplate capacity of 230RT (808.9 kW) was modeled for all refrigerants using coal, distillate fuel oil, natural gas, nuclear, and wind as power sources. Data from the university chillers is provided and, despite seasonal temperature differences, chilled water temperatures were often within ± 1°C and cooling water temperatures were often within ± 3°C. A sensitivity analysis demonstrated that changes in subcooler outlet temperature, while keeping evaporator outlet temperature constant, do not substantially change the COP. Each refrigerant was set to produce the same cooling capacity as R134a, which increased refrigerant mass flow rate and compressor work for all alternative refrigerants and load profiles, with R134a having the lowest mass flow rate and R515A the highest refrigerant mass flow rate.
Regarding the LCCP, for the university campus load profile, for fossil fuels, over 90% of the lifetime CO2eq emissions are due to indirect emissions (i.e., power to run the chiller). The direct emissions (i.e., from the refrigerant’s GWP) are less than 10% of the total lifetime emissions for distillate fuel oil, natural gas and coal using the university campus load profile. For the university campus profile, leakage emissions dominate when powered by wind [R134a (86.96%), R450A (74.72%), R513A (74.54%), R516A (39.55%), R1234ze (E) (0.64%), R515A (67.18%), R515B (60.45%)], except for R1234ze (E) (0.64%). Thus, the working fluid’s GWP is more important when powering a chiller with renewable energy.
In terms of total emissions, for a natural gas fuel source, there are modest emission reductions for all alternative refrigerants for the university campus load profile. R1234ze (E) has the highest reductions with 10.20% and R513A the lowest of 4.72%. For the Atlantic Fleet profile, R450A has the highest reduction of 3.61% with R513A the lowest reduction of 0.25%, compared to R134a. In general, reductions in total emissions were comparable for alternative refrigerants; no alternative refrigerant is a one-size-fit-all in terms of high latent heat, flammability, low GWP, availability, ability as a drop-in replacement, materials compatibility, and performance.
Engineers and designers may take a more holistic view of carbon dioxide emissions and consider LCCP emissions in their designs, in addition to the global warming potential of the working fluid. Due to the significant contributions of indirect energy emissions (i.e., >90%) to the total life cycle emissions when powered via fossil fuels, opportunities for future work may involve reducing the indirect emissions due to energy. Other opportunities for reducing emissions include system modifications (e.g., variable speed drives), reducing demand, incorporating lower-carbon power sources, and carbon capture systems (Rahbari et al., 2023).
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