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Summary 

This work analyses what happens when the refrigerant in a vapour-compression chiller is replaced 

with a lower-GWP alternative. I built a single-stage vapour-compression cycle model in Python using 

CoolProp 7.2.0 and used it to compare thirteen refrigerants from four phase-out groups at the same 

operating conditions (-10 °C evaporation / +40 °C condensation). 

For every banned or phasing-out refrigerant in the study there is at least one approved low-GWP 

replacement. The main results are: R32 gives the best mix of COP (4.61) and volumetric cooling 

capacity (6,237 kJ/m3) for new R410A-class equipment; R448A and R449A work as close drop-in 

replacements for R404A in commercial refrigeration and cut GWP by 78-79%; and R1234yf has the 

lowest direct climate impact for centrifugal chiller use. 

Annual bin-method analysis for the Vilnius climate (LHMT 1991–2020 normals) shows that the 

seasonal efficiency penalty of switching from R410A to R32 is approximately 3–5%, while the TEWI 

reduction over a 15-year system lifetime reaches 2 tonnes CO₂eq. For the R404A→R448A transition 

in commercial refrigeration, the TEWI reduction exceeds 30 tonnes CO₂eq over the same period. A 

practical component recalculation case study (Chapter 5) confirms pressure compatibility and 

quantifies required adjustments for compressor, evaporator, and condenser sizing. 
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Santrauka 

Šiame darbe nagrinėjamas garinio kompresorinio aušintuvo šaldymo agento pakeitimas mažesnio 

visuotinio atšilimo potencialo (VAP / GWP) alternatyva. Python aplinkoje, naudojant „CoolProp 

7.2.0“, sukurtas ir patikrintas vienpakopio garinio kompresorinio ciklo modelis, kuriuo palyginti 

trylika šaldymo agentų iš keturių palaipsniui atsisakomų grupių tomis pačiomis darbo sąlygomis (−10 

°C garavimo / +40 °C kondensavimo). 

Kiekvienam uždraustam ar palaipsniui atsisakomam šaldymo agentui tyrime randama bent viena 

patvirtinta mažo VAP (GWP) alternatyva. Pagrindiniai rezultatai: R32 užtikrina geriausią COP (4,61) ir 

tūrinio aušinimo našumo (6 237 kJ/m³) derinį naujiems R410A klasės įrenginiams; R448A ir R449A 

tinka kaip tiesioginiai R404A pakaitalai komerciniame šaldyme ir sumažina VAP (GWP) 78–79 %; o 

R1234yf pasižymi mažiausiu tiesioginiu poveikiu klimatui išcentrinių aušintuvų atveju. 

Metinė duomenų grupavimo metodu paremta analizė, atlikta pagal Vilniaus regiono klimatą (LHMT 

1991–2020 m. normas), rodo, kad sezoninio efektyvumo sumažėjimas R410A pakeitus R32 yra 

maždaug 3–5 %, o TEWI sumažėjimas per 15 metų sistemos gyvavimo trukmę siekia 2 tonas CO₂ 

ekvivalento. Komercinio šaldymo sistemų perėjimo nuo R404A prie R448A atveju TEWI sumažėjimas 

viršija 30 tonų CO₂ ekvivalento per tą patį laikotarpį. Praktinis komponentų perskaičiavimo atvejo 

tyrimas (5 skyrius) patvirtina slėgio suderinamumą ir kiekybiškai įvertina reikalingus kompresoriaus, 

garintuvo ir kondensatoriaus dydžio koregavimus. 
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INTRODUCTION 

This thesis looks at refrigerant substitution in vapour-compression chiller systems and, as part 

of the wider project, how a digital twin of the chiller can be used to compare refrigerants. A 

digital twin is a virtual copy of a physical system that is kept up to date with live operating data, 

so it can be used for monitoring and for testing changes before they are made on the real 

machine [1, 2]. The system studied here is the Daikin EWAT115B-SSA1 air-cooled chiller 

together with Carisma fan coil units. 

The relevance of this research extends beyond pure technological implementation. The global 

phase-down of high global warming potential (GWP) refrigerants, driven by international 

environmental agreements such as the Kigali Amendment and domestic regulations like the 

EPA's American Innovation and Manufacturing (AIM) Act, has created an urgent need for 

intelligent system management [3]. Refrigerant selection and system optimization are no 

longer purely technical decisions but critical environmental and regulatory considerations. 

1.1 Research Background and Motivation 

This work builds on research the author carried out earlier during the study programme. That 

earlier work set up the digital twin model of the Daikin EWAT115B-SSA1 chiller running on R-

32, looked at the chiller's technical specification, and compared the fan coil units. This thesis 

extends it by adding the refrigerant comparison. 

The new part of this work is comparing different refrigerants in the same system. The HVAC-

R industry is being forced to move away from high-GWP refrigerants such as R-410A (GWP 

= 2,088) to lower-GWP options such as R-32 (GWP = 675), so a way to predict how the system 

behaves with each refrigerant is useful when planning that change [5, 6]. 

1.2 The Refrigerant Transition Challenge 

The refrigerant market is changing quickly. R-410A, which itself replaced R-22 because R-22 

damages the ozone layer, is phased out because of its high global warming potential [7]. R-

410A is a near-azeotropic 50/50 mixture of R-32 (difluoromethane) and R-125 (pentafluoro 

ethane); the R-125 is there mainly to suppress flammability [8]. The mixture has worked well 

for over twenty years, but its GWP is now too high for current and coming regulations. 

R-32 is one of the two components of R-410A and is now the main replacement in many 

applications. As a single-component HFC it has a few clear benefits [9, 10]. Its GWP of 675 is 

about 68% lower than R-410A's 2,088 [8]. It is more efficient, giving roughly 10-20% higher 

COP than R-410A [11, 12]. It needs about 40% less refrigerant mass for the same cooling 

capacity [9]. Because it is a single component rather than a blend, it is easier to recover, 

recycle and reuse [13]. And its GWP is below the EPA limit of 700 for most HVAC applications, 

so it remains usable in the long term [14, 15]. 

However, R-32 is classified as mildly flammable (A2L under ASHRAE Standard 34), which 

introduces new considerations for system design, installation, and operation [16]. This 

classification, while requiring adherence to updated safety protocols, has proven manageable 

in practice, with millions of R-32 systems operating safely worldwide [10]. 

The following table presents a comprehensive comparison of key refrigerant properties 

relevant to digital twin modelling and system optimization: 
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Table 1.1: Comparative Analysis of Common HVAC-R Refrigerants [8, 17] 

Parameter R-22 R-410A R-32 R-454B 

Global Warming 

Potential (100-year) 
1,810 2,088 675 466 

Ozone Depletion 

Potential 
0.055 0 0 0 

ASHRAE Safety 

Classification 
A1 A1 A2L A2L 

Composition Pure Blend (50/50) Pure Blend 

Relative Efficiency 

vs R-410A 
-5% to -10% Baseline +10% to +20% +5% to +10% 

Regulatory Status 

(2025+) 
Phased out Phase-down Compliant Compliant 

1.3 Why Refrigerant Selection is Critical for Digital Twin 

Systems 

The refrigerant affects almost every part of how a refrigeration system performs, so it is one 

of the most important things a digital twin model has to get right [19, 20]. In particular it affects 

the following. Efficiency: different refrigerants give different COP at the same conditions, and 

the COP can vary by 15-25% between them [21, 22]. Operating pressure: R-32 runs at roughly 

10-15% higher pressure than R-410A, which affects compressor design, piping and safety [8]. 

Heat transfer: properties such as thermal conductivity, viscosity and vapour density change 

how the heat exchangers perform and how much surface area is needed [19]. Compressor 

size: a refrigerant with higher vapour density needs a smaller compressor for the same 

capacity, which affects sizing and cost [20]. Energy use: efficiency changes with the 

refrigerant, the ambient conditions and the part-load operation, so each refrigerant needs its 

own settings. 

For digital twin applications, accurate refrigerant property modelling is essential because the 

virtual model must predict system behaviour across varying load conditions, ambient 

temperatures, and operational modes. A digital twin calibrated for R-410A cannot accurately 

predict R-32 system performance without fundamental model adjustments incorporating the 

new refrigerant's thermophysical properties [21]. 

1.4 Global Refrigerant Phase-Out Regulations 

The refrigerant industry has experienced three major regulatory transitions, each driven by 

environmental concerns: 
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Phase 1: CFC Phase-Out (1987-2010) — The Montreal Protocol, adopted in 1987, mandated 

the elimination of chlorofluorocarbons (CFCs) such as R-12 due to their severe ozone 

depletion potential (ODP). CFCs were replaced by hydrochlorofluorocarbons (HCFCs) like R-

22 as transitional alternatives [23, 24]. 

Phase 2: HCFC Phase-Out (1992-2030) — Recognizing that HCFCs still contained ozone-

depleting chlorine, the Montreal Protocol amendments mandated HCFC phase-out. 

Developed countries completed R-22 phase-out by 2020; developing countries have until 

2030 [23]. HCFCs were replaced by hydrofluorocarbons (HFCs) like R-410A and R-134a, 

which have zero ODP but high GWP. 

Phase 3: HFC Phase-Down (2016-2050) — The Kigali Amendment to the Montreal Protocol, 

adopted in 2016, established an ambitious HFC phase-down schedule to address climate 

change [24, 25]: 

• Developed countries: 85% cut below baseline by 2036, with the first reductions 

starting in 2019 [24]. 

• Most developing countries: consumption frozen in 2024, then an 85% cut by 2045 

[25]. 

• India, Pakistan, Iran and the Gulf states: consumption frozen in 2028, then an 85% 

cut by 2047 [25]. 

The Kigali Amendment is projected to prevent up to 0.5°C of global warming by 2100, 

representing one of the most significant climate mitigation achievements [24, 25]. The 

agreement has achieved near-universal adoption, with over 150 countries having ratified it as 

of 2025. 

1.4.1 United States AIM Act Implementation 

In the United States, the American Innovation and Manufacturing (AIM) Act of 2020 provides 

EPA authority to implement the Kigali Amendment commitments [3, 14]. Key provisions 

include: 

• Production and consumption caps: an 85% cut below baseline by 2036, with a 40% 

cut already in force for 2024-2028 [3]. 

• Technology Transitions Rule: GWP limits per sector that ban high-GWP refrigerants 

in new equipment. Most HVAC equipment is limited to GWP <= 700 from 1 January 

2025 [14, 15]. 

• Allowance allocation: yearly HFC production and import quotas issued as tradable 

allowances. 

• Equipment restrictions: a ban on making, importing and (after a sell-through period) 

installing equipment that uses restricted refrigerants. 

For the residential and light commercial HVAC sector—which includes the equipment 

analysed in this research—the January 1, 2025 implementation date means that R-410A 

(GWP = 2,088) can no longer be used in new equipment, necessitating transition to 

alternatives such as R-32 (GWP = 675) or R-454B (GWP = 466) [14, 15]. 
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1.5 Strategies for Refrigerant Replacement and System 

Adaptation 

The refrigerant change is both a problem and an opportunity for the industry. A digital twin can 

help with it in a few ways. 

1.5.1 Evaluation of Alternative Refrigerants 

Multiple low-GWP alternatives are available to replace R-410A, each with distinct 

characteristics [6, 17]: 

• R-32 (GWP = 675): a pure HFC with 10-20% better COP, already common in Asia 

and increasingly used in Europe and North America [9, 10]. 

• R-454B (GWP = 466): an HFC/HFO blend with performance close to R-410A but 

lower GWP, suitable as a near drop-in replacement. 

• R-452B (GWP = 698): an HFC/HFO blend aimed at heat pump use. 

• R-290 (propane, GWP = 3): a natural refrigerant with very good thermodynamic 

properties, but limited by flammability in large systems. 

Digital twins enable comparative analysis of these alternatives under site-specific conditions, 

allowing facility operators to evaluate performance, efficiency, safety considerations, and total 

cost of ownership before committing to equipment changes [1, 2]. 

1.5.2 Retrofit vs. Replacement Decision Support 

Existing R-410A systems face three potential pathways: 

• Keep running R-410A: existing equipment can still use R-410A for service, but supply 

will get tighter and more expensive as the production caps tighten [14]. 

• Retrofit with another refrigerant: usually not recommended, because of design 

incompatibility, safety issues (A2L refrigerant in equipment not built for it) and lower 

efficiency [13]. 

• Replace the whole system: install new equipment built for a low-GWP refrigerant, 

which gives better efficiency and meets the regulations long term. 

With a digital twin model, we can calculate the cost and environmental impact of each option. 

By modelling energy use, maintenance, refrigerant price and equipment life, it gives a cost 

comparison that covers both the up-front and the running costs. 

1.5.3 System Optimization for New Refrigerants 

When transitioning to R-32 or other alternatives, equipment operates under different 

thermodynamic conditions than R-410A systems. Digital twins enable: 

• Control settings: adjusting superheat and subcooling targets, expansion valve control 

and compressor staging for the new refrigerant. 

• Load analysis: checking performance under the building's real load pattern instead of 

just the rated point. 

• Fault detection limits: updating the diagnostic thresholds to match the new 

refrigerant's normal operating values. 

• Safety monitoring: for A2L (mildly flammable) refrigerants, adding leak detection and 

ventilation. 
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In this work the digital twin idea is shown on the Daikin EWAT115B-SSA1 chiller by comparing 

its real R-32 setup against a hypothetical R-410A version, to put numbers on what the 

refrigerant change gives. 

1.6 The Role of Digital Twins in Refrigerant Management 

A digital twin is a good place to manage a refrigerant change because it keeps a live virtual 

copy of the system. With it you can [1, 2]: simulate how the system behaves with a different 

refrigerant before changing anything; adjust operating settings for the refrigerant's properties; 

check whether a retrofit is worth it and what it costs; estimate the cut in greenhouse-gas 

emissions from a refrigerant change or efficiency improvement; and keep track of the 

regulatory reporting. 

1.9 Mechanical System Changes and Digital Twin Model 

Updates for Refrigerant Transitions 

1.9.1 Physical System Changes: Why Retrofit is Not Recommended 

Refrigerant makers and industry bodies clearly advise against retrofitting R-410A systems with 

R-32 or other A2L refrigerants [26, 27, 28]. The reasons are safety, compatibility and 

performance, and they cannot be solved by just swapping the refrigerant. 

Key Mechanical and System Changes Required in New R-32 Equipment: 

1. Safety Systems (A2L Compliance): R-32 systems require refrigerant leak detectors with 

automatic system shutdown, enhanced ventilation systems to prevent flammable atmosphere 

formation, modified electrical components with reduced spark potential, different pressure 

switch regimes for safety monitoring, and compliance with EN 378 refrigerant safety standard 

[26, 28]. 

2. Compressor Modifications: R-32 compressors must have higher discharge temperature 

tolerance (R-32 runs 10-15°C hotter than R-410A), reinforced seals and gaskets to handle 10-

15% higher operating pressures, different inverter control profiles optimized for R-32, and 

modified motor windings and thermal protection [27, 28]. 

3. Heat Exchanger Design: Heat exchangers in R-32 systems feature specially designed coil 

geometry optimized for R-32 thermophysical properties, different tube diameters and fin 

spacing, modified refrigerant circuitry to account for lower mass flow rates, and can operate 

with 40% less refrigerant charge for equivalent cooling capacity [9, 19]. 

4. Expansion Device Calibration: Thermostatic expansion valves (TXV) or electronic 

expansion valves (EEV) must be calibrated for R-32 flow characteristics, with different orifice 

sizing for capillary tube systems and adjusted superheat control algorithms [26]. 

5. Lubricant Compatibility: R-32 systems require POE oil variants specifically formulated for 

R-32, with different oil return characteristics necessitating modified piping design. These 

lubricants are incompatible with POE oils used in R-410A systems [27, 28]. 

6. Pressure Vessels and Piping: To accommodate higher operating pressures, R-32 

systems utilize thicker copper tubing, reinforced compressor shells, valves, and seals, plus 

updated pressure relief valves rated for R-32 conditions [28]. 
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Why can retrofitting fail? Trying to run R-410A equipment on R-32 causes several problems 

at once. It voids the manufacturer warranty and CE marking, breaks the refrigerant safety 

standards (EN 378, ASHRAE 34), creates insurance problems, wears the compressor faster 

because of the higher discharge temperature, puts an A2L refrigerant in equipment not rated 

for it, and runs inefficiently because the components no longer match [26, 27, 28]. 

1.9.2 Digital Twin Model Updates for New Refrigerants 

When transitioning a digital twin model from R-410A to R-32 refrigerant representation, 

comprehensive updates across all system models are required [29, 30, 31]. The following 

seven parameter categories must be systematically updated: 

1. Thermodynamic Property Libraries: Complete refrigerant saturation properties including 

pressure-temperature relationships, enthalpy and entropy tables, specific heat capacities for 

both liquid and vapor phases, and critical point parameters. Key differences include R-32 

critical temperature of 351.3 K versus R-410A's 344.5 K, and R-32 critical pressure of 5.78 

MPa versus R-410A's 4.90 MPa. Additionally, R-32 exhibits 25-30% higher vapor density, 

significantly affecting pressure drop calculations [8, 19]. 

2. Transport Properties: Thermal conductivity for both liquid and vapor phases, dynamic 

viscosity, and surface tension must be updated. These properties affect two-phase flow 

patterns and impact heat transfer coefficients by 10-20% [19, 31]. 

3. Compressor Performance Maps: Volumetric efficiency curves (R-32 typically 

demonstrates 5-8% higher efficiency), isentropic efficiency maps, power consumption 

characteristics, discharge temperature correlations (R-32 operates 10-15°C hotter), and mass 

flow rate versus pressure ratio relationships must all be recalibrated [6, 29]. 

4. Heat Exchanger Models: Two-phase heat transfer correlations specific to R-32, pressure 

drop coefficients, void fraction models for two-phase flow, heat transfer coefficient multipliers 

(R-32 typically achieves 15-20% better performance than R-410A), and superheat/subcooling 

target values require updating [19, 31]. 

5. Expansion Device Characteristics: Mass flow rate equations with R-32 specific discharge 

coefficients, critical pressure ratio, choked flow conditions, and valve opening characteristics 

for EEV systems must be modified [29]. 

6. Control System Parameters: Superheat control setpoints (typically 5-8°C for R-32 versus 

7-10°C for R-410A), subcooling targets, compressor staging algorithms, defrost cycle timing 

for heat pumps, and safety limit thresholds must be adjusted for the R-32 operating envelope 

[30]. 

7. System Performance Indicators: COP calculation algorithms must account for different 

thermodynamic efficiency characteristics, capacity degradation curves with ambient 

temperature, part-load performance characteristics, and energy consumption baselines 

require recalibration [29, 31]. 

1.9.3 Four-Phase Digital Twin Model Calibration Process 

Phase 1: Property Database Integration – Import REFPROP or CoolProp refrigerant 

property databases, validate thermodynamic cycle calculations against manufacturer data, 

and verify pressure-enthalpy diagram calculations [29]. 
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Phase 2: Component Model Updates – Recalibrate compressor performance maps using 

manufacturer R-32 performance data, update heat exchanger UA values based on R-32 heat 

transfer correlations and adjust expansion device models for R-32 flow characteristics [30, 

31]. 

Phase 3: Control Strategy Adaptation – Retune PID controller parameters for refrigerant-

specific response characteristics, update fault detection thresholds, and recalibrate sensor 

alarm limits [30]. 

Phase 4: Validation and Verification – Compare digital twin predictions against actual R-32 

system measurements, validate across the full operating envelope including varying ambient 

temperatures and load conditions, and achieve less than 5% prediction error for key 

performance indicators such as COP, cooling capacity, and power consumption [29, 31]. 

1.9.4 Multi-Refrigerant Digital Twin Architecture 

Modern digital twins can be designed with modular refrigerant property interfaces, enabling 

comparative analysis across multiple refrigerant options [29, 30]. This modular architecture 

consists of a core engine with switchable refrigerant property modules (supporting R-410A, R-

32, R-454B, and custom refrigerant imports), refrigerant-aware component models 

(compressor, evaporator, condenser, and expansion device), and refrigerant-specific control 

system tuning. 

The benefits of multi-refrigerant digital twins include: (1) comparative analysis to model the 

same physical system with different refrigerants, (2) retrofit feasibility assessment to predict 

performance changes before equipment purchase, (3) optimization to identify the best 

refrigerant for specific applications, (4) training to prepare operators for new refrigerant 

systems, and (5) what-if analysis to evaluate future refrigerant options. 

Advanced digital twins employ machine learning algorithms for continuous calibration, 

including Broad Learning System (BLS) algorithms for real-time parameter updates, Adaptive 

Domain Nelder-Mead methods for efficient calibration, and Particle Swarm Optimization for 

model parameter tuning. These techniques typically achieve prediction accuracy within 7-10% 

of measured values [30, 31]. 

This is shown here by modelling the Daikin EWAT115B-SSA1 chiller, which was built for R-

32, and comparing it against the same machine run on R-410A. The comparison shows what 

purpose-built R-32 equipment gains over a retrofit, which matches the general industry view 

that new equipment, not retrofitting, is the right way to change refrigerant. 

1.10 Research Objectives and Scope 

This work pursues the following specific objectives: 

Main aim: to build and check a digital twin of the chiller that can model more than one 

refrigerant, so it can be used to compare performance, plan a refrigerant change and check it 

meets the regulations. 

Secondary Objectives: 

• To expand the earlier digital twin model of the Daikin EWAT115B-SSA1 chiller to 

include comparative analysis of R-410A and R-32 refrigerant performance 
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• To quantify efficiency improvements, energy consumption reductions, and 

environmental benefits associated with R-32 adoption. 

• To develop methodologies for integrating refrigerant-specific thermodynamic 

properties into digital twin simulation engines 

• To demonstrate practical applications of digital twins in supporting facility 

management decisions regarding refrigerant selection and system optimization 

• To set out a practical way of using a digital twin given the changing environmental 

rules and standards. 

The work covers the thermodynamic modelling, the control system, the energy-efficiency 

analysis and the environmental impact. The main case study is the Daikin EWAT115B-SSA1 

air-cooled chiller (106 kW cooling, R-32) [4], with the Carisma fan coil units used for the 

system-level part [18]. 

1.11 Document Structure 

Following this introductory chapter, the thesis is organized as follows: 

Chapter 2 (Literature Review) reviews digital twin technology, refrigerant thermodynamics and 

the relevant regulations, and sets out what is already known and where the gaps are. 

Chapter 3: Methodology describes the research approach, including digital twin architecture 

design, thermodynamic modelling techniques, simulation platforms, data acquisition 

strategies, and validation procedures. 

Chapter 4: System Analysis and Digital Twin Development present detailed analysis of 

the Daikin EWAT115B-SSA1 chiller system, including component specifications, control 

system architecture, and the development of the digital twin model with multi-refrigerant 

capabilities. 

Chapter 5: Results and Discussion reports simulation results, comparative performance 

analysis between R-410A and R-32 configurations, energy efficiency evaluations, and 

environmental impact assessments. 

Chapter 6: (Conclusions and Recommendations) sums up the findings, what they mean 

for facility management, and what could be done next. 

Putting the digital twin and the refrigerant analysis together is useful for the industry, which 

has to deal with both the environmental rules and keeping systems running efficiently at the 

same time. 
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LITERATURE REVIEW AND THEORETICAL 

FRAMEWORK 

This chapter reviews the literature on digital twins, refrigeration system modelling and 

refrigerant selection, and sets out where this work fits and what gaps it addresses. 

2.1 Evolution and Conceptual Framework of Digital Twins 

2.1.1 Historical Development 

The concept of digital twins emerged from NASA's Apollo program in the 1960s, where 

physical simulators and mathematical models were used to mirror spacecraft systems on 

Earth [26]. The term was formally coined by Michael Grieves in 2002 during a presentation on 

Product Lifecycle Management at the University of Michigan [27]. Grieves proposed a 

conceptual model comprising three components: a physical product, a virtual product, and the 

connections between them. 

The widespread adoption of digital twin technology accelerated in the 2010s with the 

convergence of enabling technologies: Internet of Things (IoT) sensors, cloud computing 

infrastructure, big data analytics, and artificial intelligence [1, 2]. Gartner identified digital twins 

as one of the top 10 strategic technology trends in 2017, predicting that by 2021, half of large 

industrial companies would use digital twins, resulting in a 10% improvement in effectiveness 

[28]. 

2.1.2 Formal Definition and Taxonomy 

Grieves and Vickers [38] define a digital twin as a set of virtual information that fully describes 

a physical product, from the atomic level up to the geometry. More recent definitions describe 

digital twins as cyber-physical systems that keep a live virtual copy of a physical asset, with 

data flowing in both directions [1]. 

Tao et al. [39] describe a digital twin in five parts: the physical entities (the real equipment or 

process); the virtual entities (the models and algorithms); the services it provides, such as 

monitoring and prediction; the data linking the physical and virtual sides; and the connections, 

meaning the communication protocols and data pipelines. 

2.2 Digital Twin Applications in HVAC and Refrigeration 

Systems 

2.2.1 Building Energy Management Systems 

Digital twins have been used to cut building energy use. Hosamo et al. [43] built an HVAC 

digital twin framework (HVACDT) for a Norwegian office building that combined BIM data with 

IoT sensor feeds and used a neural network with a multi-objective genetic algorithm to cut 

summer cooling energy use by approximately 10–13%. 

Pan et al. [31] demonstrated digital twin applications in district heating systems, where 

predictive control strategies based on weather forecasting and occupancy patterns reduced 

peak demand by 18% while maintaining thermal comfort. Their implementation utilized 

machine learning algorithms to continuously refine system models based on operational data. 
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2.2.2 Chiller Plant Optimization 

Chen et al. [32] built a broad learning system (BLS) digital twin for chiller plant optimisation 

that predicted COP with R-squared = 0.98. It could update itself in real time, which fixes a 

known weakness of fixed physics-based models that cannot follow performance changes as 

equipment ages. 

Zhou and Zhu [33] combined convolutional neural networks (CNN), multi-layer perceptrons 

(MLP), and long short-term memory (LSTM) networks with particle swarm optimization to 

create a hybrid digital twin model for refrigeration COP prediction. Their model minimized 

differences between physical measurements and virtual predictions with errors below 7%, 

enabling predictive maintenance strategies that reduced unplanned downtime by 35%. 

2.2.3 Predictive Maintenance and Fault Detection 

ASHRAE Research Project RP-1043 [34] established baseline performance models for fault 

detection and diagnostics (FDD) in chillers and air handling units. The research identified that 

early fault detection through digital twin monitoring could prevent 60-80% of catastrophic 

equipment failures, with average cost savings of $12,000-$28,000 per avoided failure event. 

Li and Wen [35] developed automated fault detection algorithms for variable refrigerant flow 

(VRF) systems using digital twin technology. Their system detected refrigerant leakage (>10% 

charge loss), compressor degradation (>15% efficiency decline), and heat exchanger fouling 

(>20% UA reduction) with 92% accuracy and minimal false positive rates (<3%). 

2.3 Thermodynamic Modelling Approaches 

2.3.1 Physics-Based Models 

Physics-based models, also termed white-box models, establish system behaviour through 

fundamental thermodynamic principles. Domanski et al. [19] developed the CYCLE_D-HX 

simulation tool that incorporates detailed heat exchanger models with refrigerant transport 

properties. Their research demonstrated that neglecting transport properties (viscosity, 

thermal conductivity) in refrigerant performance evaluations can lead to 10-15% errors in COP 

predictions. 

The moving boundary method, developed by Rasmussen and Shenoy [36], provides dynamic 

modelling capabilities for vapor compression cycles. This approach divides heat exchangers 

into zones based on refrigerant phase (superheated vapor, two-phase, subcooled liquid), with 

boundaries that shift in response to operating conditions. Foliaco et al. [37] demonstrated 

normalized prediction residuals below 0.5% for water supply temperature and power 

consumption using this methodology. 

2.3.2 Data-Driven Models 

Data-driven models, classified as black-box approaches, learn system behaviour from 

operational data without explicit thermodynamic formulation. The DOE-2 chiller model [38], 

widely adopted in building energy simulation, employs polynomial regression to correlate COP 

with entering condenser water temperature, chilled water supply temperature, and part-load 

ratio: 

COP = COPrated × fT × fPLR 
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Gordon and Ng [39] built a grey-box chiller model based on the first and second laws of 

thermodynamics. It predicted performance to within 3-5% across different chiller types and 

conditions. 

2.3.3 Hybrid Modelling Approaches 

Hybrid models combine physics-based structures with data-driven parameter identification. 

Kim et al. [40] developed an adaptive domain Nelder-Mead (ADNM) calibration method that 

updates digital twin model coefficients in real-time, minimizing computational overhead while 

maintaining prediction accuracy. Their approach reduced calibration time from 45-60 minutes 

(traditional methods) to 3-5 minutes while achieving comparable accuracy. 

2.4 Refrigerant Selection and Thermodynamic Performance 

2.4.1 Impact on System Efficiency 

The refrigerant has a large effect on cycle performance. Xu et al. [6] compared R-410A and 

R-32 in vapour-injection heat pumps and found R-32 gave about 10% higher heating capacity 

and 9% higher COP at the same conditions. The reason is R-32's properties: about 30% higher 

vapour density, better heat transfer and lower viscosity. 

Elbel and Hrnjak [22] compared single and two-stage cycles for 14 pure refrigerants and 16 

azeotropic mixtures. Cyclopentane gave the highest COP (4.35 in the two-stage cycle), but 

flammability and availability limit its use. Of the practical refrigerants, R-32 came out as a good 

balance of efficiency, environmental impact and safety. 

2.4.2 Transport Property Effects 

Domanski et al. [19] showed that transport properties matter for heat exchanger performance. 

Low-pressure refrigerants such as R-134a and R-600a have large pressure drops because 

their vapour density is low, which can cancel out their other advantages. Higher-pressure 

refrigerants such as R-32 and R-410A have smaller temperature glides in the heat 

exchangers, which helps cycle efficiency. 

Their analysis revealed that R-32 achieves 15-20% higher heat transfer coefficients compared 

to R-410A in typical air-to-refrigerant coils, primarily due to enhanced nucleate boiling 

characteristics and reduced surface tension. These transport property advantages translate 

to smaller required heat exchanger surface areas (approximately 25% reduction) for 

equivalent thermal performance. 

2.4.3 Refrigerant Charge Optimization 

R-32's higher vapor density enables substantial refrigerant charge reduction. Daikin technical 

documentation [5] indicates that R-32 systems require approximately 40% less refrigerant 

mass compared to equivalent R-410A systems. This charge reduction provides multiple 

benefits: lower initial refrigerant costs, reduced environmental impact in the event of leakage, 

and simplified safety compliance for A2L refrigerant classifications. 

Palm [41] analysed optimal refrigerant charge in residential heat pump systems, 

demonstrating that COP variations of 8-12% occur with ±20% charge deviations from 

optimum. Digital twin systems incorporating charge optimization algorithms can maintain 

performance within 2-3% of optimum despite seasonal variations in outdoor conditions and 

system degradation over time. 
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2.5 Environmental Regulations and Policy Frameworks 

2.5.1 Montreal Protocol and Kigali Amendment 

The Montreal Protocol, established in 1987, successfully eliminated 99% of ozone-depleting 

substances (ODS) by phasing out CFCs and HCFCs [23]. The Kigali Amendment, adopted in 

2016, extended the Protocol's scope to address high-GWP HFCs. Velders et al. [42] project 

that full implementation of the Kigali Amendment will avoid 0.3-0.5°C of global warming by 

2100, with potential for additional 0.5°C avoidance through energy efficiency improvements 

during refrigerant transitions. 

The Kigali Amendment establishes differentiated phase-down schedules: developed countries 

achieve 85% reduction by 2036; most developing countries freeze consumption in 2024 and 

achieve 85% reduction by 2045; countries with unique circumstances (India, Pakistan, Iran, 

Gulf states) freeze consumption in 2028 and complete phase-down by 2047 [24, 25]. 

2.5.2 Regional Implementation Frameworks 

The European Union F-Gas Regulation (EU) 2024/573 [15] prescribes accelerated phase-

down timelines exceeding Kigali Amendment requirements, targeting complete HFC phase-

out by 2050. The regulation implements a quota system limiting HFC supply to one-fifth of 

2015 levels by 2030, creating market pressure for rapid adoption of low-GWP alternatives. 

The U.S. AIM Act [3] directs EPA to reduce HFC production and consumption by 85% by 2036, 

with intermediate milestones: 10% reduction by 2022, 40% by 2024, and progressive 

tightening thereafter. The Technology Transitions Rule [14, 15] establishes sector-specific 

GWP limits, with residential and light commercial HVAC equipment restricted to GWP ≤ 700 

effective January 1, 2025. 

2.6 Research Gaps and Study Positioning 

2.6.1 Multi-Refrigerant Digital Twin Architectures 

Existing digital twin implementations typically model systems with fixed refrigerant properties. 

Limited research addresses modular digital twin architectures capable of comparative analysis 

across multiple refrigerants. This capability is essential for: 

• Retrofit feasibility assessment before equipment replacement 

• Optimization of refrigerant selection for site-specific conditions 

• Evaluation of emerging low-GWP alternatives in existing system contexts 

2.6.2 Integration of Regulatory Compliance Monitoring 

Current digital twin frameworks focus primarily on operational optimization and predictive 

maintenance. Minimal attention has been directed toward embedding regulatory compliance 

monitoring—tracking refrigerant leak rates, documenting service activities, calculating total 

equivalent warming impact (TEWI), and generating automated compliance reports required 

under evolving regulations. 

2.6.3 Lifecycle Environmental Impact Assessment 

While research extensively documents direct GWP comparisons between refrigerants, 

comprehensive lifecycle analysis integrating indirect emissions (energy consumption) with 
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direct emissions (refrigerant leakage) remains underdeveloped in digital twin contexts. Digital 

twins provide ideal platforms for real-time TEWI calculation and optimization strategies that 

balance environmental impact with operational efficiency. 

2.6.4 Study Contribution 

This work tries to fill those gaps by: 

• Developing a modular digital twin architecture supporting multiple refrigerant 

configurations 

• Demonstrating comparative performance analysis methodology for R-410A versus R-

32 in identical system context 

• Quantifying efficiency improvements, energy consumption reductions, and 

environmental benefits of R-32 adoption through digital twin simulation 

• Establishing practical framework for digital twin-enabled refrigerant transition 

planning 

The investigation utilizes the Daikin EWAT115B-SSA1 air-cooled chiller (106 kW, R-32 

refrigerant) and Carisma CRC/CRR fan coil units as case studies, providing empirical 

validation of theoretical frameworks and demonstrating practical implementation pathways. 

2.8 Digital Twin Development Tools and Platforms 

Building a digital twin needs several software tools, computing platforms and ways of getting 

data. This section reviews those tools. 

2.8.1 Simulation and Modelling Environments 

MATLAB/Simulink provides comprehensive capabilities for dynamic system modelling and 

control algorithm development. The Simscape library offers specialized components for 

thermal-fluid systems, including refrigeration cycles, heat exchangers, and compressors [44]. 

MATLAB's optimization toolbox enables parameter identification and model calibration 

through algorithms such as genetic algorithms, particle swarm optimization, and sequential 

quadratic programming. 

Ziviani et al. [45] built a vapour-compression cycle model in MATLAB that predicted COP and 

capacity to within 3-5% over a range of conditions, using compressor maps, heat exchanger 

models and refrigerant property correlations. 

Modelica/Dymola uses object-oriented, equation-based modelling, which suits physical 

systems with several domains. The ThermoCycle library [46] provides tested components for 

Rankine cycles and heat pumps. Because Modelica is acausal, components can be built 

separately and then connected into a full system. 

EnergyPlus serves as the primary building energy simulation platform developed by the U.S. 

Department of Energy [47]. While primarily focused on whole-building analysis, EnergyPlus 

integrates detailed HVAC system models including chillers, cooling towers, and distribution 

networks. Its co-simulation capabilities through the Building Controls Virtual Test Bed 

(BCVTB) enable integration with external control systems and digital twin frameworks. 

TRNSYS (Transient System Simulation) excels in solar thermal and renewable energy 

system analysis but extends to conventional HVAC applications [48]. The modular Type 
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structure allows custom component development, facilitating refrigeration system modelling 

with specialized refrigerant properties and control strategies. 

2.8.2 Refrigerant Property Libraries 

REFPROP, made by NIST, is the most complete refrigerant property database [40]. It uses 

Helmholtz energy equations of state and reaches uncertainties below about 0.1% in density 

and 0.5% in heat capacity for well-studied fluids. 

REFPROP is fast (under about 0.1 ms per property call), so it can be used in real-time 

simulation. It includes transport properties (viscosity, thermal conductivity, surface tension), 

which are needed for heat transfer, and supports 147 pure fluids and set mixtures, plus user-

defined blends. 

CoolProp offers an open-source alternative with interfaces to Python, MATLAB, Excel, and 

C++ [50]. While maintaining accuracy comparable to REFPROP for common refrigerants 

(differences typically <1%), CoolProp's open architecture facilitates integration into custom 

digital twin platforms without licensing constraints. Bell et al. [50] demonstrated CoolProp's 

suitability for engineering applications requiring refrigerant property evaluations with 

computational efficiency suitable for optimization and control algorithms. 

Other libraries: the Modelica Media library gives standard interfaces for fluid properties, and 

ASHRAE's HVAC1 Toolkit provides tested routines for psychrometrics and cycle analysis that 

follow ASHRAE standards. 

2.8.3 Data Acquisition and IoT Integration 

Getting data from the physical side to the digital side is the basis of a digital twin. Refrigeration 

systems use various sensors and communication protocols to keep the two sides in step. 

Building Automation Protocols: 

• BACnet (Building Automation and Control Networks): ASHRAE Standard 135, an 

object-oriented protocol for building automation. BACnet/IP runs over TCP/IP, which 

suits cloud-based platforms [51]. 

• Modbus RTU/TCP: a common serial and Ethernet protocol used in chiller controllers, 

variable frequency drives and energy meters. 

• OPC UA: a platform-independent, service-oriented architecture for secure data 

exchange between different systems. 

Edge computing: devices such as Raspberry Pi, Arduino and industrial IoT gateways do some 

processing locally before sending data to the cloud. This lowers latency, which matters for 

control, and reduces the bandwidth needed. Typical update rates of 10-100 ms are fast 

enough for refrigeration [52]. 

Sensor Technologies: 

• Temperature: RTDs (+/-0.1 °C), thermocouples (+/-0.5 °C), and infrared sensors for 

surfaces. 

• Pressure: piezoelectric transducers (+/-0.25% full scale) and strain-gauge sensors on 

the refrigerant side. 

• Flow rate: ultrasonic meters (+/-1%), magnetic flowmeters on the water side, and 

Coriolis meters for refrigerant mass flow (+/-0.1%). 
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• Power: three-phase power meters with harmonic analysis, which allow COP to be 

worked out in real time. 

2.8.4 Cloud Platforms and Digital Twin Services 

Commercial cloud platforms increasingly offer specialized digital twin services: 

Azure Digital Twins (Microsoft) provides spatial graphs for building-level digital twins. With 

Azure IoT Hub it handles device management and data at scale and supports custom 

equipment models and analytics through Azure Stream Analytics [53]. 

AWS IoT TwinMaker (Amazon Web Services) enables creation of digital twins incorporating 

data from multiple sources. Integration with AWS Lambda enables serverless computing for 

model execution, while Amazon S3 provides time-series data storage suitable for long-term 

performance trending [54]. 

ThingWorx (PTC) specializes in industrial IoT and augmented reality integration for digital 

twins. The platform's mashup builder facilitates rapid development of monitoring dashboards 

and control interfaces suitable for refrigeration system management. 

2.8.5 Machine Learning Frameworks 

Advanced digital twins increasingly incorporate machine learning for model adaptation and 

optimization: 

TensorFlow/Keras enable development of neural network models for chiller performance 

prediction, fault detection, and control optimization. Zhou and Zhu [33] demonstrated CNN-

LSTM hybrid models achieving COP prediction errors below 5% through TensorFlow 

implementation. 

Scikit-learn provides standard machine learning methods (random forests, support vector 

machines, gradient boosting) for fault classification and anomaly detection and is light enough 

to run on edge hardware. 

Broad Learning System (BLS) offers rapid training and incremental learning capabilities 

particularly suited for digital twin applications. Chen et al. [32] achieved R² = 0.98 for chiller 

COP prediction with training times orders of magnitude faster than deep learning approaches, 

enabling frequent model updates as system characteristics evolve. 

2.11 Industry Case Studies and Practical Implementations 

This section looks at real cases where digital twins or refrigerant transitions were used, to see 

the benefits and the problems in practice. 

2.11.1 Large-Scale Chiller Plant Optimization 

Case study: Singapore commercial complex 

real-time control balancing energy use, comfort and equipment wear. 

• Integration with legacy BACnet controllers lacking native cloud connectivity 

• Development of physics-based models calibrated against 12 months of operational 

data 

• real-time control balancing energy use, comfort and equipment wear. 
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Results: the digital twin saved 12.3% energy (about 1,850 MWh a year) while keeping zone 

temperatures within +/-0.5 °C of setpoint. It also spotted cooling-tower fouling about three 

weeks before it would have shown up in normal monitoring. The cost was paid back in 18 

months including development and installation [55]. 

2.11.2 R-32 Transition in European Residential Sector 

Case study: Daikin European market 

Daikin Europe recorded the change of residential split systems from R-410A to R-32 in 15 

European markets between 2013 and 2020 [56], covering over 2 million installed systems, 

which gave a lot of real-world data on R-32. 

Key Findings: 

• Efficiency: field-measured seasonal COP rose 8-15% over the equivalent R-410A 

models, with the biggest gains in heating and in mild climates. 

• Safety: no incidents linked to R-32 flammability were reported across the installed 

base, which supports the A2L safety rating when the equipment is installed correctly. 

• Environment: an estimated 3.2 million tonnes of CO2-equivalent saved over the 

period, counting both refrigerant and energy. 

• Acceptance: user satisfaction matched or beat the R-410A models, and 72% of 

surveys noted lower noise. 

2.11.3 Supermarket Refrigeration Digital Twin 

Case study: Danfoss retail platform 

Danfoss built a digital twin platform for supermarket refrigeration, with trials in over 150 stores 

in Scandinavia [57]. It combined: 

• real-time monitoring of over 2,000 points per store (compressor performance, case 

temperatures, door openings, ambient conditions); 

• Machine learning algorithms for demand prediction based on historical patterns and 

external factors (weather, promotions, holidays) 

• Automated fault detection identifying 87% of failures 24-72 hours before service call 

would traditionally occur 

Refrigerant management: the platform estimated refrigerant charge indirectly (from superheat 

and efficiency trends) and worked out leak rates. It also generated the reports required under 

the EU F-Gas Regulation, saving an estimated 40 hours a year per site. 

Results: average energy use fell 18%, refrigerant losses fell 65% and unplanned maintenance 

calls fell 52%. Payback was 24-36 months depending on store size and starting efficiency. 

2.11.4 Industrial Process Cooling with Natural Refrigerants 

Case study: ammonia heat pump for district heating 

A 16 MW industrial heat pump utilizing ammonia (R-717) as refrigerant was implemented in 

Drammen, Norway, recovering waste heat from fjord seawater for district heating [58]. While 

employing a natural refrigerant rather than HFC alternatives, the project demonstrates digital 

twin applications in large-scale refrigeration systems and provides comparative context for 

environmental impact assessment. 
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The system used a digital twin to: 

• set the heat-source and heat-delivery temperatures from the district heating demand 

in real time; 

• Coordination with electricity market pricing to shift operation to low-cost periods while 

meeting thermal storage constraints 

• Predictive control accounting for 48-hour weather forecasts and building thermal 

inertia 

Results: the Drammen plant (commissioned 2011) is an ammonia heat pump of about 15 MW 

that draws heat from fjord seawater and delivers around 67 GWh of heat per year to roughly 

60,000 people, raising district water to about 90 °C. It is a natural-refrigerant district-heating 

system rather than a digital-twin case; it is included here only as context for low-GWP 

refrigerant use [42]. 

2.11.5 Data Center Cooling Optimization 

Case study: Google data centre 

Google implemented machine learning-enhanced digital twins across its data center portfolio, 

achieving significant cooling energy reductions [59]. While not exclusively focused on 

refrigeration equipment, the implementation demonstrates advanced digital twin capabilities 

applicable to chiller plant optimization. 

Technical Approach: 

• Neural network models trained on historical data (temperature, power consumption, 

cooling load) 

• Recommendation engine suggesting optimal chiller sequencing, condenser water 

temperature setpoints, and cooling tower fan speeds 

• Continuous learning with model retraining as system characteristics evolve 

Results: in the original work this was a machine-learning controller (not a digital twin). It cut 

the energy used for cooling by about 40%, which corresponded to roughly a 15% reduction in 

overall power usage effectiveness (PUE) [41]. 

2.11.6 Lessons Learned and Implementation Barriers 

Analysis of implemented case studies reveals common success factors and persistent 

challenges: 

Critical Success Factors: 

• Data quality: the successful projects all relied on good, well-calibrated sensor 

networks. 

• People: operators, maintenance staff and occupants need training and clear 

information on what the digital twin can and cannot do. 

• Time: the models need 6-12 months of operating data before they reach the target 

accuracy. 

• Integration: retrofits are harder than new builds and often need protocol converters 

and middleware. 

Persistent Barriers: 
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• Cost: sensors, software licences and integration labour usually cost $15,000-$75,000 

for a commercial chiller plant, which raises payback questions. 

• Cybersecurity: cloud connections add risk and need proper security. 

• Skills: a working digital twin needs knowledge of thermodynamics, controls and data 

science together, which facility teams do not always have. 

• Upkeep: the model needs recalibrating as the equipment ages and operation 

changes, so it needs ongoing support. 

These case studies validate theoretical predictions of digital twin benefits while highlighting 

practical implementation considerations relevant to this research's focus on refrigeration 

system optimization and refrigerant transition support. 

2.7 Theoretical Framework Summary 

This review establishes a few things: 

• Digital twins are cyber-physical systems with two-way data flow between the real 

asset and the model, used for monitoring, prediction and optimisation. 

• There are three modelling approaches: physics-based, data-driven and hybrid, each 

with its own strengths; the best implementations mix them. 

• The refrigerant's thermodynamic and transport properties, plus charge, set the 

system efficiency; R-32 gives 10-20% better COP than R-410A because of its 

properties. 

• The phase-down of high-GWP HFCs forces a move to alternatives, and a digital twin 

helps with the compliance and the planning. 

• The main gaps are multi-refrigerant digital twins, built-in compliance monitoring, and 

lifecycle environmental assessment. 
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RESEARCH METHODOLOGY 
This chapter sets out the method used to build and check a multi-refrigerant digital twin of 

the Daikin EWAT115B-SSA1 chiller. The method combines physics-based thermodynamic 

models with data-driven calibration so that R-410A and R-32 can be compared. The work 

follows six steps: characterising the system, designing the digital twin, modelling the 

components, adding the refrigerant properties, calibrating the model, and validating it. 

3.1 Research Design and Overview 

3.1.1 Research Questions 

Three research questions guide the method: 

RQ1: Multi-Refrigerant Digital Twin Architecture Design – What architectural framework 

enables a digital twin to model refrigeration systems with multiple refrigerant configurations 

while maintaining accuracy, computational efficiency, and practical implement ability? 

This question matters because of the ongoing refrigerant change driven by the Kigali 

Amendment and rules such as the AIM Act [3, 14, 15]. Operators need a way to test 

alternative refrigerants in their own system before buying new equipment, and most existing 

digital twins use fixed refrigerant properties, which does not allow that. 

RQ2: Quantitative R-410A vs R-32 Performance Differences – What are the quantifiable 

differences in system performance, energy efficiency, and environmental impact when 

comparing R-410A and R-32 refrigerants in identical system configurations? 

This question directly addresses the practical considerations facing HVAC-R professionals 

as R-410A phase-out accelerates. While laboratory studies have documented refrigerant 

performance differences under controlled conditions [6, 11, 12], digital twin simulation 

enables evaluation across realistic operating profiles including part-load conditions, ambient 

temperature variations, and transient behaviours that significantly impact real-world 

performance. 

RQ3: Calibration Methodologies with Limited Data – How can digital twin models be 

effectively calibrated when operational data availability is constrained by sensor limitations, 

data acquisition intervals, or proprietary controller restrictions? 

Practical digital twin implementation frequently encounters data scarcity challenges. Building 

management systems may provide only aggregate performance metrics rather than detailed 

component-level measurements. This research develops calibration methodologies suitable 

for realistic data constraints while maintaining prediction accuracy sufficient for operational 

decision-making, adapting approaches from recent digital twin research [29, 30, 31]. 

3.1.2 Six-Phase Research Approach 

The methodology employs a structured six-phase approach designed to systematically 

address the research questions while ensuring rigor, reproducibility, and practical relevance: 

Step 1. (system characterisation and data collection) builds an understanding of the chiller 

from its technical documentation and operating data, and sets the boundary conditions. This 

gives the basis for the model by recording the system's specification, operating parameters 

and performance. 

Step 2. (Digital Twin Architecture Design) develops the conceptual and technical framework 

for multi-refrigerant modelling capability. This includes defining the five-layer architecture 
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adapted from Tao et al. [29] comprising physical entity, data acquisition, virtual entity, 

services, and user interface layers. The architecture establishes modular component 

structures that enable refrigerant property substitution and designs data flow pathways 

ensuring bidirectional synchronization between physical and virtual systems. 

Step 3. (component modelling) builds physics-based models of each main component 

(compressor, evaporator, condenser, expansion valve) from thermodynamics, heat transfer 

correlations and fluid dynamics. The models use refrigerant-specific properties but stay 

general enough to work with different refrigerants, following the approach in the refrigeration 

modelling literature [19, 22, 29]. 

Step 4. (refrigerant property integration) connects the component models to the property 

database, sets up fast property lookups for real-time use, and handles edge cases that come 

up in transient conditions. CoolProp is the main property source because it covers the 

refrigerants needed and is accurate [50]. 

Step 5. (calibration) adjusts the model parameters (compressor efficiency multipliers, heat 

exchanger UA values, pressure-drop coefficients) so the predictions match the measured 

performance. I use the Adaptive Domain Nelder-Mead (ADNM) method because it is efficient 

and can run on an embedded system, as in recent HVAC digital twin work [30]. 

Phase 6: Validation and Comparative Analysis verify model accuracy through comparison 

against independent validation datasets, assesses prediction uncertainty through Monte 

Carlo analysis, and executes comparative simulations evaluating R-410A versus R-32 

performance across representative operating conditions. 

This structured approach ensures systematic progression from fundamental system 

understanding through validated predictive capability, with each phase building upon the 

outputs of preceding phases while maintaining clear traceability of assumptions, limitations, 

and uncertainties. 

3.2 System Characterization 

3.2.1 Target System Specifications 

The Daikin EWAT115B-SSA1 air-cooled chiller serves as the primary case study for digital 

twin development and validation [5]. This system was selected based on several strategic 

criteria: comprehensive technical documentation availability enabling detailed model 

development, R-32 refrigerant operation providing direct relevance to contemporary 

refrigerant transition challenges, representative capacity suitable for commercial building 

applications, and advanced control system offering data acquisition capabilities essential for 

digital twin synchronization. 

The system's key specifications establish the baseline parameters for model development: 

Cooling Performance Characteristics: 

• Rated cooling capacity: 106 kW at standard ARI conditions (12°C/7°C chilled water, 

35°C ambient) 

• Energy Efficiency Ratio (EER): 2.804 (ratio of cooling capacity to electrical power 

input) 

• Seasonal Energy Efficiency Ratio (SEER): 4.12 (weighted average efficiency across 

typical seasonal conditions) 
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• Operating envelope: chilled-water supply 5-15 °C; ambient -10 °C to +46 °C. 

Refrigerant Circuit Design: 

• Refrigerant: R-32 (difluoromethane, CH2F2). 

• Global Warming Potential: 675 (100-year time horizon) [8] 

• Charge: about 12.5 kg, roughly 40% less than the equivalent R-410A system [9]. 

• Compressor: hermetic scroll with inverter-driven variable capacity. 

• Pressures: evaporating 0.8-1.2 MPa; condensing 2.5-4.2 MPa. 

Heat Exchange Equipment: 

1. Evaporator: brazed plate heat exchanger, stainless steel. 

2. Condenser: microchannel coil with aluminium fins, built for R-32. 

3. Heat transfer area: evaporator 12.4 m2; condenser 48.6 m2. 

4. Expansion device: electronic expansion valve (EEV), stepper motor, 500-step resolution. 

Water-Side Characteristics: 

1. Design water flow rate: 5.630 kg/s (20.3 m³/h) 

2. Temperature difference (ΔT): 5°C (12°C inlet, 7°C outlet at rated conditions) 

3. Water-side pressure drops: 41.9 kPa at design flow rate 

4. Connections: DN 50 (2 inch) flanged. 

Control System Architecture: 

1. Controller: Daikin MicroTech III. 

2. Communication: BACnet/IP and Modbus TCP/IP. 

3. Control inputs: 16 digital, 8 analog (temperature, pressure, flow sensors) 

4. Control outputs: compressor VFD, EEV position, condenser fan staging. 

5. Data logging capability: 10-second intervals for key operational parameters 

6. Remote access: Ethernet for cloud-based data. 

Electrical Specifications: 

1. Power input at rated conditions: 37.80 kW 

2. Voltage: 400V, 3-phase, 50 Hz 

3. Current draw: 65 A at full load 

4. Power factor: 0.88 (compensated to >0.95 with integrated capacitors) 

These specifications set the boundary conditions, the operating limits and the performance 

targets for the model and its validation. Because the data for this system is fairly complete, 

the components can be modelled in detail, and the control system gives the live data needed 

to keep the digital twin in step. 
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3.2.2 Data Sources and Acquisition Methodology 

Digital twin development and validation require integration of data from multiple sources, 

each contributing distinct information types essential for comprehensive model development: 

Technical Documentation Sources: 

The manufacturer's data gives the basic design parameters: component sizes, heat transfer 

areas, the refrigerant circuit and the rated performance [5]. The Daikin EWAT115B-SSA1 

datasheet has performance curves for different ambient temperatures and chilled-water 

setpoints, which are used to check the model across the operating range. The manuals give 

the control logic, safety interlocks and operating sequences used in the dynamic model. 

Compressor manufacturer data provide volumetric efficiency and isentropic efficiency 

correlations as functions of pressure ratio and operating frequency. Heat exchanger design 

specifications document tube diameters, fin spacing, circuitry configuration, and surface 

coatings. For the brazed plate evaporator, this includes plate geometry and flow channel 

dimensions. For the microchannel condenser, specifications include port dimensions, tube 

length, fin density, and air-side face velocity at design airflow rates. 

Operational Data Acquisition: 

The MicroTech III controller serves as the primary source of operational data, logging 

system parameters at 10-second intervals. Accessible data points include: 

1. Compressor: frequency, current, discharge temperature and pressure. 

2. Evaporator: inlet/outlet water temperatures, refrigerant saturation temperature, 

superheat. 

3. Condenser: refrigerant saturation temperature, subcooling, ambient temperature, fan 

speed. 

4. Expansion valve: step position and calculated mass flow. 

5. System: cooling capacity, power, COP, runtime. 

Data acquisition utilizes BACnet/IP protocol communication between the MicroTech III 

controller and a dedicated data logging server. The Building Automation System integration 

point enables remote data access through standard API queries, facilitating automated data 

retrieval for digital twin synchronization. 

Data quality assurance procedures address common challenges in operational data 

collection: 

1. Sensor checks: temperature sensors checked against reference thermometers. 

2. Missing data: gaps under 5 minutes filled by linear interpolation; longer gaps left out 

of the calibration data. 

3. Outliers: values more than three standard deviations from the rolling average are 

flagged. 

4. Steady state: startups and load changes are found and removed from the steady-

state data using rate-of-change limits. 

Refrigerant Property Database: 
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R-32 and R-410A properties come from the CoolProp library [50], which uses accurate 

equations of state. CoolProp gives the thermodynamic properties (pressure, temperature, 

enthalpy, entropy, density, specific heat), the transport properties (thermal conductivity, 

viscosity, Prandtl number), surface tension for two-phase modelling, and the saturation and 

critical-point data. 

CoolProp's accuracy is documented [50]: density to better than 0.1% (liquid) and 0.3% 

(vapour), enthalpy to better than 0.5%, and transport properties to within 2-5%, which is fine 

for engineering work. It is also fast enough for real-time simulation. 

Environmental and Operational Context Data: 

Weather data from local meteorological stations provide ambient conditions (dry-bulb 

temperature, relative humidity, barometric pressure) at 15-minute intervals. This data 

enables correlation of system performance with environmental factors and validation of 

model predictions under varying outdoor conditions. 

Building load profiles are estimated through water-side energy balance calculations (mass 

flow rate × specific heat × temperature difference) providing independent verification of 

cooling capacity separate from refrigerant-side calculations. Discrepancies between 

waterside and refrigerant-side capacity calculations (typically 3-7% due to sensor 

uncertainties) inform uncertainty quantification in model validation. 

3.3 Digital Twin Architecture 
The digital twin uses a five-layer structure based on Tao et al. [29] and adapted for 

refrigeration with several refrigerants. The layers separate the physical system, the data 

management, the simulation engines, the analysis services and the user interface, while 

keeping the two-way data flow needed for a live digital twin [1, 2, 29]. 

3.3.1 Five-Layer Architectural Framework 

Layer 1: Physical Entity Layer 

The physical layer is the actual Daikin EWAT115B-SSA1 chiller and its sensors. It is the 

reference the digital twin checks itself against and updates from. 

Physical components include the hermetic scroll compressor with inverter drive enabling 

variable capacity modulation from 25-100% of rated capacity. The compressor operates 

under closed-loop control maintaining suction superheat within target ranges (typically 5-8°C 

for R-32) while avoiding liquid slugging that could damage the compression mechanism. 

The brazed plate evaporator transfers heat from chilled water to refrigerant, with 12.4 m² of 

heat transfer surface area arranged in counterflow configuration. Refrigerant enters as low-

quality two-phase mixture and exits as superheated vapor, while water enters at 

approximately 12°C and exits at 7°C under design conditions. 

The microchannel condenser rejects heat to ambient air through 48.6 m² of enhanced 

surface area. R-32 enters as superheated vapor from the compressor, condenses to 

saturated liquid, and exits with 3-5°C subcooling. Variable-speed fans modulate airflow from 

40-100% maintaining condensing pressure within acceptable ranges. 

The electronic expansion valve regulates refrigerant flow into the evaporator, maintaining 

target superheat through proportional-integral-derivative (PID) control. The 500-step stepper 

motor enables precise flow modulation responding to changes in cooling load and ambient 

conditions. 
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Sensor instrumentation comprises temperature sensors (RTD Pt100 elements) at key state 

points with ±0.2°C accuracy, pressure transducers measuring suction pressure (0-2 MPa 

range) and discharge pressure (0-5 MPa range) with ±0.5% full-scale accuracy, magnetic 

flowmeter on water circuit (0-30 m³/h range, ±1.0% accuracy), and three-phase power meter 

with ±0.5% accuracy. 

Communication infrastructure utilizes BACnet/IP protocol over Ethernet, providing 

deterministic data transmission suitable for control applications while enabling integration 

with building automation systems and cloud-based digital twin platforms [51]. 

Layer 2: Data Acquisition and Management Layer 

This layer handles the two-way data flow between the chiller and the simulation. It uses edge 

computing, doing some processing locally before sending data to the cloud to cut latency 

and bandwidth. 

The BACnet/IP gateway serves as the primary interface, translating between the chiller's 

native communication protocol and standard web services. The gateway performs protocol 

translation, data buffering (storing up to 48 hours of operational data locally), preliminary 

analytics (calculating derived parameters such as COP, capacity, superheat/subcooling from 

raw sensor measurements), and security enforcement (implementing authentication, 

encryption, and access control for remote connections). 

A time-series database stores operational data with configurable retention policies. High-

frequency data (10-second intervals) is retained for 30 days enabling detailed transient 

analysis, while down sampled data (5-minute averages) is retained indefinitely for long-term 

trending and seasonal performance evaluation. 

Data preprocessing algorithms address common data quality issues: outlier detection 

identifies anomalous measurements, missing data imputation uses linear interpolation for 

short gaps (less than 5 minutes) with exclusion markers for longer gaps, and sensor drift 

correction implements automatic bias adjustment when redundant measurements diverge 

beyond threshold tolerances. 

Layer 3: Virtual Entity (Simulation) Layer 

The virtual entity layer implements the thermodynamic simulation models that constitute the 

computational core of the digital twin. This layer executes in MATLAB/Simulink environment, 

providing robust numerical solvers and extensive component libraries suitable for thermal 

system modelling [44, 45]. 

The simulation architecture employs modular component models connected through 

standardized interfaces (pressure, temperature, enthalpy, mass flow rate) that enable 

component substitution without modifying overall system structure. Each component model 

includes initialization of geometry and control parameters, calculation of component outputs 

given current inputs and internal state, and access to refrigerant-specific thermophysical 

properties. 

The refrigeration cycle integration model orchestrates component interactions, enforcing 

fundamental conservation principles: mass conservation (refrigerant mass flow rate identical 

through all components in steady state), energy conservation (enthalpy changes match heat 

transfer and work input/output), and momentum conservation (pressure changes reflect fluid 

acceleration and friction losses). 

Layer 4: Services and Analytics Layer 
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This layer implements higher-level functions built upon the simulation engine, providing 

decision support tools for facility operators and building energy managers. 

The monitoring dashboards show the current state and compare measured against predicted 

performance to spot problems. They track instantaneous COP (measured vs predicted), 

cooling capacity, compressor efficiency, heat exchanger effectiveness and power. 

The predictive part uses past data to forecast the load over the next 4-24 hours, to track 

gradual changes such as fouling or refrigerant loss, and to schedule maintenance by 

weighing cost against failure risk, following building-energy digital twin work [30, 31, 32]. 

Comparative refrigerant analysis enables side-by-side evaluation of R-410A and R-32 

performance using identical load profiles and boundary conditions. Analysis outputs include 

efficiency comparison (COP difference across operating envelope), energy consumption 

(annual energy use and cost implications), environmental impact (direct emissions from 

refrigerant leakage and indirect emissions from power generation), and total equivalent 

warming impact (TEWI) combining direct and indirect CO₂-equivalent emissions. 

Optimization algorithms determine control setpoints maximizing efficiency while maintaining 

comfort requirements, including chilled water supply temperature optimization balancing 

parasitic pump power against chiller efficiency, condenser fan speed optimization minimizing 

total fan and compressor power consumption, and load sequencing for multi-chiller 

installations determining optimal chiller staging. 

Layer 5: User Interface Layer 

The user interface layer provides intuitive access to digital twin capabilities for diverse 

stakeholder groups (facility managers, energy analysts, maintenance technicians) with 

varying technical backgrounds and information needs. 

Web-based visualization employs responsive design principles ensuring accessibility from 

desktop workstations, tablets, and smartphones. The dashboard framework provides real-

time system schematic (animated refrigeration cycle diagram showing refrigerant state at 

each component), performance trending (configurable time-series plots displaying historical 

data and predictive forecasts), scenario comparison tools (side-by-side comparison of 

different refrigerant configurations or control strategies), and alert management (notification 

system for performance anomalies and predictive maintenance recommendations). 

Historical trend analysis enables long-term performance evaluation including energy 

consumption patterns (daily, weekly, monthly, and seasonal aggregations), efficiency 

degradation tracking (gradual changes in COP indicating fouling or component wear), and 

weather correlation analysis (system performance relationships with outdoor conditions 

informing capacity planning). 

Compliance reporting generates automated documentation required under refrigerant 

regulations: refrigerant inventory tracking (charge amount, additions, recovery during 

service), leak rate calculations (annual leakage percentage), TEWI calculations (total 

equivalent warming impact), and service activity logs (maintenance events, refrigerant 

handling, compliance certifications). 

3.3.2 Multi-Refrigerant Implementation Strategy 

The digital twin architecture incorporates modular design principles enabling comparative 

analysis across multiple refrigerants without duplicating entire simulation models. This 
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capability addresses Research Question 1, establishing the technical foundation for 

refrigerant transition support. 

Refrigerant Property Abstraction Layer: 

A standardized property interface defines methods that all refrigerant objects must 

implement, including saturation pressure for given temperature, saturation temperature for 

given pressure, specific enthalpy, specific entropy, density (liquid or vapor phase), dynamic 

viscosity, thermal conductivity, specific heat capacity, and Prandtl number. 

This abstraction enables component models to request properties without knowledge of 

underlying implementation details or specific refrigerant identity. The property interface can 

be implemented using different backends: CoolProp library (open-source, extensive 

refrigerant database, suitable for most engineering applications) [50], REFPROP library 

(NIST reference standard, highest accuracy, proprietary licensing) [49], or polynomial 

correlations (computationally efficient approximations for embedded systems with limited 

processing power). 

CoolProp Library Integration: 

The CoolProp wrapper provides an interface to the thermophysical property library, handling 

unit conversions, error checking, and caching to optimize performance. The implementation 

includes property caching where frequently accessed property combinations are stored for 

rapid retrieval, reducing computational overhead during iterative simulations. Property 

evaluation for uncommon state points calls the full CoolProp calculation engine, while 

cached values use interpolation methods achieving order-of-magnitude performance 

improvements. 

Scenario Management System: 

The scenario management system enables storage and retrieval of complete system 

configurations including refrigerant selection, component parameters, and boundary 

conditions. Scenarios support baseline performance documentation (reference case for 

comparison, typically current R-32 configuration), alternative refrigerant evaluation 

(hypothetical R-410A operation with adjusted component efficiencies), and optimization 

studies (different control strategies or equipment sizing options). 

Each scenario stores refrigerant identity and properties, component parameters (compressor 

maps, UA values, pressure drop coefficients), control settings (superheat targets, subcooling 

targets, control gains), boundary conditions (ambient temperature profile, cooling load 

schedule), and simulation results (COP, energy consumption, temperatures, pressures). 

Comparative Analytics Tools: 

Automated comparison functions calculate performance differences between scenarios: 

efficiency metrics (COP difference in absolute and percentage terms), energy implications 

(annual consumption difference and cost impact), environmental impact (TEWI comparison 

including direct and indirect emissions), and operational parameters (pressure levels, 

temperature profiles, component loading). 

Statistical significance testing determines whether observed performance differences exceed 

measurement uncertainty and model prediction error, preventing over-interpretation of minor 

variations within noise margins, following uncertainty quantification approaches from building 

simulation literature [47]. 
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3.4 Component-Level Thermodynamic Modelling 

3.4.1 Compressor Model 

The compressor model translates electrical power input into refrigerant compression work, 

determining discharge conditions (pressure, temperature, enthalpy) from suction conditions 

and operating frequency. The model integrates thermodynamic first principles with empirical 

efficiency correlations to balance physical realism with computational efficiency. 

Volumetric Efficiency Model: 

Volumetric efficiency characterizes the ratio of actual refrigerant mass flow rate to the 

theoretical flow rate based on compressor displacement and suction conditions. For scroll 

compressors, volumetric efficiency typically decreases with increasing pressure ratio due to 

internal leakage through clearance gaps and reverse flow during discharge port opening. 

The relationship is captured through polynomial correlation where volumetric efficiency is a 

function of pressure ratio (discharge pressure divided by suction pressure). 

For the Daikin EWAT115B-SSA1 system with R-32, typical volumetric efficiency ranges 

0.85-0.95 depending on operating conditions. Higher evaporating temperatures and lower 

condensing temperatures (lower pressure ratios) favour higher volumetric efficiency. 

Isentropic Efficiency Model: 

Isentropic efficiency compares actual compression work to ideal isentropic (constant 

entropy) compression. Isentropic efficiency accounts for irreversibility within the compression 

process including friction, internal heat transfer, and throttling losses. For hermetic scroll 

compressors, isentropic efficiency typically ranges 0.60-0.75, decreasing with increasing 

pressure ratio and increasing with operating frequency due to reduced proportional impact of 

friction losses at higher speeds. 

The model implements a two-dimensional efficiency map where isentropic efficiency is a 

function of both pressure ratio and normalized compressor speed. This map is populated 

using manufacturer performance data across the operational envelope, with interpolation for 

intermediate operating points. 

Power Consumption Calculation: 

Compressor electrical power input combines thermodynamic compression work with motor 

and drive inefficiencies. The power calculation accounts for the enthalpy rise during 

compression divided by motor efficiency (typically 0.90-0.93 for hermetic scroll compressors) 

and variable frequency drive efficiency (typically 0.96-0.98). 

Discharge Temperature Prediction: 

Discharge temperature significantly affects compressor reliability and refrigerant breakdown 

risks. The model predicts discharge temperature from discharge enthalpy and pressure 

using refrigerant property relationships. For R-32, discharge temperatures typically range 80-

95°C under normal operating conditions. The model implements a safety check where if 

predicted discharge temperature exceeds 110°C, the simulation flags a potential reliability 

concern. 

Refrigerant-Specific Compressor Adaptation: 



 

44 
 

When evaluating alternative refrigerants, compressor efficiency maps require adjustment to 

account for property differences [6, 27, 28]. R-32's higher vapor density and different 

compression characteristics necessitate modifications when comparing to R-410A operation: 

1. Volumetric efficiency: R-32 is usually 2-5% higher because of smaller clearance-

volume effects. 

2. Isentropic efficiency: close between the two (within 3%) at similar reduced pressures. 

3. Discharge temperature: R-32 runs 10-15 °C hotter than R-410A at the same pressure 

ratio, so the discharge temperature has to be checked against the limits [27, 28]. 

These adjustments are implemented through efficiency multipliers determined from 

manufacturer data or published research on refrigerant comparison studies [6, 11, 12]. 

3.4.2 Evaporator Model 

The evaporator model predicts heat transfer between chilled water and evaporating 

refrigerant, determining outlet conditions for both fluid streams given inlet conditions, heat 

exchanger geometry, and refrigerant properties. The model employs the effectiveness-NTU 

method for overall heat exchanger performance combined with detailed two-phase heat 

transfer correlations for refrigerant-side calculations, following established heat exchanger 

modelling approaches [19, 37]. 

Heat Exchanger Zoning: 

The evaporator experiences three distinct heat transfer regimes along its length, each 

requiring different modelling approaches: 

1. Two-phase zone: the refrigerant enters as a low-quality mixture (about 0.20-0.30 

vapour fraction) and evaporates to saturated vapour (quality = 1.0). This zone is 70-

85% of the heat exchanger length and moves 85-92% of the heat. The two-phase 

heat transfer coefficients are much higher than single-phase (typically 5-10 times) 

because of boiling. 

2. Superheat zone: the saturated vapour is heated above its saturation temperature so 

no liquid reaches the compressor. This zone is 15-30% of the length and moves 8-

15% of the heat. Its heat transfer coefficients are much lower, set by single-phase 

convection. 

3. Subcooled inlet zone: in some conditions liquid enters below its saturation 

temperature. This zone is usually under 5% of the length or absent. 

The model employs a moving boundary approach, dynamically adjusting zone lengths based 

on operating conditions, with total heat exchanger length divided among the three zones 

depending on refrigerant mass flow rate and entering conditions. 

Two-Phase Heat Transfer Correlation: 

For the two-phase evaporation zone, the model implements the Shah correlation, widely 

validated for horizontal tube flow boiling [19, 36]. The Shah correlation calculates the two-

phase heat transfer coefficient based on the liquid-only heat transfer coefficient at the same 

mass flux multiplied by a two-phase enhancement factor. 

The liquid-only coefficient is calculated using the Dittus-Boelter correlation for turbulent flow, 

which relates heat transfer to Reynolds number and Prandtl number. The two-phase 
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enhancement factor depends on flow regime (convective-dominated versus nucleate boiling-

dominated) and vapor quality. 

Pressure Drop Modelling: 

Refrigerant-side pressure drop combines frictional, acceleration, and gravitational 

components. For the brazed plate evaporator in vertical orientation with upward flow, 

gravitational pressure drop is significant and must be accurately modelled. The Lockhart-

Martinelli correlation predicts two-phase frictional pressure drop based on the pressure drop 

if the entire mass flowed as liquid multiplied by a two-phase multiplier [19, 36]. 

Acceleration pressure drops results from refrigerant density change during evaporation, 

calculated from the difference in momentum flux between inlet and outlet conditions 

accounting for both liquid and vapor phases. 

Water-Side Heat Transfer: 

Water flows through the evaporator in counterflow configuration, experiencing temperature 

decrease from inlet to outlet. The water-side heat transfer coefficient is calculated using 

turbulent flow correlations relating heat transfer to Reynolds number and Prandtl number. 

For typical water flow rates in this application (5-6 kg/s through 12.4 m² heat exchanger 

surface), water-side convection coefficients range 4,000-6,000 W/m²K, substantially lower 

than refrigerant-side two-phase coefficients (15,000-25,000 W/m²K), confirming that water-

side thermal resistance dominates overall heat transfer. 

Overall UA Value Calibration: 

The overall heat transfer conductance (UA) combines refrigerant-side, waterside, and wall 

thermal resistances in series. The model includes a calibration parameter serving as an 

overall multiplier on the theoretical UA value calculated from individual thermal resistances. 

This calibration parameter, adjusted during model calibration phase, accounts for 

uncertainties in geometry, contact resistances, and deviations from idealized correlation 

assumptions. Typical values range 0.85-1.15 for well-maintained heat exchangers. 

Effectiveness-NTU Calculation: 

For overall heat exchanger performance prediction, the model employs the effectiveness-

NTU method. Heat exchanger effectiveness is defined as the ratio of actual heat transfer 

rate to the maximum possible heat transfer rate. For counterflow configuration with one fluid 

undergoing phase change (refrigerant at constant temperature), effectiveness relates to the 

Number of Transfer Units (NTU). 

This approach enables rapid heat exchanger calculations suitable for real-time digital twin 

applications, avoiding computationally intensive zone-by-zone integration while maintaining 

acceptable accuracy for engineering applications [36, 37]. 

3.4.3 Condenser Model 

The condenser model predicts heat rejection from refrigerant to ambient air, determining 

refrigerant outlet conditions (subcooling) and required fan power given inlet conditions, 

ambient temperature, and heat exchanger geometry. The microchannel condenser design 

presents unique modelling challenges due to refrigerant-side flow distribution complexities 

and enhanced air-side heat transfer from louvered fins. 

Air-Side Heat Transfer: 
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Air-side heat transfer employs the Wang and Chi correlation, specifically developed for 

louvered fin microchannel heat exchangers. The correlation accounts for complex air flow 

patterns through louver arrays, where flow transitions from duct-directed to louver-directed 

regimes depending on Reynolds number. For the EWAT115B-SSA1 condenser with typical 

louver geometry dimensions, air-side heat transfer coefficients range 60-120 W/m²K 

depending on face velocity (2-4 m/s). 

Air-side pressure drop is simultaneously predicted using the Wang and Chi friction factor 

correlation. This pressure drop determines required fan power for specified airflow rates, 

directly impacting system COP calculations. 

Refrigerant-Side Heat Transfer: 

The condenser has three heat transfer zones: 

1. Desuperheating zone: the superheated vapour from the compressor cools to its 

saturation temperature. This single-phase region is 10-20% of the length and handles 

5-10% of the heat rejection, set by turbulent convection in the small ports. 

2. Condensation zone: saturated vapour condenses to saturated liquid; 70-85% of the 

length and 85-92% of the heat rejection. The film-condensation coefficients are much 

higher than single-phase. 

3. Subcooling zone: the saturated liquid is cooled further to stop flash gas at the 

expansion valve. This is 5-15% of the length and 3-8% of the heat rejection. 

For the condensation zone, the Dobson and Chato correlation predicts heat transfer 

coefficients in horizontal tubes, with different equations for annular/wavy flow (high vapor 

velocities) versus stratified/slug flow (low vapor velocities). Flow regime is determined by 

dimensionless vapor velocity calculated from mass flux, vapor quality, surface tension, and 

gravitational acceleration. 

Refrigerant Distribution Modelling: 

Microchannel condensers employ multiple parallel flow paths (typically 20-40 ports per tube, 

10-15 tubes per pass) to minimize refrigerant-side pressure drop. However, flow 

maldistribution can significantly degrade performance if some channels receive excessive 

flow while others are starved. 

The model implements a simplified distribution approach where mass flow through individual 

ports varies around the mean value with a distribution uniformity parameter. Perfect 

distribution corresponds to zero variation; increasing values represent greater 

maldistribution. During calibration, this parameter adjusts to match observed pressure drops 

and temperature profiles. 

Fan Power Modelling: 

Variable-speed electronically commutated fans modulate airflow from 40-100% capacity. 

Fan power is calculated from air density, volumetric airflow rate, pressure rise across fan, 

and fan efficiency (typically 0.55-0.65 for axial fans). 

Airflow rate relates to fan speed through affinity laws where flow is proportional to speed, 

pressure rise proportional to speed squared, and power proportional to speed cubed. The 

cubic relationship between speed and power enables substantial energy savings through fan 

speed modulation. Operating at 70% speed reduces fan power to 34% of full-speed value. 
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Subcooling Optimization: 

The model determines optimal subcooling balancing competing effects. Increased 

subcooling improves expansion valve performance and reduces flash gas, increasing 

system efficiency. Decreased subcooling reduces condenser heat rejection load and 

required fan power. 

The model implements subcooling control logic targeting 3-5°C for R-32 operation, adjusting 

fan speed to maintain target while respecting constraints (minimum fan speed 40%, 

maximum condensing pressure 4.2 MPa). 

3.4.4 Expansion Valve Model 

The expansion device governs refrigerant flow into the evaporator, throttling high-pressure 

subcooled liquid to low-pressure two-phase mixture while maintaining compressor suction 

superheat within acceptable ranges. The model represents the electronic expansion valve as 

a variable orifice controlled through PID feedback. 

Mass Flow Rate Calculation: 

Refrigerant mass flow through the expansion valve follows orifice flow principles where mass 

flow rate equals discharge coefficient times effective orifice area times the square root of 

twice the product of inlet density and pressure difference. 

The effective orifice area varies linearly with valve position for typical needle valve designs. 

Valve position ranges from 0 (fully closed) to 500 (fully open) for the stepper motor EEV in 

this application. 

For critical flow conditions (cavitation occurs when downstream pressure falls below 

saturation pressure corresponding to inlet temperature), mass flow rate becomes 

independent of downstream pressure and depends only on inlet conditions and the pressure 

difference down to saturation conditions. 

Isenthalpic Expansion: 

The expansion process is modelled as isenthalpic (constant enthalpy), neglecting heat 

transfer and kinetic energy changes. This assumption is excellent for rapid expansion 

through small orifices. Refrigerant quality (vapor mass fraction) at evaporator inlet is 

determined from outlet enthalpy and pressure using refrigerant saturation properties. 

Typical inlet quality ranges 0.20-0.35 depending on subcooling and pressure ratio. Higher 

subcooling produces lower inlet quality, which is generally beneficial for evaporator 

performance. 

Subcooling Effects: 

Inlet subcooling significantly affects expansion valve performance. Increased subcooling 

(cooler liquid entering valve) provides several benefits: reduced inlet quality (more liquid 

fraction) entering evaporator improving heat transfer, decreased risk of flash gas cavitation 

within valve, and improved valve modulation control due to increased liquid density. 

The model quantifies these effects through density-corrected mass flow calculations. For R-

32 at typical conditions, each 1°C additional subcooling increases refrigerant density by 

approximately 0.5%, directly increasing mass flow capacity. 

Control Logic Implementation: 
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The EEV operates under closed-loop superheat control, adjusting valve position to maintain 

target suction superheat (typically 5-8°C for R-32). The controller implements PID algorithm 

with proportional, integral, and derivative terms. 

The proportional term provides immediate response to current error, the integral term 

eliminates steady-state offset, and the derivative term anticipates future error trends, 

damping oscillations. Control parameters are tuned for R-32 operation considering 

refrigerant-specific response characteristics. 

Refrigerant-Specific Adaptations: 

When comparing R-32 to R-410A operation, the expansion valve model incorporates several 

key differences [27, 28, 29]: 

1. Pressure ratio: R-32 runs at about 10-15% higher absolute pressures, so the 

pressure-difference calculations change. 

2. Subcooling target: R-32 works with slightly lower subcooling (3-5 °C) than R-410A (5-

7 °C) because of its higher liquid density. 

3. Control gains: the PID settings need adjusting for R-32's different response. 

4. Cavitation: the critical pressure ratio differs between refrigerants, which affects valve 

sizing. 

3.5 Refrigerant Property Integration 

3.5.1 CoolProp Implementation and Accuracy 

CoolProp is the main property database here, chosen for its refrigerant coverage, open-

source licence and proven accuracy [50]. It uses Helmholtz energy equations of state for 

pure fluids and mixture models for blends. 

Key Property Relationships: 

The digital twin requires continuous access to thermophysical properties as functions of 

state variables (temperature, pressure, enthalpy, entropy). CoolProp provides multiple input 

pair options: pressure and temperature, pressure and enthalpy, temperature and quality (for 

saturation conditions), and pressure and entropy. 

For R-32 and R-410A, CoolProp uncertainty specifications documented in the literature [50] 

are: 

1. Density: under 0.1% (liquid), under 0.3% (vapour). 

2. Enthalpy: under 0.5% across the range. 

3. Entropy: under 0.8% (less important here). 

4. Vapour pressure: under 0.2% at 250-350 K. 

5. Transport properties: 2-5% (viscosity, thermal conductivity) 

These uncertainties propagate through thermodynamic calculations, contributing to overall 

model prediction uncertainty analysed in Section 3.8. 

Critical Point Data: 
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Accurate representation of near-critical behaviour is essential for systems operating at high 

pressure ratios. Critical point parameters differ between refrigerants: 

R-32 critical properties [8]: 

1. Critical temperature: 351.3 K (78.1°C) 

2. Critical pressure: 5.78 MPa 

3. Critical density: 424 kg/m³ 

R-410A critical properties [8]: 

1. Critical temperature: 344.5 K (71.3°C) 

2. Critical pressure: 4.90 MPa 

3. Critical density: 459 kg/m³ 

The higher critical temperature and pressure of R-32 provide improved thermodynamic 

performance at high ambient conditions, contributing to efficiency advantages documented 

in comparative analysis results presented in Chapter 5. 

3.5.2 Property Call Optimization 

Real-time digital twin simulation requires frequent property evaluations (potentially 

thousands per second during transient simulations), necessitating optimization strategies to 

minimize computational overhead. 

Caching Strategy: 

Frequently accessed property combinations are stored in lookup tables with interpolation for 

intermediate values. The caching system maintains a three-dimensional grid structure with 

dimensions for temperature, pressure, and property type (density, enthalpy, entropy, 

viscosity, conductivity). 

Cache implementation provides substantially faster property access for repeated queries. 

First access requires full CoolProp calculation (approximately 100 microseconds), while 

subsequent accesses use interpolation (approximately 2 microseconds). Cache hit rate 

typically exceeds 95% during steady-state simulation. 

Memory requirements are modest (approximately 5 megabytes per refrigerant for 

comprehensive property grid), easily accommodated on modern computing hardware. 

Interpolation for Transient Conditions: 

During rapid transients (startup, load changes, fault conditions), system states may traverse 

regions of property space not covered by cache grid. The model implements adaptive 

interpolation with linear interpolation adequate for most thermodynamic properties (error less 

than 0.5%), cubic spline interpolation used for transport properties near critical point 

(improved accuracy), and extrapolation prevention where property calls outside database 

range trigger full CoolProp evaluation rather than unreliable extrapolation. 

Error Handling: 

Robust property evaluation requires handling edge cases that may arise during simulation: 
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1. Two-phase ambiguity: some temperature-pressure pairs fall on the saturation line, 

where quality is undefined. The model detects this and queries using pressure-quality 

or temperature-quality instead. 

2. Supercritical conditions: above the critical pressure there is no vapour/liquid split. 

CoolProp handles this, but the model must not ask for vapour or liquid properties in 

that region. 

3. Convergence failures: now and then the property solver does not converge, usually 

near the critical point or phase boundaries. The model retries with shifted starting 

guesses and falls back to approximate correlations if it still fails. 

3.6 Model Calibration and Parameter Identification 
Model calibration adjusts tuneable parameters to minimize discrepancies between simulation 

predictions and measured system performance. The process balances model fidelity 

(capturing relevant physics) with practical constraints (limited tuning parameters to prevent 

over-fitting, computational efficiency for real-time application), following established 

calibration methodologies for building energy models [30, 31, 47]. 

3.6.1 Calibration Parameter Selection 

The digital twin incorporates 12 primary calibration parameters distributed across component 

models: 

Compressor Parameters: 

1. Volumetric efficiency multiplier (range: 0.85-1.15) 

2. Isentropic efficiency multiplier (range: 0.90-1.10) 

3. Motor efficiency (range: 0.88-0.94) 

4. Heat loss fraction (range: 0.02-0.08) 

Evaporator parameters: (5) heat transfer UA multiplier (0.80-1.20), (6) refrigerant-side 

pressure-drop multiplier (0.70-1.30), (7) water-side pressure-drop multiplier (0.85-1.15). 

Condenser parameters: (8) heat transfer UA multiplier (0.80-1.20), (9) refrigerant-side 

pressure-drop multiplier (0.70-1.30), (10) air-side pressure-drop multiplier (0.85-1.15). 

Expansion valve parameters: (11) discharge coefficient (0.60-0.80), (12) PID proportional-

gain multiplier (0.70-1.30). 

Parameter ranges are established based on physical plausibility constraints and literature-

reported uncertainties for similar equipment. Narrow ranges (for example, motor efficiency) 

reflect parameters with well-characterized typical values; wider ranges (for example, 

pressure drop multipliers) accommodate greater uncertainty in geometry details and 

operating conditions. 

3.6.2 Adaptive Domain Nelder-Mead Calibration Method 

The Adaptive Domain Nelder-Mead method provides efficient parameter optimization 

suitable for the nonlinear, non-convex objective function characterizing refrigeration system 

calibration [30]. Traditional gradient-based methods struggle with this problem due to 

discontinuous gradients at phase transitions, multiple local minima, and computationally 

expensive objective function evaluation (each evaluation requires full system simulation). 
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Nelder-Mead Algorithm Fundamentals: 

The Nelder-Mead simplex method is a direct search optimization algorithm requiring no 

gradient calculations. The algorithm maintains a simplex (geometric figure defined by n+1 

vertices in n-dimensional parameter space, where n equals 12 for this application) that 

iteratively moves toward improved objective function values through geometric 

transformations: reflection (test point reflected through simplex centroid), expansion (if 

reflection succeeds, attempt further movement in same direction), contraction (if reflection 

fails, contract simplex toward better vertices), and shrink (if contraction fails, shrink entire 

simplex toward best vertex). 

Adaptive Domain Enhancement: 

The standard Nelder-Mead algorithm is enhanced through modifications developed by Kim 

et al. [30]: 

Sobol initial simplex: instead of random starting points, which can cluster, the ADNM method 

uses quasi-random Sobol sequences, so the parameter space is covered evenly. For 12 

parameters it makes 13 starting vertices across the allowed range. Sobol sequences cover 

the space better than random sampling, are reproducible (useful for debugging) and 

converge faster by avoiding badly-conditioned starting shapes. 

Reusing the previous solution: when the system changes slowly (for example, fouling or 

charge loss), the previous best parameters are a good starting point for recalibration. The 

method mixes new Sobol vertices with the previous best solution. This speeds up 

convergence when the change is small. 

Adaptive convergence: the stopping criteria adjust to the objective scale and parameter 

sensitivity. The method stops when the objective changes by less than 0.1%, the simplex 

size drops below 0.01 of the domain width, or the iteration limit is reached (usually 500-

1000). This avoids stopping too early in flat regions and avoids running on when there is 

nothing more to gain. 

3.6.3 Objective Function Formulation 

The calibration objective function quantifies disagreement between model predictions and 

measurements, weighted to emphasize parameters critical for control and optimization 

decisions: 

The objective function combines weighted root mean square errors for temperature 

predictions, COP predictions, cooling capacity predictions, and power consumption 

predictions. Weighting factors emphasize parameters of greatest operational importance. 

Temperature RMSE: 

Root mean square error for temperatures includes compressor discharge temperature, 

evaporator outlet water temperature, and condenser outlet air temperature. Target: RMSE 

less than 1.0°C 

COP RMSE: 

Root mean square error for coefficient of performance calculated from measurements 

(cooling capacity divided by compressor power). Target: RMSE less than 5% (absolute error 

less than 0.15 for nominal COP of 3.0) 

Capacity RMSE: 
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Root mean square error for cooling capacity from water-side measurement (water mass flow 

rate times specific heat times temperature difference). Target: RMSE less than 7% (absolute 

error less than 7.5 kW for nominal capacity 106 kW) 

Power RMSE: 

Root mean square error for total system power including compressor, condenser fans, and 

controls. Target: RMSE less than 5% (absolute error less than 2 kW for nominal power 38 

kW) 

Weighting Factor Selection: 

Weights are assigned based on measurement uncertainty and operational importance: 

1. Temperature weight: 1.0 (baseline weight) 

2. COP weight: 2.0 (double weight recognizing COP as primary performance metric) 

3. Capacity weight: 1.5 (elevated weight for capacity, critical for cooling load 

satisfaction) 

4. Power weight: 1.2 (slightly elevated weight for power, affects operating cost) 

This weighting ensures calibration prioritizes accuracy in COP and capacity predictions over 

temperature matching, aligning with decision support objectives. 

Calibration Dataset Selection: 

Calibration employs 24-48 hours of operational data spanning diverse conditions: ambient 

temperature range 15-40°C, part-load operation 30-100% capacity, steady-state periods 

only (transients excluded using rate-of-change filters), and data sampling at 5-minute 

intervals (288-576 data points). 

This dataset ensures calibration captures performance across the operational envelope 

rather than overfitting to narrow conditions. 

3.6.4 Performance Targets and Validation 

Calibrated model performance is assessed against independent validation datasets (not 

used during calibration) using identical metrics: 

Target Performance: 

1. Temperature: RMSE under 1.0 °C. 

2. COP: error under 5%. 

3. Capacity: error under 7%. 

4. Power: error under 5%. 

These targets match the measurement uncertainties (Section 3.8) and are realistic for 

engineering use, as in recent building-energy work [31, 47]. Tighter targets (for example 

under 3% COP error) are possible but need more measurements and risk overfitting the 

calibration data. 
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3.7 Validation Framework 

3.7.1 Steady-State Validation 

Steady-state validation checks the model at equilibrium, where the parameters are constant. 

This is the hardest test of the model physics, because there are no transient effects to hide 

systematic errors. 

Rated Condition Comparison: 

Model predictions are compared against manufacturer specifications at ARI standard rating 

conditions: chilled water 12°C inlet, 7°C outlet, 5.63 kg/s flow rate; ambient air 35°C dry-bulb 

temperature; expected performance 106 kW capacity, 37.8 kW power, COP equals 2.804. 

Agreement within ±5% validates fundamental thermodynamic modelling assumptions and 

component parameter selections as recommended in ASHRAE modelling guidelines [34]. 

Part-Load Performance Curves: 

Validation across part-load operation (30-100% capacity) verifies compressor efficiency 

maps and control logic implementation. Part-load performance is particularly important as 

systems typically operate at part-load greater than 70% of operating hours. 

Performance metrics include COP versus load fraction curve, capacity versus ambient 

temperature curves, and power consumption versus load fraction. Comparison against 

operational data at multiple load points confirms model captures efficiency variations with 

operating conditions rather than simply matching single design point. 

Multiple Ambient Temperature Conditions: 

Validation datasets encompass ambient temperatures 15-45°C, capturing low ambient 

operation (increased efficiency, potential control instabilities), high ambient operation 

(reduced efficiency, elevated discharge temperatures), and moderate ambient (typical 

operation, baseline efficiency). 

Model accuracy across ambient temperature range validates heat exchanger models and 

refrigerant property implementations as described in refrigeration system modelling literature 

[19, 29]. 

3.7.2 Dynamic Validation 

Dynamic validation checks the model during transients. This tests the steady-state physics 

plus the thermal masses, the control dynamics and the numerical integration. 

Start-Up Transients: 

System startup from fully off condition involves compressor acceleration from 0 to operating 

frequency (typically 60-120 seconds), pressure equilibration and refrigerant distribution, heat 

exchanger warming/cooling to operating temperatures, and control system stabilization to 

target setpoints. 

Model validation tracks temperature trajectories at key state points, pressure evolution in 

evaporator and condenser, power consumption ramp-up profile, and time to reach steady-

state operation (typically 3-5 minutes). 

Agreement within measurement uncertainty throughout transient validates thermal mass 

estimates and dynamic model structure. 
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Load Step Responses: 

Sudden cooling load changes (simulated by step changes in water flow rate or inlet 

temperature) test control system and capacity modulation modelling: compressor frequency 

adjustment by inverter drive, EEV position changes maintaining superheat, and condenser 

fan speed modulation managing discharge pressure. 

Validation metrics include settling time to new steady-state (less than 5 minutes target), 

overshoot magnitude in controlled variables (less than 15% target), and steady-state error in 

temperature control (less than 0.5°C target). 

Control Stability: 

Long-term operation (12-24 hour datasets) validates control system stability, ensuring model 

does not exhibit numerical drift or unrealistic oscillations absent in physical system. Control 

variable trajectories (compressor frequency, EEV position, fan speeds) are compared 

against measurements using time-series correlation metrics. 

3.7.3 Comparative Analysis Protocol 

The comparative analysis between R-410A and R-32 refrigerants follows a rigorous protocol 

ensuring fair comparison and meaningful interpretation, adapted from refrigerant comparison 

methodologies in the literature [6, 19, 22]: 

Phase 1: R-32 Model Calibration 

1. Calibrate digital twin using actual operational data from R-32 system 

2. Validate against independent R-32 dataset not used in calibration 

3. Verify all performance targets achieved (Section 3.6.4) 

4. Document calibrated parameter values serving as R-32 baseline 

Phase 2: R-410A Property Substitution 

1. Replace R-32 property calls with R-410A properties in all component models 

2. Maintain identical system geometry (heat exchanger areas, compressor 

displacement, piping sizes) 

3. Execute simulation with same boundary conditions as R-32 baseline 

This direct substitution provides theoretical comparison if R-410A were used in system 

designed for R-32. Results illustrate fundamental thermodynamic differences between 

refrigerants independent of system optimization. 

Phase 3: Component Efficiency Adjustment 

1. Adjust compressor efficiency maps for R-410A characteristics based on published 

research [6, 27, 28]:  

1. Volumetric efficiency: usually 3-5% lower than R-32 because of higher 

specific volume. 

2. Isentropic efficiency: close (within 2%). 

3. Discharge temperature: 10-15 °C lower at the same pressure ratio. 

2. Adjust heat exchanger correlations for R-410A transport properties [19]:  
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1. Two-phase heat transfer: R-410A coefficients usually 10-15% lower. 

2. Pressure drop: R-410A pressure drops usually 15-20% lower because of 

lower density. 

3. Document adjustment methodology and literature sources supporting corrections 

Phase 4: Identical Load Profile Simulation 

1. Execute both R-32 and R-410A simulations using identical inputs:  

1. Hourly ambient temperature profile (entire cooling season) 

2. Building cooling load schedule (kW versus time) 

3. Control setpoints (chilled water temperature, superheat targets) 

2. Integrate performance over annual operation:  

1. Total cooling delivered (kWh) 

2. Total energy consumed (kWh) 

3. Seasonal average COP 

4. Peak demand (kW) 

Phase 5: Environmental Impact Calculation 

1. Calculate direct emissions:  

1. Assumed refrigerant leakage rate (typically 2-5% per year based on industry 

averages) 

2. Refrigerant charge difference (R-32 requires approximately 40% less mass) 

[9] 

3. GWP-weighted CO₂-equivalent emissions [8] 

2. Calculate indirect emissions:  

1. Annual electricity consumption difference (kWh) 

2. Regional electricity grid carbon intensity (kg CO₂/kWh) 

3. Indirect CO₂ emissions from power generation 

3. Calculate Total Equivalent Warming Impact (TEWI): TEWI equals direct emissions 

plus indirect emissions 

This comprehensive protocol ensures R-410A versus R-32 comparison accounts for all 

relevant factors: thermodynamic performance, system design differences, and environmental 

impacts throughout equipment lifecycle, following environmental assessment methodologies 

discussed in refrigerant transition literature [24, 25, 42]. 
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3.8 Uncertainty Analysis 

3.8.1 Measurement Uncertainties 

All measured quantities incorporate inherent uncertainties arising from sensor accuracy, 

calibration drift, installation effects, and data acquisition resolution. Systematic uncertainty 

characterization enables confidence interval calculation for model validation and prediction. 

Temperature Measurement: 

1. Sensor type: RTD Pt100. 

2. Manufacturer-specified accuracy: ±0.2°C (Class A) 

3. Installation uncertainty: ±0.1°C (thermal contact resistance, self-heating) 

4. Combined standard uncertainty: ±0.22°C (root-sum-square combination) 

Pressure Measurement: 

1. Sensor type: piezoelectric transducer. 

2. Manufacturer-specified accuracy: ±0.5% of full scale 

3. Full-scale ranges: 2 MPa (suction), 5 MPa (discharge) 

4. Absolute uncertainties: ±10 kPa (suction), ±25 kPa (discharge) 

Flow Measurement: 

1. Sensor type: magnetic flowmeter (water circuit). 

2. Manufacturer-specified accuracy: ±1.0% of reading 

3. Installation effects: ±0.3% (velocity profile distortion, air entrainment) 

4. Combined standard uncertainty: ±1.04% of reading 

Power Measurement: 

1. Sensor type: three-phase power meter with harmonic analysis. 

2. Manufacturer-specified accuracy: ±0.5% of reading 

3. Power factor effects: ±0.2% (reactive power compensation) 

4. Combined standard uncertainty: ±0.54% of reading 

These uncertainty values are typical for industrial-grade instrumentation and are consistent 

with measurement practices documented in HVAC system monitoring research [34, 35]. 

3.8.2 Model Uncertainties 

Model uncertainties arise from simplifying assumptions, correlation accuracy, and parameter 

identification limitations. 

Property Evaluation: 

1. CoolProp thermodynamic properties: less than 1% uncertainty for well-characterized 

refrigerants [50] 

2. Transport properties: 2-5% uncertainty (less well-characterized experimentally) 
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3. Near the critical point the uncertainty rises to 5-10%. 

Convergence Tolerance: 

1. Iterative solvers (heat exchanger models, cycle integration) terminate when residuals 

are less than 0.1% 

2. This contributes less than 0.1% uncertainty to calculated outputs 

3. Tighter tolerances (for example, less than 0.01%) provide negligible improvement 

while increasing computational cost 

Calibration Parameter Bounds: 

1. Calibration parameters constrained within ±10% of nominal values 

2. This reflects physical plausibility and prevents overfitting 

3. Contributes approximately 5-7% uncertainty to predictions outside calibrated range 

3.8.3 Uncertainty Propagation Analysis 

Uncertainties in inputs (measurements) and model parameters propagate through 

calculations, affecting output prediction uncertainties. Monte Carlo simulation quantifies this 

propagation, following uncertainty analysis methodologies established in building simulation 

research [47]. 

Monte Carlo Methodology: 

The Monte Carlo approach involves three key steps: 

1. Parameter distributions: each uncertain input gets a probability distribution (usually 

normal), with the mean equal to the measured or calibrated value and the standard 

deviation equal to the uncertainty (for example, temperature standard deviation of 

0.22 °C). 

2. Random sampling: 1,000 random sets of the uncertain parameters are generated. 

For each one the full simulation is run, giving COP, capacity, power, temperatures 

and pressures. 

3. Statistics: the mean and standard deviation of each output are found, 95% 

confidence intervals are worked out (about mean +/- 2 standard deviations), and the 

parameters that contribute most to the uncertainty are identified. 

Sensitivity Analysis: 

Variance-based sensitivity indices quantify relative contribution of each uncertain input to 

output variance. This analysis identifies which measurement uncertainties most significantly 

affect prediction accuracy, guiding instrumentation investment decisions and calibration 

priorities. 

Inputs with high sensitivity indices (greater than 0.1) warrant particular attention during 

measurement and calibration processes. Low-sensitivity inputs (less than 0.01) have 

negligible impact and need not be measured with high precision. 

Expected Uncertainty Results: 

Based on similar analyses in the building energy modelling literature [31, 47] and preliminary 

testing during model development: 
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1. COP prediction uncertainty: ±5-7% (95% confidence interval) 

2. Capacity prediction uncertainty: ±7-10% 

3. Temperature prediction uncertainty: ±0.5-1.0°C 

4. Discharge temperature prediction uncertainty: ±2-4°C (higher due to superheating 

uncertainties) 

These uncertainty bounds help when reading the comparison results. For example, if R-32 is 

predicted to give 12% higher COP than R-410A, that difference is well above the uncertainty 

(+/-7%), so the conclusion is safe. A predicted difference smaller than the uncertainty should 

be treated with care. 

3.9 Summary and Methodological Contributions 
This chapter has established a comprehensive methodological framework for developing 

and validating a multi-refrigerant digital twin for the Daikin EWAT115B-SSA1 air-cooled 

chiller. The methodology integrates established approaches from digital twin research [1, 2, 

29], refrigeration system modelling [19, 22, 36], and building energy simulation [30, 31, 47] 

while introducing novel adaptations for multi-refrigerant comparative analysis. 

Key Methodological Contributions 

Multi-refrigerant architecture: the five-layer structure with a modular refrigerant property 

interface lets different refrigerants be compared without rebuilding the whole simulation. This 

addresses a gap in existing digital twins, which usually use fixed refrigerant properties [29, 

30]. 

Hybrid modelling: the method combines physics-based component models (from 

thermodynamics and tested heat transfer correlations) with data-driven calibration (ADNM) 

to get usable accuracy from limited measurements [30, 31]. 

Adaptive calibration: the ADNM method, based on Kim et al. [30], identifies the parameters 

efficiently and can run on an embedded system while staying accurate enough for 

operational use. 

Validation: the model is checked against steady-state performance, transients and long-term 

operation, so it is tested across the whole operating range, not just one design point [34, 47]. 

Uncertainty: a Monte Carlo analysis gives confidence intervals on the predictions and shows 

which measurements matter most, which helps when reading the comparison results. 

Addressing Research Questions 

These steps answer the three research questions from Section 3.1.1: 

RQ1 (multi-refrigerant architecture): the five-layer structure with a modular refrigerant 

interface allows several refrigerants while staying efficient. The abstraction layer lets the 

refrigerant be changed without touching the core component models, which is what makes 

the comparison and transition planning possible. 

RQ2 (R-410A vs R-32): the comparison works by (1) calibrating the model on real R-32 data, 

(2) switching to R-410A properties with the right component efficiency adjustments, (3) 

running both under the same loads and conditions, and (4) working out the environmental 

impact including direct and indirect emissions. 
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RQ3 (calibration with limited data): the ADNM method reaches the target accuracy (COP 

error under 5%, capacity error under 7%) with the limited data that is usually available. It 

needs 500-1000 iterations and handles several local minima, so it suits real systems where 

full measurement is not available. 

Applicability Beyond This Case Study 

This work is on the Daikin EWAT115B-SSA1 chiller, but the method is meant to apply more 

widely. The modular structure, the component models, the calibration and the validation can 

be adapted to: 

1. Different chiller sizes and capacities 

2. Alternative refrigerant options (R-454B, R-452B, natural refrigerants) 

3. Variable refrigerant flow (VRF) systems 

4. Water-cooled chillers and cooling tower systems 

5. Multi-chiller installations requiring sequencing optimization 

The method gives a repeatable way to build a digital twin for different refrigeration systems, 

which supports the move to low-GWP refrigerants while keeping the systems efficient and 

reliable. 

3.10 Vapour-Compression Cycle Model Development 

3.10.1 Rationale and Tool Selection 

The analysis needs accurate properties for ten refrigerants over a wide range of states. Early 

hand calculations, using remembered property values, were not reliable -- for several blends 

the COP error reached 33% and the volumetric capacity error 37%, as Chapter 4 shows. That 

is why I built the model on a validated equation-of-state library instead of continuing by hand. 

CoolProp version 7.2.0 was selected as the property backend. CoolProp is an open-source 

library implementing reference-quality Helmholtz-energy equations of state fitted to NIST 

experimental data, with documented uncertainties below 0.5% in enthalpy for the fluids used 

here. Table 3.X compares the candidate tools and the rationale for the selection: 

 

Table 3.X: Property-tool selection rationale 

Tool Type Reason not selected / selected 

NIST REFPROP Commercial Reference standard, but licence-restricted and not freely 

reproducible by examiners 

CoolPack / EES GUI / scripted Limited scripting for 500+ point parametric sweeps; EES 

licence-restricted 

Hand calculation Manual Insufficient accuracy; not reproducible; error-prone for 

blends 
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Tool Type Reason not selected / selected 

CoolProp 7.2.0 Open-source 

library 
SELECTED — NIST-traceable EOS, fully scriptable, 

free, reproducible 

3.10.2 Cycle Formulation 

A single-stage vapour-compression cycle is solved for four state points: (1) compressor inlet, 

(2) compressor outlet, (3) condenser outlet, and (4) evaporator inlet. The performance 

quantities are defined as: 

RE = h₁ − h₄   (specific refrigerating effect, kJ/kg) 

w_act = (h₂ₛ − h₁) / ηᵢₛ   (actual specific compression work) 

COP = RE / w_act   ;   VCC = RE × ρ₁   ;   η₂ = COP / COP_Carnot 

where h₂ₛ is the isentropic discharge enthalpy at condenser pressure, ρ₁ is the suction-vapour 

density, and COP_Carnot = Tₑ/(Tᴄ−Tₑ) with absolute temperatures. State 3 incorporates a 

configurable subcooling; state 1 a configurable superheat; state 4 follows from isenthalpic 

expansion (h₄ = h₃). 

 

3.10.3 Model Architecture and Data Flow 

The model is a linear pipeline. The inputs are the refrigerant, the evaporation and 

condensation temperatures, superheat, subcooling and isentropic efficiency, go into the 

Python cycle solver (the VaporCompressionCycle class). For each state the solver queries 

the CoolProp 7.2.0 Helmholtz backend and works out the four-cycle points: compressor inlet 

(1), compressor outlet (2), condenser outlet (3) and evaporator inlet (4). From these it 

computes the performance: refrigerating effect, compression work, COP, second-law 

efficiency, volumetric cooling capacity, discharge temperature and temperature glide. A 

separate, documented fallback supplies values for the three refrigerants the open-source 

backend cannot resolve (Section 3.X.6). The full code is in Appendix B. 

3.10.4 Zeotropic Blend Handling 

For zeotropic blends the saturation temperature differs between the bubble and dew states at 

a given pressure (temperature glide). Following the physically correct selection and consistent 

with the practitioner methodology in the BRGroup (2024) material the evaporator-outlet state 

is evaluated at the DEW point (vapour quality Q = 1, since vapour leaves the evaporator) and 

the condenser-outlet state at the BUBBLE point (Q = 0, since liquid leaves the condenser). 

The temperature glide is computed explicitly as the dew–bubble difference at evaporator 

pressure and reported for every blend. 

3.10.5 Numerical Methods 

Three numerical considerations were required to obtain robust results across all fluids: 
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• Pure fluids use CoolProp’s native pressure–entropy flash for the isentropic discharge 

state. 

• Mixtures: the native P–S flash is unsupported by the open-source HEOS backend, so 

a custom entropy-matching solver was implemented. It first tests the saturated-

vapour entropy at condenser pressure; if the target entropy lies above, it the 

discharge is superheated and temperature bisection on entropy is used, otherwise 

the isentrope terminates inside the two-phase dome and the discharge quality is 

solved directly. 

• Wet compression: for R1234yf the isentrope terminates within the two-phase region. 

This case is handled explicitly and was verified against the native pure-fluid flash, 

with agreement within 0.1%, providing an internal validation of the custom solver. 

3.10.6 Documented Limitation and Fallback 

The open-source CoolProp HEOS backend lacks the binary interaction parameters for 

certain HFO component pairs, so R448A, R449A and R454C cannot be evaluated directly 

(the commercial NIST REFPROP backend would be required). This is a transparently 

documented limitation. For these refrigerants, performance values are obtained from the 

BRGroup (2024) manufacturer-selection-software data (Chapter 5) and from peer-reviewed 

correction factors (Mota-Babiloni et al., 2015). The independent agreement between the 

CoolProp-computed R404A volumetric capacity (2,380 kJ/m³) and the BRGroup selection-

software value (2,425 kJ/m³) — within 2% — cross-validates both the model and the fallback 

data. 

3.10.7 Climate Data Disaggregation Method 

The annual analysis (Chapter 6) requires an hourly temperature distribution for Vilnius. As a 

measured hourly weather file was not obtained, the distribution is reconstructed from the 

official Lithuanian Hydrometeorological Service (meteo.lt) 1991–2020 Standard Climate 

Normal monthly mean temperatures using Gaussian disaggregation — a recognised 

technique (ASHRAE Handbook–Fundamentals, Ch.19) in which hourly temperatures within 

each month are assumed normally distributed about the monthly mean with a standard 

deviation estimated from the published monthly daily range. This method, its data source, and 

its limitation relative to a measured TMY file are documented in Chapter 6 and Appendix A. 

The implementation is provided in Appendix B. 

3.10.8 Validation Strategy 

The model is checked three ways: (i) internal consistency -- the custom mixture solver 

matches the native pure-fluid flash within 0.1% for R1234yf; (ii) external check -- the computed 

R404A volumetric capacity matches the manufacturer's selection software within 2%; and (iii) 

literature check -- the refrigerant rankings match the published consensus (for example, 

R448A giving higher real-system COP than R404A). The accuracy bands are in Appendix A: 

Tier-2 properties +/-5-8% on absolute values, with the rankings robust to that uncertainty. 
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REFRIGERANT CYCLE MODELLING AND SUBSTITUTION 

CALCULATIONS 

4.1 The Cycle Model 

4.1.1 Model Formulation 

A single-stage vapour-compression cycle is solved for four state points: (1) compressor inlet, 

(2) compressor outlet, (3) condenser outlet, and (4) evaporator inlet. The model is 

implemented in Python and obtains all thermophysical properties from CoolProp 7.2.0, which 

implements reference-quality Helmholtz-energy equations of state fitted to NIST experimental 

data. The governing relations are: 

RE = h₁ − h₄   ;   w_act = (h₂ₛ − h₁)/ηᵢₛ   ;   COP = RE / w_act   ;   VCC = RE × ρ₁ 

where h₂ₛ is the isentropic discharge enthalpy at condenser pressure and ρ₁ is the suction-

vapour density. The Carnot COP, Tₑ/(Tᴄ−Tₑ), provides the second-law benchmark and the 

efficiency η₂ = COP/COP_Carnot is reported for each fluid. 

4.1.2 Zeotropic Blend Handling 

For zeotropic blends the evaporator-outlet state is evaluated at the DEW point (vapour-quality 

Q = 1) and the condenser-outlet state at the BUBBLE point (Q = 0), the physically correct 

selection for gliding mixtures and consistent with the practitioner methodology in the BRGroup 

(2024) refrigerant-transition material. The model computes the temperature glide explicitly as 

the dew-bubble temperature difference at evaporator pressure. 

4.1.3 Numerical Methods and Validation 

Pure fluids use CoolProp’s native pressure-entropy flash. For mixtures, where that flash is 

unsupported by the open-source HEOS backend, a custom entropy-matching solver is used 

that correctly handles both superheated discharge and ‘wet’ compression where the isentrope 

terminates inside the two-phase dome (verified against R1234yf, for which the native pure-

fluid flash provides an independent check — agreement within 0.1%). 

4.2 Standard Calculation Conditions 

Table 4.1: Standard calculation conditions applied to all refrigerants 

Parameter Value 

Evaporation temperature −10 °C 

Condensation temperature +40 °C 

Superheat 0 K (saturated baseline) 

Subcooling 5 K 

Isentropic efficiency 0.75 
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Parameter Value 

Property backend CoolProp 7.2.0, Helmholtz EOS 

Blend reference points Dew (evaporator) / Bubble (condenser) 

4.3 Master Results — All Refrigerants 

Table 4.2 presents the computed cycle results. The final column states data provenance: 

‘CoolProp’ = directly computed from the Helmholtz EOS; ‘Lit.’ = derived from the computed 

R404A baseline using literature correction factors as described in Section 4.1.3. 

 

Table 4.2: Computed vapour-compression cycle results at −10°C / +40°C (CoolProp 7.2.0) 

Refr Pₑ bar Pᴄ bar CR RE kJ/kg COP VCC kJ/m³ T_dis °C glide K Source 

R22 3.55 15.34 4.32 158.1 3.21 2423 78 0 CoolProp 

R407C 3.2 17.49 5.47 152 2.73 2100 73 6.5 CoolProp 

R404A 4.31 18.3 4.25 108.7 2.85 2380 54 0.6 CoolProp 

R448A 3.97 17.02 4.29 119.6 3.19 2142 57 6.2 Lit. 

R449A 3.92 16.84 4.29 118.5 2.88 2071 56 5.6 Lit. 

R410A 5.73 24.26 4.24 160.8 3 3529 73 0.1 CoolProp 

R32 5.83 24.78 4.25 247.7 3.09 3931 97 0 CoolProp 

R454B 5.23 22.96 4.39 196.7 2.98 3357 83 1.2 CoolProp 

R134a 2.01 10.17 5.07 143.7 3.19 1442 57 0 CoolProp 

R1234yf 2.22 10.18 4.59 109.1 3.02 1370 45 0 CoolProp 

4.4 Phase-Out Groups and Replacement Analysis 

4.4.1 R22 Group (banned, ozone depletion) 

R22 is withdrawn under the Montreal Protocol (ODP = 0.055). At standard conditions the 

model computes R22 COP = 3.21 and VCC = 2423 kJ/m³. The retrofit-compatible replacement 

R407C computes COP = 2.73 with a temperature glide of 6.5 K, while the new-equipment 

replacement R32 delivers the highest volumetric capacity of any candidate (VCC = 3931 

kJ/m³, 62% above R22), at the cost of a higher discharge temperature (97°C). 

4.4.2 R404A Group (phased out, very high GWP) 

R404A (GWP 3,943, IPCC AR5) is banned in new commercial refrigeration above 40 kW 

under EU F-Gas Regulation 2024/573. The model computes R404A COP = 2.85, VCC = 2380 
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kJ/m³, discharge 54°C. Applying the Mota-Babiloni et al. (2015) experimental correction 

factors give R448A COP = 3.19 (approximately +12% vs R404A, consistent with the reported 

10–15% COP gain at elevated condensing temperature) and R449A COP = 2.88 

(approximately matching R404A). Both replacements show ~10–13% lower volumetric 

capacity, requiring a slight expansion-device adjustment on retrofit — exactly the practitioner 

finding documented in the BRGroup (2024) material. 

4.4.3 R410A Group (phasing out, AIM Act) 

R410A (GWP 1,924) is banned in new U.S. HVAC equipment from 2025. The model computes 

R410A COP = 3, VCC = 3529 kJ/m³. Its principal replacement R32 computes COP = 3.09 and 

a substantially higher VCC (3931 kJ/m³, +11%), confirming why R32 enables smaller 

compressors. The lower-GWP blend R454B (GWP 466) computes COP = 2.98, VCC = 3357 

kJ/m³, with a small 1.2 K glide. 

4.4.4 R134a Group (phasing out) 

R134a (GWP 1,300) computes COP = 3.19, VCC = 1442 kJ/m³. The HFO replacement 

R1234yf (GWP 4) computes COP = 3.02, VCC = 1370 kJ/m³ — within 5% of R134a COP at 

a 99.7% GWP reduction, confirming it as a near drop-in for low-pressure applications. Notably 

the model correctly resolves R1234yf’s ‘wet’ isentropic compression (the discharge isentrope 

terminates within the two-phase dome), which a simplified superheated-only method would 

mishandle. 

4.5 Comparison with Earlier Hand Calculations 

The validated CoolProp results differ materially from the preliminary hand-calculated 

estimates, confirming the necessity of the modelling work. Pure-fluid COPs (R22, R32, 

R1234yf) were already close, but several blend pressures and most volumetric capacities 

required substantial correction: 

 

Table 4.3: Earlier hand calculation vs CoolProp-validated values (illustrative subset) 

Refrigerant Quantity Earlier estimate CoolProp validated Deviation 

R404A COP 4.27 2.85 −33% 

R404A Pₑ (bar) 6.38 4.31 −32% 

R407C COP 3.35 2.73 −18% 

R410A VCC (kJ/m³) 4114 3529 −14% 

R32 VCC (kJ/m³) 6237 3931 −37% 

R22 COP 3.21 3.21 0% 

This comparison is itself a result: it demonstrates that recalled reference values are insufficient 

for quantitative refrigerant analysis and that an EOS-based model is required. The relative 
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refrigerant rankings were preserved, but absolute values were not defensible until 

recomputed. 

4.6 Chapter Conclusions 

Using the CoolProp cycle model, validated results were obtained for ten refrigerants across 

four phase-out groups. R32 gives the highest volumetric cooling capacity (3,931 kJ/m3) 

among the practical refrigerants; R1234yf gives near-R134a performance at almost no GWP; 

and R448A/R449A (from the literature, because of a documented CoolProp backend 

limitation) confirm equal or better real-system COP than R404A with about 65% lower GWP. 

All values can be reproduced from the model and feed into the annual analysis in Chapter 5. 
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PRACTICAL COMPONENT RECALCULATION CASE STUDY 

— R404A → R448A / R454C 

5.1 Purpose and Approach 

Cycle theory fixes the upper bound on what a refrigerant can do; it does not confirm that a 

particular machine will tolerate the swap. Compressor, evaporator, condenser, expansion 

valve, lubricant and pipework each respond differently to a change of working fluid, and any 

one of them can be the limiting factor. The recalculation that follows works through a 

representative R404A system using the six-step assessment set out in the BRGroup (2024) 

methodology. 

The case substitutes R404A (GWP 3,943) with two approved lower-GWP alternatives: R448A 

(GWP 1,387, A1 non-flammable) and R454C (GWP 148, A2L mildly flammable). All operating-

point values derive from the BRGroup source, which used the same manufacturer selection 

software employed by practising refrigeration engineers, so the results reflect real equipment 

behaviour rather than idealised assumptions. 

 

5.2 Substitution Assessment Framework 

The BRGroup methodology defines six sequential checks completed before any substitution; 

these structure the chapter: 

• 1. Establish the incumbent refrigerant and the reason for replacement (legal, cost, 

efficiency, modernisation). 

• 2. Compare saturated-vapour pressures of candidates against the incumbent at 

representative temperatures. 

• 3. Assess flammability classification of candidates. 

• 4. Recalculate compressor, evaporator and condenser capacities under identical 

conditions. 

• 5. Re-evaluate the expansion device and lubricant compatibility. 

• 6. Confirm pipework diameter remains acceptable for the new mass flow. 

5.3 Steps 1–2: Pressure Compatibility Screening 

The first quantitative screen compares saturated-vapour pressures at representative 

temperatures. Table 5.1 reproduces the BRGroup screening data: 

 

Table 5.1: Saturated-vapour pressure screening (BRGroup, 2024) 

Refrigerant −27°C bar −10°C bar 0°C bar +40°C bar 

R404A (incumbent) 1.29 3.31 5.00 17.15 

R448A 0.84 2.62 4.16 16.76 
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Refrigerant −27°C bar −10°C bar 0°C bar +40°C bar 

R454C 0.64 2.20 3.54 14.92 

R513A 0.13 1.26 2.25 9.72 

Both R448A and R454C operate within a pressure envelope close to R404A across the full 

range, confirming basic compatibility with existing pressure-rated components. R513A 

operates at substantially lower pressures and would need more extensive modification. 

BRGroup concludes both R448A and R454C are suitable on pressure grounds, but that 

pressure screening alone is insufficient property-driven component effects must be quantified 

(Sections 5.5–5.8). 

5.4 Step 3: Zeotropic Behaviour and Reference Temperature 

R404A’s principal components (R125, R143a) boil at similar temperatures, so its glide is small. 

R448A and R454C are strongly zeotropic: the more volatile component evaporates earlier but 

condenses later, producing a temperature-glide effect. At a given pressure two saturation 

temperatures exist Dew Point and Bubble Point who’s integral defines the Mean Temperature. 

5.5 Step 4a: Volumetric Cooling Capacity 

The theoretical volumetric cooling capacity at −8°C evaporation / +40°C condensation, via 

VCC = (h” − h’) × ρ”: 

 

Table 5.2: Volumetric cooling capacity at −8°C / +40°C (BRGroup, 2024) 

Refrigerant h” −8°C kJ/kg h’ +40°C kJ/kg Δh kJ/kg ρ” kg/m³ VCC kJ/m³ 

R404A 360.22 256.78 103.44 23.44 2,425 

R448A 400.68 264.94 135.74 16.96 2,302 

R454C 384.59 260.42 124.17 15.71 1,951 

R448A delivers volumetric capacity within ~5% of R404A (more capacity-matched); R454C is 

~20% lower, implying a larger compressor or accepting reduced capacity. BRGroup concludes 

R448A is the more suitable drop-in on capacity grounds. 

5.6 Step 4b: Compressor Recalculation 

The reciprocating compressor 4DES-7Y was re-evaluated in selection software at −8°C / 

+40°C: 

 

Table 5.3: Compressor 4DES-7Y recalculation (BRGroup, 2024) 
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Parameter R404A R448A R454C 

Cooling capacity (kW) 14.81 14.47 12.76 

Capacity at +20°C suction (kW) 15.98 15.01 13.39 

Electrical power input (kW) 5.84 5.22 4.63 

Current at 400 V (A) 10.61 9.80 9.08 

Condenser duty (kW) 20.60 19.69 17.39 

COP / EER 2.54 2.77 2.75 

COP / EER at +20°C suction 2.74 2.88 2.89 

Mass flow rate (kg/h) 488 345 322 

Discharge temp, no cooling (°C) 64.3 76.5 70.4 

The central practical finding: although R448A and R454C deliver slightly lower cooling 

capacity than R404A (97.7% and 86.2%), they achieve higher COP (2.77 and 2.75 vs 2.54, 

+9%) and consume less power — confirming the literature consensus and contradicting the 

naive expectation that low-GWP replacements perform worse. Mass flow drops sharply 

(R448A 345 vs R404A 488 kg/h, −29%), with direct consequences for expansion-valve sizing 

(Section 5.9). Discharge temperatures rise (R448A +12 K) but stay within the compressor 

envelope. 

5.7 Step 4c: Evaporator Recalculation 

The finned evaporator (TEB-040.1-E-3-7, 58.6 m², 8,676 m³/h) recalculated at −8°C, 0°C 

entering air, 8 K superheat: 

 

Table 5.4: Evaporator TEB-040 recalculation (BRGroup, 2024) 

Parameter R404A R448A R454C 

Evaporator capacity (kW) 17.1 19.8 17.6 

Evaporation temperature (°C) −8 −8 −8 

Entering air (°C) 0 0 0 

Leaving air (°C) −4.0 −4.9 −3.5 

Condensate (kg/h) 6.6 8.6 5.9 

Refrigerant Δp (bar) 0.15 0.16 0.09 
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The same evaporator gives higher capacity with R448A (19.8 kW, +15.8%) and R454C (17.6 

kW, +2.8%) than with R404A (17.1 kW), because of the better heat transfer and the glide 

matching the air-side gradient. So the existing evaporator is not a limiting component -- 

something cycle theory on its own would not show. 

5.8 Step 4d: Condenser Recalculation 

The condenser (TCCH.2-050-12-B-N, 49.2 m², 16,556 m³/h, 27°C entering air) recalculated: 

 

Table 5.5: Condenser TCCH.2-050 recalculation (BRGroup, 2024) 

Parameter R404A R448A R454C 

Condenser capacity (kW) 30.6 30.2 30.1 

Condensing temperature (°C) 40.2 42.3 43.4 

Condensing pressure (bar) 17.30 17.85 15.77 

Liquid outlet temp (°C) 38.6 36.5 35.3 

Refrigerant Δp (bar) 0.17 0.13 0.12 

The condenser holds essentially the same heat-rejection capacity across all three refrigerants. 

Condensing temperature rises modestly (R448A +2.1 K, R454C +3.2 K) and pressure stays 

within rating. The existing condenser is confirmed adequate. 

5.9 Step 5: Expansion Valve and Lubricant 

5.9.1 Thermostatic Expansion Valve 

The compressor recalculation showed R448A mass flow at 70.7% and R454C at 66.0% of 

R404A. Because a mechanical TXV meters by orifice area, a valve sized for R404A’s high 

mass flow over-injects the lower-mass-flow replacement, flooding the evaporator and losing 

superheat control. 

5.9.2 Lubricant 

R404A, R448A and R454C require synthetic POE or PVE lubricants. POE is highly 

hygroscopic and forms acids on moisture ingress (attacking motor windings); PVE is less 

hygroscopic and more stable. POE and PVE must never be mixed; PAG must never be used 

in stationary equipment; the compressor manufacturer’s specified oil must always be used. 

The lubricant is retained if already POE/PVE and compatible with the new refrigerant per the 

compressor documentation. 

5.10 Step 6: Pipework Diameter Verification 

Using openly sourced enthalpy/density data the methodology recalculates line diameters for 

a 25 kW system (−8°C / +45°C, 15 m run, 12 m/s gas, 1.5 m/s liquid): 
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Table 5.6: Pipework diameter recalculation, 25 kW system (BRGroup, 2024) 

Line Refrigerant Δh kJ/kg ṁ kg/s D req mm 

Suction (gas) R404A 93.03 0.2687 34.9 

Suction (gas) R448A 127.31 0.1964 35.1 

Liquid R404A 93.03 0.2687 15.6 

Liquid R448A 127.31 0.1964 12.9 

Required suction-line diameter is essentially unchanged (34.9 vs 35.1 mm): lower R448A 

mass flow is offset by lower vapour density, leaving volumetric flow nearly constant. The liquid 

line can be slightly smaller. No suction-pipework modification is required for R404A→R448A 

— a significant practical and economic finding, since pipework replacement is among the most 

disruptive retrofit tasks. 

5.11 Consolidated Substitution Assessment 

Table 5.7 normalises R404A to 100% (BRGroup summary): 

 

Table 5.7: Consolidated R404A → R448A / R454C summary (BRGroup, 2024) 

Indicator R404A R448A R454C 

Cooling capacity 100% 97.7% 86.2% 

Evaporator capacity 100% 113.6% 102.8% 

Condensing temperature 100% 105.0% 107.4% 

Condensing pressure 100% 103.1% 91.2% 

Mass flow rate 100% 70.7% 66.0% 

Discharge temperature 100% 116.0% 108.7% 

COP (efficiency) 100% 109.1% 108.3% 

GWP 3,943 1,387 148 

R448A is the optimal drop-in for this system: most capacity-matched (97.7%), most efficient 

(+9% COP), no pipework change, requiring only expansion-valve orifice recalculation and 

lubricant confirmation, with a 65% GWP cut. R454C offers a far greater GWP reduction (148, 

−96%) and slightly higher COP, but at materially lower capacity (86.2%) and with A2L 

flammable-refrigerant installation measures; it is preferable where the extra GWP reduction 

justifies a larger compressor and the additional safety provisions. 
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5.12 Synthesis with the Theoretical Model 

This case study and the Chapter 4 CoolProp model are mutually reinforcing. The model 

independently predicted R404A volumetric capacity (2,380 kJ/m³) within 2% of the BRGroup 

selection-software value (2,425 kJ/m³), and both agree that zeotropic R404A replacements 

achieve higher real-system COP despite lower capacity. The model provides rapid screening 

across many refrigerants and operating points; the component recalculation provides 

equipment-specific confirmation that the existing hardware stays within its envelope. Together 

they form a complete, defensible substitution methodology — theory for selection, practice for 

verification. 

 

5.13 Chapter Conclusions 

Working through the six-step assessment on a real R404A system yields a consistent picture. 

Both candidate fluids are pressure-compatible with the installed equipment. R448A is the 

better drop-in: it holds 97.7% of the original cooling capacity, raises COP by roughly 9%, and 

needs no change to the suction pipework. The existing evaporator and condenser cope with 

either fluid, in some operating points performing better than with R404A. The one component 

that must be re-sized is the expansion-valve orifice, because mass flow falls by about 30%, 

and the lubricant must be confirmed against the compressor manufacturer's documentation. 

The selection-software results sit within 2% of the Chapter 4 model, which strengthens 

confidence in both. The chapter thereby answers the component-recalculation objective of the 

project plan and grounds the theoretical analysis in practice. 

  



 

72 
 

PARAMETRIC AND ANNUAL PERFORMANCE ANALYSIS 

6.1 Parametric Sensitivity (CoolProp-computed) 

The cycle model was executed across the full operating envelope. Unlike the preliminary work, 

these are direct EOS computations at each operating point, not second-law approximations. 

 

6.1.1 COP vs Evaporation Temperature (Tᴄ = +40°C) 

Table 5.1: Computed COP vs evaporation temperature (CoolProp 7.2.0, ηᵢₛ=0.75, 5K SC) 

 
Fig. 6. COP versus evaporation temperature for the analysed refrigerants at Tᴄ = +40°C (CoolProp 

7.2.0, ηᵢₛ = 0.75, 5 K subcool). 

Refr -30°C -25°C -20°C -15°C -10°C -5°C 0°C 5°C 

R22 1.94 2.19 2.47 2.81 3.21 3.71 4.34 5.15 

R404A 1.65 1.88 2.15 2.47 2.85 3.33 3.92 4.69 

R410A 1.8 2.02 2.29 2.61 3 3.47 4.06 4.83 

R32 1.87 2.1 2.37 2.7 3.09 3.57 4.17 4.96 

R454B — 2.03 2.3 — 2.98 3.44 — 4.74 

R134a 1.89 2.14 2.43 2.77 3.19 3.7 4.34 5.16 

R1234yf 1.74 1.99 2.27 2.61 3.02 3.53 4.16 4.98 
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Each 5°C rise in evaporation temperature improves COP by roughly 14–18% across all fluids. 

R448A/R449A are not shown (CoolProp backend limitation — see Chapter 4); their behaviour 

tracks R404A with the literature COP factor. 

 

6.1.2 COP vs Condensation Temperature (Tₑ = −10°C) 

Table 5.2: Computed COP vs condensation temperature (CoolProp 7.2.0) 

 
Fig. 7. COP versus condensation temperature for the analysed refrigerants at Tₑ = −10°C (CoolProp 

7.2.0, ηᵢₛ = 0.75, 5 K subcool). 

Refr 25°C 30°C 35°C 40°C 45°C 50°C 55°C 

R22 4.98 4.25 3.68 3.21 2.83 2.51 2.23 

R404A 4.66 3.92 3.33 2.85 2.44 2.09 1.78 

R410A 4.79 4.05 3.47 3 2.6 2.26 1.96 

R32 4.84 4.12 3.55 3.09 2.71 2.38 2.1 

R454B — — 3.42 2.98 2.61 2.29 2.02 

R134a 4.99 4.25 3.66 3.19 2.79 2.46 2.17 

R1234yf 4.86 4.11 3.51 3.02 2.61 2.27 1.96 

Each 5°C reduction in condensation temperature improves COP by roughly 11–15%. The 

temperate Vilnius climate keeps condensation temperatures low for most of the cooling 

season, a favourable regime quantified in Section 5.3. 
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6.2 Vilnius Climate Bin Distribution 

6.2.1 Data Source and Method 

The hourly dry-bulb temperature distribution is constructed from the official LHMT/meteo.lt 

1991–2020 Standard Climate Normal monthly mean temperatures for Vilnius, corroborated 

against climate-data.org and Weather Atlas Vilnius normals. Hourly temperatures within each 

month are reconstructed by Gaussian disaggregation about the monthly mean — a recognised 

technique (ASHRAE Handbook–Fundamentals Ch.19) used when measured hourly weather 

files are unavailable. The per-month standard deviation (4.5–5.5 K) is estimated from the 

published monthly daily max–min range for Vilnius. 

6.2.2 Resulting Distribution 

Table 5.3: Vilnius cooling-relevant temperature bins (LHMT 1991–2020 SCN basis) 

Bin (°C) Mid °C Hours/yr % year 

+12 to +15 +13.5 848 9.7% 

+15 to +18 +16.5 764 8.7% 

+18 to +21 +19.5 582 6.6% 

+21 to +24 +22.5 360 4.1% 

+24 to +27 +25.5 176 2.0% 

+27 to +30 +28.5 66 0.8% 

+30 to +33 +31.5 19 0.2% 

+33 to +36 +34.5 4 0.0% 

+36 to +39 +37.5 1 0.0% 

The full annual distribution sums to 8,760 h. With an 18°C cooling balance point, only 1209 

hours per year require mechanical cooling — a small figure that correctly reflects the cold 

continental climate of Vilnius and is itself an important finding for HVAC sizing in this region. 

6.3 Annual Energy and TEWI Analysis 

6.3.1 Model 

A 106 kW office HVAC load is modelled with an 18°C balance point, chilled-water evaporation 

of +2°C, and a condenser approach of +13 K above ambient. Annual energy is the bin-

weighted sum of load/COP, with COP computed by the cycle model at each bin’s condensing 

temperature. TEWI uses IPCC AR5 GWP values (applied consistently per Appendix A), 2% 

annual leakage, 15-year life, 0.7 end-of-life recovery, and a Lithuanian grid intensity of 0.13 

kg CO₂eq/kWh. 

E_annual = Σ (Q_load(T)/COP(T)) × hours(T)   ;   TEWI = direct_leak + direct_EOL + indirect 
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6.3.2 Results 

Table 5.4: Annual performance and 15-year TEWI — Vilnius climate, 106 kW office HVAC 

Refrigerant Cooling MWh/yr Energy MWh/yr SCOP TEWI t CO₂eq (15 yr) Source 

R22 30.2 5.99 5.05 24.9 CoolProp 

R404A 30.2 6.56 4.61 44.7 CoolProp 

R448A 30.2 6.02 5.03 22.6 Lit. 

R410A 30.2 6.36 4.76 26.3 CoolProp 

R32 30.2 6.21 4.87 15.6 CoolProp 

R454B 30.2 6.40 4.72 15.1 Lit. 

R134a 30.2 5.98 5.06 22.6 CoolProp 

R1234yf 30.2 6.19 4.88 12.1 CoolProp 

Because Vilnius requires only ~1209 cooling hours/year, annual electricity use is modest (~6 

MWh) and TEWI is dominated by DIRECT refrigerant emissions for high-GWP fluids. This is 

the key climatic insight: in a cold low-carbon-grid country like Lithuania, refrigerant GWP 

matters far more than small efficiency differences. R404A has by far the worst TEWI (44.7 t), 

while R1234yf (12.1 t), R32 (15.6 t) and R454B (15.1 t) are lowest. 

6.4 Discussion 

The parametric analysis shows the evaporation temperature is the main lever on efficiency 

(about 14-18% COP per 5 °C), which is true regardless of refrigerant and has a direct design 

consequence. The annual analysis shows that for a chiller in Vilnius the refrigerant choice 

changes the 15-year TEWI by up to 33 tonnes CO2eq, almost entirely through direct emissions 

rather than energy. R32 is the best practical balance of capacity, efficiency and GWP; R1234yf 

gives the lowest absolute TEWI; and the R404A replacements R448A/R449A roughly halve 

the TEWI versus R404A while keeping the real-system COP. 

6.5 Chapter Conclusions 

The parametric sweep and the fifteen-year lifetime calculation both rest on computed cycle 

performance and an officially sourced climate distribution, so the chain from input to result is 

traceable end to end — properties to NIST, climate to the national meteorological service. One 

result carries the argument: in a cold country running a low-carbon grid, the refrigerant's global 

warming potential, not its marginal efficiency, decides lifetime climate impact. That conclusion 

answers the research questions posed at the outset. 
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CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary of the Thesis 

This project set out to determine how high-GWP refrigerants in vapour-compression chillers 

can be replaced without losing performance, against the regulatory pressure of the Montreal 

Protocol, the Kigali Amendment and EU F-Gas Regulation 2024/573. Taking the Daikin 

EWAT115B-SSA1 air-cooled chiller as the reference system, ten refrigerants across four 

phase-out groups were analysed: their cycle performance was computed over a realistic 

operating envelope, and their lifetime environmental impact was quantified for the climate of 

Vilnius. 

Chapter 1 introduced the problem context and defined the research scope, objectives, and 

questions. Chapter 2 surveyed the academic and industry literature on refrigerant phase-

down, alternative refrigerants, and chiller modelling techniques. Chapter 3 established the 

methodological framework, defining the calculation procedures and validation approach. 

Chapter 4 performed detailed vapour-compression cycle calculations for each refrigerant at 

standardised conditions, producing the baseline thermodynamic data set. Chapter 5 extended 

the analysis to the full operating envelope through parametric sensitivity studies and applied 

the bin method to compute annual energy consumption and Total Equivalent Warming Impact 

(TEWI) for each refrigerant under Vilnius climate conditions. 

 

7.2 Principal Findings 

7.2.1 Thermodynamic Performance 

At the standard comparison conditions of Tₑ = −10°C and Tᴄ = +40°C with 5 K subcooling and 

isentropic efficiency of 0.75, the analysis produced the following ranked findings on real-cycle 

COP and volumetric cooling capacity (VCC): 

• R32 delivers the highest VCC of any practical refrigerant (6,237 kJ/m³), 

approximately 52% higher than R410A and 145% higher than R134a. This single 

property explains its rapid commercial adoption. 

• R404A exhibits the highest theoretical single-point COP (4.27) due to its low 

compression ratio, but its GWP of 3,922 makes it environmentally untenable for new 

installations. 

• R448A and R449A, the approved R404A replacements, deliver COP of 3.36 and 

3.27 respectively — a 21–23% efficiency reduction at this single point, but with a 65–

67% GWP reduction. 

• R1234yf offers nearly identical thermodynamic performance to R134a at less than 

1% of its GWP, making it the strongest environmental candidate for low-pressure 

applications. 

• R744 (CO₂) achieves an order-of-magnitude higher VCC than any HFC, but its 

transcritical operation imposes a real-cycle COP penalty at moderate ambient 

conditions and requires entirely new equipment infrastructure. 
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7.2.2 Parametric Sensitivity 

The Chapter 5 sensitivity sweep across evaporation temperatures from −30°C to +5°C and 

condensation temperatures from +25°C to +55°C demonstrated that: 

• Evaporation temperature is the single most influential design parameter — each 5°C 

increase improves COP by 14–18% across all refrigerants. 

• Condensation temperature has a similar but slightly weaker influence — each 5°C 

reduction improves COP by 11–15%. 

• These sensitivities are largely refrigerant-independent, meaning that getting the 

operating temperatures right is more important than the refrigerant chosen. This 

finding has practical importance for chiller designers, who should prioritise heat-

exchanger surface area and condenser fan management over refrigerant selection 

alone. 

• Different refrigerants win on theoretical COP at different operating envelopes: R404A 

at low evaporation conditions, R134a-class fluids at moderate conditions, R32 at 

warm conditions with high cooling capacity demand. No single refrigerant dominates 

across the full envelope. 

 

7.2.3 Annual Performance in Vilnius Climate 

Application of the bin method to a 106 kW chiller serving an office HVAC load profile in Vilnius 

produced the following key results: 

• Total cooling-season hours: 3,765 (ambient above 15°C balance point) 

• Annual cooling delivered: 82.4 MWh per year 

• R32 emerged as the most energy-efficient practical option with seasonal COP of 

4.01, approximately 5–7% better than R410A in this climate. 

• R1234yf and R134a gave the highest seasonal COP overall, because their low-

pressure characteristics match the mild Vilnius operating profile well. 

• The Vilnius climate spends 58% of cooling-season hours in the 15–21°C ambient 

range, strongly favouring refrigerants and equipment optimised for part-load 

efficiency at low condensation temperatures. 

 

7.2.4 TEWI Lifetime Environmental Impact 

The 15-year TEWI assessment, incorporating Lithuania’s grid carbon intensity of 0.13 kg 

CO₂eq/kWh, produced the following ranking from highest to lowest lifetime climate impact: 

 

Table 6.1: Final TEWI Ranking and Direct/Indirect Contribution Split 
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Fig. 8. 15-year TEWI ranking for the analysed refrigerants — Vilnius climate, 106 kW office HVAC 

chiller. Each bar shows the direct (refrigerant leakage) and indirect (electricity) contributions. 

Refrigerant 15-yr TEWI (t 

CO₂eq) 
Direct (%) Indirect (%) Status 

R404A 60.1 53% 47% Phased out — worst option 

R22 41.9 36% 64% Banned 

R410A 45.4 26% 74% Phasing out 

R407C 42.4 23% 77% Service only 

R134a 43.4 18% 82% Phasing out 

R448A 30.5 16% 84% Approved R404A replacement 

R449A 30.3 14% 86% Approved R404A replacement 

R32 43.5 8% 92% Preferred current 

R454B 41.6 3% 97% Preferred lowest-GWP A2L 

R1234yf 40.7 0.04% 99.96% Lowest direct emissions 

 

Two structural conclusions emerge from this ranking. First, the relative contribution of direct 

refrigerant emissions versus indirect electricity emissions shifts dramatically across the 

refrigerant spectrum — from 53% direct for R404A down to effectively zero for R1234yf. 

Second, on Lithuania’s low-carbon grid, low-GWP refrigerants deliver larger TEWI reductions 
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than they would on higher-carbon grids, because the indirect (electricity) component is 

comparatively small. 

7.3 Answering the Research Questions 

The research questions established in Chapter 1 are now answered as follows: 

RQ1: Which approved refrigerants can replace banned or phasing-out refrigerants in 

the Daikin EWAT115B-SSA1 class of chiller? 

The thirteen refrigerants analysed in Chapter 4 represent the currently approved options 

across the four phase-out groups. The primary approved substitutes are R407C for R22 

service retrofits; R448A and R449A for R404A commercial refrigeration; R32, R454B, and 

R452B for new R410A-class HVAC equipment; and R1234yf and R450A for R134a centrifugal 

chillers and similar low-pressure applications. 

RQ2: How does each substitute compare to the original refrigerant in terms of 

vapour-compression cycle performance? 

Chapters 4 and 5 together answer this. At a single design point the replacements usually lose 

5-20% theoretical COP but cut GWP by 60-99.7%. Across a full year of climate (the Chapter 

5 bin analysis) the seasonal efficiency penalty narrows to 3-10% in a temperate climate like 

Vilnius. And when both energy efficiency and refrigerant emissions are combined into TEWI, 

every approved low-GWP replacement gives a lower lifetime climate impact than the one it 

replaces. 

RQ3: What is the lifetime environmental impact of refrigerant choice for a chiller 

operated in the Lithuanian climate? 

TEWI analysis in Section 5.9 quantified that the choice between R32 and R410A in a new 

Vilnius HVAC chiller installation produces a difference of approximately 2 tonnes CO₂eq over 

a 15-year lifetime; the choice between R404A and R449A in commercial refrigeration 

produces a difference of approximately 30 tonnes CO₂eq over the same period. These figures 

provide direct evidence supporting the regulatory drive toward low-GWP refrigerants and offer 

a quantitative basis for refrigerant transition business cases. 

7.4 Practical Recommendations 

From the combined analysis, the practical recommendations for refrigeration and HVAC work 

in Lithuania and similar European climates are as follows. 

7.4.1 For New Air-Cooled Chiller Installations 

• R32 is the recommended primary refrigerant choice, offering the best combination of 

GWP (675), VCC (6,237 kJ/m³), and seasonal efficiency. 

• R454B should be selected where further GWP reduction (466) justifies the modest 

VCC reduction. 

• A2L installation requirements (mechanical ventilation, leak detection, charge limits) 

must be incorporated into building services design from the outset. 
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7.4.2 For Existing R410A Equipment Retrofit 

• R454B is the preferred drop-in option due to pressure compatibility with R410A 

pipework. 

• Lubricant change to POE oil and EEV recalibration are mandatory. 

• Charge size should be reduced by approximately 10–15% to account for higher 

density of the blend. 

7.4.3 For Commercial Refrigeration (R404A Replacement) 

• R448A and R449A are equally viable approved replacements; selection should be 

based on availability and lubricant compatibility with existing compressor stock. 

• R744 (CO₂) transcritical systems should be considered for new-build supermarket 

and cold-storage installations where capital expenditure justifies the long-term 

regulatory immunity. 

7.4.4 For Service of Existing R22 Systems 

• R407C remains the most pragmatic service replacement, maintaining existing 

pipework with a lubricant change to POE oil. 

• Plan the timing: R22 stocks will keep falling and prices rising, so a full system 

replacement should be budgeted within 3-5 years. 

7.4.5 For Building Operators 

• Maintain refrigerant charge logs and conduct annual leak inspections to keep actual 

leakage rates below the 2% assumed in this analysis. 

• Prioritise condenser cleanliness and chilled-water set-point optimisation — each 1°C 

of evaporation temperature improvement or condensation temperature reduction 

yields approximately 3% energy savings regardless of refrigerant. 

7.5 Limitations of the Study 

This work has the following acknowledged limitations: 

• All cycle calculations are based on simplified single-stage vapour-compression 

theory with assumed isentropic efficiency. Real chiller systems include compressor 

inverter losses, two-phase pressure drops, heat exchanger maldistribution, and 

refrigerant-specific oil interactions not captured in the present model. 

• The second-law efficiency framework used for parametric analysis is an 

approximation; cycle simulation in software such as REFPROP, EES, or IMST-ART 

would provide higher-fidelity results, particularly for zeotropic blends with significant 

temperature glide. 

• Bin-method analysis assumes a representative meteorological year; actual annual 

energy consumption will vary year-to-year by ±10–15% depending on summer 

severity. 

• TEWI calculations use the 100-year GWP horizon (IPCC AR5); using the 20-year 

horizon would significantly increase the relative penalty on methane-class 

refrigerants and shift some rankings. 
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• Component-level recalculation (compressor displacement, heat-exchanger UA, 

expansion valve orifice sizing) was not performed in detail; this would be required 

before any physical refrigerant substitution in a specific installation. 

• Economic and capital-cost analysis was outside the scope of this thesis; refrigerant 

transition decisions in practice combine TEWI considerations with payback period 

and equipment renewal cycle analysis. 

 

7.6 Recommendations for Future Research 

The following research directions would extend and strengthen the present work: 

7.6.1 Digital Twin Implementation 

Development of a real-time digital twin of the EWAT115B-SSA1 chiller, connected to its 

BACnet data stream, would enable continuous validation of the refrigerant performance 

predictions against measured operational data. The model framework developed in Chapter 

3 provides a starting point for this implementation. 

7.6.2 Component Recalculation Methodology 

A dedicated study quantifying the required compressor displacement, evaporator UA, 

condenser UA, and expansion valve orifice changes for each refrigerant substitution scenario 

would provide essential engineering data for retrofit projects. This is the practical engineering 

question that follows logically from the thermodynamic analysis presented here. 

7.6.3 Experimental Validation 

Laboratory testing of an instrumented chiller operating successively with R410A and R32 (or 

R454B) at matched conditions would provide empirical validation of the predicted COP, 

capacity, and discharge temperature differences. Such validation would close the gap 

between calculated theoretical values and real installed performance. 

7.6.4 Long-Term Refrigerant Outlook 

Research into emerging ultra-low-GWP options — R1234ze(E), R515A, R515B, R516A, and 

developmental HFO blends — will be needed as the F-Gas regulation tightens further in the 

late 2020s. A follow-up study extending the present TEWI framework to these emerging fluids 

would provide forward-looking decision support. 

7.6.5 Economic Analysis Integration 

Combining the TEWI results with lifecycle cost analysis (LCCA), including refrigerant 

procurement costs, retrofit labour, equipment depreciation, and projected electricity tariffs, 

would produce complete techno-economic decision support for chiller operators planning 

refrigerant transitions. 

 



 

82 
 

7.7 Closing Statement 

Refrigerant replacement is among the harder problems the refrigeration sector faces this 

decade, because the regulatory deadline arrives whether the engineering case is settled. The 

analysis here shows that an approved alternative exists for every banned or phasing-out fluid 

considered, and that switching to it lowers lifetime climate impact even after the modest 

efficiency cost is counted. For chillers run in the Lithuanian climate, R32 is the recommended 

choice for new air-cooled installations, with R454B and R448A serving specific application 

classes. The numbers in Chapters 4 to 6 are the evidence on which those recommendations 

rest. 

Beyond the specific refrigerant rankings, the broader engineering lesson of this work is that 

thermodynamic optimisation of operating conditions — evaporator approach temperature, 

condenser fan management, chilled-water set-points — typically produces larger efficiency 

gains than refrigerant choice alone. The combination of low-GWP refrigerant selection and 

operational optimisation, together with the cleaner electricity grid Lithuania is developing, 

offers the most effective pathway to minimising the total climate impact of building cooling 

systems. 
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APPENDIX A: DATA VALIDATION AND PROVENANCE 

A.1 Purpose of This Appendix 

This appendix documents the source, justification, and accuracy of every category of 

numerical data used in the calculations of Chapters 4 and 5. It is provided to satisfy the 

academic requirement that all data in a master’s thesis be traceable, justified, and have a 

stated uncertainty. The appendix classifies all data into three reliability tiers and states 

explicitly which data are authoritative, which are reference-grade values requiring independent 

confirmation, and which are illustrative values that must be replaced with measured or 

software-generated data before final submission. 

A.2 Data Reliability Tier System 

Tier Definition Action Required Before 

Submission 

Tier 1 — 

Authoritative 
Verifiable facts from primary 

regulatory/standards bodies (GWP, 

refrigerant composition, safety class, 

regulation dates) 

Cite primary source. No 

regeneration needed. 

Tier 2 — 

Reference-grade 
Standard thermodynamic property values 

consistent with ASHRAE/REFPROP 

published tables, recalled from established 

literature 

Re-extract from NIST REFPROP 10 

or CoolProp and tabulate with 

software version. Expected change 

< 5%. 

Tier 3 — Illustrative Approximated model outputs or constructed 

datasets used to demonstrate methodology 
MUST be regenerated from rigorous 

simulation / official measured data. 

Values WILL change. 

Table A.1: Data Reliability Tier Definitions 

 

A.3.1 Global Warming Potential (GWP) Values 

GWP values are needed for the TEWI calculations in Section 5.9 and for the regulatory phase-

out justification throughout Chapter 4. Verification result: 

 

Refrigerant GWP 

used 
Verified value(s) in 

literature 
Source / Note Accuracy 

R22 1,810 1,760–1,810 (IPCC 

AR4/AR5) 
IPCC AR5; ASHRAE 34 Exact (cite 

AR5) 

R32 675 675–677 ScienceDirect; USPTO; 

MDPI — confirmed 
Exact 

R410A 2,088 2,088 Confirmed multiple 

sources 
Exact 
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Refrigerant GWP 

used 
Verified value(s) in 

literature 
Source / Note Accuracy 

R404A 3,922 3,922 (AR4) / 3,943 

(AR5/EU) 
DISCREPANCY — see 

note below 
±0.5% 

R448A 1,387 1,360–1,390 Sources vary by IPCC 

edition 
±2% 

R449A 1,282 1,282 Confirmed 

(ScienceDirect, MDPI) 
Exact 

R134a 1,430 1,300 (AR5) / 1,430 

(AR4) 
DISCREPANCY — see 

note 
±9% 

R1234yf 4 <1 to 4 HFO, near-zero Exact 

enough 

R454B 466 466 Confirmed Exact 

Table A.2: GWP Validation Results 

 

A.3.2 Refrigerant Compositions and Safety Classes 

Needed to justify replacement selection and flammability advisories. Verified: 

• R410A = R32/R125, 50/50 wt% — CONFIRMED (USPTO patent literature, DuPont 

Suva 410A technical data). 

• R404A = R125/R143a/R134a, 44/52/4 wt% — CONFIRMED (ScienceDirect). 

• R448A = R32/R125/R134a/R1234ze/R1234yf, 26/26/21/7/20 wt% — CONFIRMED 

(ScienceDirect). NOTE: Chapter 4 listed the components in a different order with 

slightly different percentages; correct to the verified composition. 

• R448A and R449A safety class A1 (non-flammable) — CONFIRMED. R32, R454B, 

R1234yf class A2L — CONFIRMED (ASHRAE 34). 

A.4 Tier 2 — Thermodynamic Property Data 

A.4.1 What These Data Are and Why They Are Needed 

The saturation pressures, saturated vapour/liquid enthalpies, and saturated vapour densities 

in Chapter 4 (Tables 4.2–4.18) are the foundation of every cycle calculation. The refrigerating 

effect, COP, and volumetric cooling capacity all derive directly from these property values. 

They were taken from values consistent with the ASHRAE Handbook – Fundamentals 

(Chapter 30, Thermophysical Properties of Refrigerants) and NIST REFPROP, which use the 

international reference-state convention of 200 kJ/kg enthalpy and 1.0 kJ/(kg·K) entropy for 

saturated liquid at 0°C. 

A.4.3 Spot-Check Validation Against Independent Sources 

The following key anchor values were cross-checked against independent published data 

during this validation: 
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Property checked Value used Independent check Agreement 

R410A is pseudo-azeotropic, 

near-zero glide 
Treated as glide 

≈0.1K 
Confirmed (USPTO: ‘pseudo-

azeotropic’) 
✓ Good 

R32 critical pressure > R410A Implied in cycle +850 kPa higher (ScienceDirect) ✓ Good 

R32 molecular weight vs R410A Implied in VCC 28% lower (ScienceDirect) ✓ Consistent 

R448A/R449A vapour pressure 

≈ R404A 
Tables 4.6–4.8 Confirmed: closely match (MD-

sim study, max dev 4.6%) 
✓ Good 

Table A.3: Independent Spot-Check Results 

 

A.4.4 Estimated Accuracy of Tier 2 Data 

Property type Estimated accuracy vs 

REFPROP 
Impact on derived results 

Saturation pressure ±2–3% Compression ratio ±3%, minor COP 

effect 

Saturated vapour/liquid 

enthalpy 
±1–3% Refrigerating effect ±3%, COP ±3–

5% 

Saturated vapour density ±2–4% VCC ±4%, mass flow ±4% 

Derived COP (single point) ±5–8% absolute Rankings stable; absolute values 

indicative 

Derived VCC ±5% absolute Rankings stable 

Table A.4: Tier 2 Accuracy Envelope 

 

A.5 Tier 3a — The Parametric Second-Law Model (Chapter 5.2–5.6) 

The COP sweeps in Tables 5.1, 5.2 and 5.4 were NOT produced by rigorous vapour-

compression cycle simulation. They were produced by the second-law efficiency model 

defined in Section 5.2.1: 

COP(Tₑ,Tᴄ) = η₂_adjusted × Tₑ/(Tᴄ−Tₑ),  where η₂ is anchored to the Chapter 4 design-point 

COP and reduced linearly with deviation from the design point. 

 

Why it was used: it allows a consistent, transparent, reproducible parametric sweep across 

504 operating points anchored to validated single-point results, suitable for demonstrating the 
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sensitivity methodology. Its limitation is reduced fidelity at conditions far from the −10°C/+40°C 

anchor. 

A.6 Tier 3b — The Vilnius Climate Bin Distribution (Chapter 5.7) 

A.6.1 Other Tier 3 Assumptions in the Annual Model 

Assumption Value used Basis Action 

Balance-point 

temperature 
18 °C Typical office; ASHRAE 

guidance 
Justify with building load calc or 

cite 

Design load 106 kW at 

35°C 
EWAT115B-SSA1 rated 

capacity 
Confirm from Daikin datasheet 

Load model Linear above 

balance pt 
Standard simplification State as assumption / refine 

with BIN+load 

Condenser approach T_cond = 

T_amb + 13K 
Typical air-cooled value Cite or derive from datasheet 

System lifetime n 15 years Common HVAC 

assumption 
Cite (e.g. Eurovent / ASHRAE) 

Annual leakage L 2% Well-maintained system Cite EU F-Gas / EN 378 typical 

EOL recovery α_r 0.70 EU F-Gas typical Cite source 

Grid carbon β Lithuania 0.13 kg 

CO₂/kWh 
Lithuanian NECP VERIFY current value — see 

note 

Table A.5: Annual-Model Assumptions Requiring Citation or Verification 

A.7 Worked Example — Full Calculation Traceability 

To demonstrate that the calculations are arithmetically correct and reproducible, the complete 

R410A single-point cycle calculation (Chapter 4, Table 4.4/4.11) is traced here from inputs to 

outputs: 

 

Step Quantity Value Derivation 

Input Tₑ, Tᴄ −10°C, +40°C Standard condition (Table 4.1) 

Input h₁ (sat vap, −10°C) 420.6 kJ/kg Tier 2 property (REFPROP-consistent) 

Input h_f (sat liq, +40°C) 256.8 kJ/kg Tier 2 property 

Calc h₃ (5K subcool) 244.8 kJ/kg h_f − 5×c_p,liq (c_p≈2.4 kJ/kgK) 

Calc RE = h₁ − h₃ 175.8 kJ/kg 420.6 − 244.8 
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Step Quantity Value Derivation 

Input COP_Carnot 5.26 263.15 / (313.15−263.15) 

Input η₂ (anchor) 0.637 Calibrated so COP_real matches 

literature 

Output COP_real 3.35 5.26 × 0.637 

Input ρ’’ (−10°C) 23.4 kg/m³ Tier 2 property 

Output VCC = RE×ρ’’ 4,114 kJ/m³ 175.8 × 23.4 

Table A.6: Worked Calculation Trace for R410A (full reproducibility) 

APPENDIX B: MODEL SOURCE CODE 

This appendix contains the source code of the computational model, provided for 

reproducibility. Both files are pure Python and depend only on CoolProp 7.2.0 (installable via 

pip). Running vcc_model.py reproduces the Chapter 4 and Chapter 6 cycle results; running 

vilnius_bins.py reproduces the Chapter 6 climate distribution. 

 

File Purpose Lines 

vcc_model.py Vapour-compression cycle solver (CoolProp 

backend) 
306 

vilnius_bins.py Vilnius climate bin generator (meteo.lt normals) 145 

Table B.1: Source files 

 

B.1  vcc_model.py 
  15  Run:  python vcc_model.py 
  16  """ 
  17    
  18  from CoolProp import AbstractState 
  19  import CoolProp as CP 
  20  import csv 
  21    
  22  # Component molar masses [g/mol] for blend composition -> mole fraction 
  23  _M = { 
  24      "R32": 52.024, "R125": 120.02, "R134a": 102.03, 
  25      "R1234yf": 114.04, "R1234ze(E)": 114.04, "R143a": 84.041, 
  26  } 
  27    
  28    
  29  def _mole_fractions(mass_pct): 
  30      """{'R32':26,...} mass% -> (component_string, [mole_fractions]).""" 
  31      moles = {k: w / _M[k] for k, w in mass_pct.items()} 
  32      tot = sum(moles.values()) 
  33      comps = list(mass_pct.keys()) 
  34      fr = [moles[c] / tot for c in comps] 
  35      return "&".join(comps), fr 
  36    
  37    
  38  # value = ('pure'|'mix', spec) 
  39  REFRIGERANTS = { 
  40      "R22":     ("pure", "R22"), 
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  41      "R407C":   ("pure", "R407C"), 
  42      "R404A":   ("pure", "R404A"), 
  43      "R448A":   ("mix",  _mole_fractions({"R32": 26, "R125": 26, "R134a": 21, 
  44                                           "R1234ze(E)": 7, "R1234yf": 20})), 
  45      "R449A":   ("mix",  _mole_fractions({"R32": 24.3, "R125": 24.7, 
  46                                           "R1234yf": 25.3, "R134a": 25.7})), 
  47      "R410A":   ("pure", "R410A"), 
  48      "R32":     ("pure", "R32"), 
  49      "R454B":   ("mix",  _mole_fractions({"R32": 68.9, "R1234yf": 31.1})), 
  50      "R134a":   ("pure", "R134a"), 
  51      "R1234yf": ("pure", "R1234yf"), 
  52  } 
  53    
  54    
  55  def _make_state(kind, spec): 
  56      if kind == "pure": 
  57          st = AbstractState("HEOS", spec) 
  58          if spec in ("R404A", "R407C", "R410A"): 
  59              try: 
  60                  st.build_phase_envelope("") 
  61              except Exception: 
  62                  pass 
  63          return st 
  64      comps, fr = spec 
  65      st = AbstractState("HEOS", comps) 
  66      st.set_mole_fractions(fr) 
  67      st.build_phase_envelope("") 
  68      return st 
  69    
  70    
  71  class VaporCompressionCycle: 
  72      """Single-stage cycle. Evaporator outlet = DEW (Q=1); 
  73      condenser outlet = BUBBLE (Q=0). Correct for zeotropic glide.""" 
  74    
  75      def __init__(self, name, T_evap_C, T_cond_C, 
  76                   superheat_K=0.0, subcool_K=5.0, eta_is=0.75): 
  77          self.name = name 
  78          self.kind, self.spec = REFRIGERANTS[name] 
  79          self.Te = T_evap_C + 273.15 
  80          self.Tc = T_cond_C + 273.15 
  81          self.dsh = superheat_K 
  82          self.dsc = subcool_K 
  83          self.eta = eta_is 
  84          self._solve() 
  85    
  86      @staticmethod 
  87      def _h_at_PT(st, P, T): 
  88          """h(P,T) for superheated vapour with a phase hint to stabilise 
  89          the mixture density solver near the phase envelope.""" 
  90          try: 
  91              st.specify_phase(CP.iphase_gas) 
  92              st.update(CP.PT_INPUTS, P, T) 
  93              h = st.hmass() 
  94              st.unspecify_phase() 
  95              return h 
  96          except Exception: 
  97              st.unspecify_phase() 
  98              st.update(CP.PT_INPUTS, P, T) 
  99              return st.hmass() 
 100    
 101      @staticmethod 
 102      def _s_at_PT(st, P, T): 
 103          try: 
 104              st.specify_phase(CP.iphase_gas) 
 105              st.update(CP.PT_INPUTS, P, T) 
 106              s = st.smass() 
 107              st.unspecify_phase() 
 108              return s 
 109          except Exception: 
 110              st.unspecify_phase() 
 111              st.update(CP.PT_INPUTS, P, T) 
 112              return st.smass() 
 113    
 114      @staticmethod 
 115      def _isentropic_h(st, P, s_target, is_mixture): 
 116          """Enthalpy at pressure P on the isentrope s = s_target. 
 117    
 118          Pure fluids: native P,S flash (handles superheated AND wet 
 119          compression where the isentrope ends inside the two-phase dome). 
 120    
 121          Mixtures: native P,S flash is unsupported by the HEOS backend, so 
 122          solve manually. First test the saturated-vapour entropy at P: 
 123            - if s_target >= s_g(P): discharge is superheated -> bisect on T 
 124            - if s_target  < s_g(P): wet compression -> solve quality q at P 
 125          """ 
 126          if not is_mixture: 
 127              st.update(CP.PSmass_INPUTS, P, s_target) 
 128              return st.hmass() 
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 129    
 130          # Mixture path 
 131          st.update(CP.PQ_INPUTS, P, 1) 
 132          s_g = st.smass() 
 133          h_g = st.hmass() 
 134          T_sat = st.T() 
 135    
 136          if s_target >= s_g: 
 137              # Superheated: bisect on temperature 
 138              T_lo, T_hi = T_sat + 0.001, T_sat + 250.0 
 139    
 140              def s_at(T): 
 141                  return VaporCompressionCycle._s_at_PT(st, P, T) 
 142    
 143              tries = 0 
 144              while s_at(T_hi) < s_target and tries < 6: 
 145                  T_hi += 200.0 
 146                  tries += 1 
 147              for _ in range(100): 
 148                  T_mid = 0.5 * (T_lo + T_hi) 
 149                  if s_at(T_mid) < s_target: 
 150                      T_lo = T_mid 
 151                  else: 
 152                      T_hi = T_mid 
 153              st.update(CP.PT_INPUTS, P, 0.5 * (T_lo + T_hi)) 
 154              return st.hmass() 
 155          else: 
 156              # Wet compression: isentrope ends in two-phase region. 
 157              st.update(CP.PQ_INPUTS, P, 0) 
 158              s_f = st.smass() 
 159              h_f = st.hmass() 
 160              q = (s_target - s_f) / (s_g - s_f) 
 161              q = min(max(q, 0.0), 1.0) 
 162              return h_f + q * (h_g - h_f) 
 163    
 164      def _solve(self): 
 165          st = _make_state(self.kind, self.spec) 
 166    
 167          st.update(CP.QT_INPUTS, 1, self.Te)      # evap dew 
 168          self.Pe = st.p() 
 169          h1 = st.hmass(); s1 = st.smass(); rho1 = st.rhomass() 
 170    
 171          st.update(CP.QT_INPUTS, 0, self.Tc)      # cond bubble 
 172          self.Pc = st.p() 
 173          h_f = st.hmass() 
 174    
 175          st.update(CP.PQ_INPUTS, self.Pe, 1); T_dew = st.T() 
 176          st.update(CP.PQ_INPUTS, self.Pe, 0); T_bub = st.T() 
 177          self.glide = T_dew - T_bub 
 178    
 179          if self.dsh > 0: 
 180              st.update(CP.PT_INPUTS, self.Pe, self.Te + self.dsh) 
 181              h1 = st.hmass(); s1 = st.smass(); rho1 = st.rhomass() 
 182          self.h1, self.s1, self.rho1 = h1, s1, rho1 
 183    
 184          # Isentropic discharge enthalpy at Pc with s = s1. 
 185          # HEOS supports P,S flash for pure fluids but NOT for mixtures 
 186          # ("DHSU_T_flash does not support mixtures"). Use a robust 
 187          # temperature bisection on entropy via P,T flash, which IS 
 188          # supported for superheated mixture states. Identical result 
 189          # for pure fluids, so applied uniformly. 
 190          h2s = self._isentropic_h(st, self.Pc, s1, self.kind == "mix") 
 191          h2 = h1 + (h2s - h1) / self.eta 
 192          if self.kind == "mix": 
 193              # H,P flash unsupported for mixtures -> bisect T on enthalpy 
 194              st.update(CP.PQ_INPUTS, self.Pc, 1) 
 195              T_lo = st.T() + 0.001 
 196              T_hi = T_lo + 250.0 
 197    
 198              def h_at(T): 
 199                  return VaporCompressionCycle._h_at_PT(st, self.Pc, T) 
 200    
 201              tries = 0 
 202              while h_at(T_hi) < h2 and tries < 6: 
 203                  T_hi += 200.0 
 204                  tries += 1 
 205              for _ in range(100): 
 206                  T_m = 0.5 * (T_lo + T_hi) 
 207                  if h_at(T_m) < h2: 
 208                      T_lo = T_m 
 209                  else: 
 210                      T_hi = T_m 
 211              self.T2 = 0.5 * (T_lo + T_hi) 
 212          else: 
 213              st.update(CP.HmassP_INPUTS, h2, self.Pc) 
 214              self.T2 = st.T() 
 215          self.h2s, self.h2 = h2s, h2 
 216    
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 217          if self.dsc > 0: 
 218              # Subcooled-liquid enthalpy ~ saturated-liquid enthalpy at the 
 219              # subcooled temperature (liquid h is essentially T-dependent; 
 220              # standard textbook approximation, and avoids unsupported 
 221              # P,T flash in the subcooled region for mixtures). 
 222              st.update(CP.QT_INPUTS, 0, self.Tc - self.dsc) 
 223              h3 = st.hmass() 
 224          else: 
 225              h3 = h_f 
 226          self.h3 = h3 
 227          self.h4 = h3 
 228    
 229          self.RE = h1 - self.h4 
 230          self.w_act = (h2s - h1) / self.eta 
 231          self.COP = self.RE / self.w_act 
 232          self.COP_carnot = self.Te / (self.Tc - self.Te) 
 233          self.eta2 = self.COP / self.COP_carnot 
 234          self.CR = self.Pc / self.Pe 
 235          self.VCC = self.RE * self.rho1 
 236    
 237      def row(self): 
 238          return [self.name, f"{self.Pe/1e5:.2f}", f"{self.Pc/1e5:.2f}", 
 239                  f"{self.CR:.2f}", f"{self.RE/1000:.1f}", 
 240                  f"{self.w_act/1000:.1f}", f"{self.COP:.2f}", 
 241                  f"{self.eta2:.3f}", f"{self.VCC/1000:.0f}", 
 242                  f"{self.T2-273.15:.0f}", f"{self.glide:.1f}"] 
 243    
 244    
 245  def baseline(Te=-10, Tc=40, sh=0, sc=5, eta=0.75): 
 246      rows = [] 
 247      for name in REFRIGERANTS: 
 248          try: 
 249              rows.append(VaporCompressionCycle(name, Te, Tc, sh, sc, 
 250                                                eta).row()) 
 251          except Exception as e: 
 252              rows.append([name, "ERR", "", "", "", "", "", "", "", "", 
 253                           str(e)[:40]]) 
 254      return rows 
 255    
 256    
 257  def sweep(refr, fixed, var_name, var_vals, sc=5, eta=0.75): 
 258      header = ["Refr"] + [f"{v}C" for v in var_vals] 
 259      rows = [] 
 260      for name in refr: 
 261          r = [name] 
 262          for v in var_vals: 
 263              try: 
 264                  if var_name == "evap": 
 265                      c = VaporCompressionCycle(name, v, fixed, 0, sc, eta) 
 266                  else: 
 267                      c = VaporCompressionCycle(name, fixed, v, 0, sc, eta) 
 268                  r.append(f"{c.COP:.2f}") 
 269              except Exception: 
 270                  r.append("--") 
 271          rows.append(r) 
 272      return header, rows 
 273    
 274    
 275  def show(title, header, rows): 
 276      print(f"\n{'='*80}\n{title}\n{'='*80}") 
 277      w = [max(len(str(header[i])), 
 278               max((len(str(r[i])) for r in rows), default=0)) + 2 
 279           for i in range(len(header))] 
 280      print("".join(str(h).ljust(w[i]) for i, h in enumerate(header))) 
 281      print("-" * sum(w)) 
 282      for r in rows: 
 283          print("".join(str(c).ljust(w[i]) for i, c in enumerate(r))) 
 284    
 285    
 286  if __name__ == "__main__": 
 287      print(f"CoolProp {CP.__version__}  |  Te=-10C Tc=+40C  0K SH  5K SC  " 
 288            f"eta_is=0.75") 
 289      bh = ["Refr", "Pe", "Pc", "CR", "RE", "w", "COP", "eta2", 
 290            "VCC", "Tdis", "glide"] 
 291      br = baseline() 
 292      show("BASELINE - real CoolProp / Helmholtz EOS data", bh, br) 
 293    
 294      sr = ["R22", "R404A", "R448A", "R449A", "R410A", "R32", "R454B", 
 295            "R134a", "R1234yf"] 
 296      h, r = sweep(sr, 40, "evap", list(range(-30, 6, 5))) 
 297      show("COP vs EVAPORATION TEMPERATURE  (Tc=+40C)", h, r) 
 298      h, r = sweep(sr, -10, "cond", list(range(25, 60, 5))) 
 299      show("COP vs CONDENSATION TEMPERATURE  (Te=-10C)", h, r) 
 300    
 301      with open("/home/claude/vcc_baseline_results.csv", "w", 
 302                newline="") as f: 
 303          cw = csv.writer(f) 
 304          cw.writerow(bh) 
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 305          cw.writerows(br) 
 306      print("\nExported -> vcc_baseline_results.csv") 
 307    
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B.2 vilnius_bins.py 
   1  """ 
   2  Vilnius Cooling-Season Temperature Bin Generator 
   3  ================================================ 
   4  Generates an hourly dry-bulb temperature bin distribution for Vilnius, 
   5  Lithuania, for use in the bin-method seasonal energy analysis. 
   6    
   7  DATA PROVENANCE 
   8  --------------- 
   9  Monthly mean dry-bulb air temperatures are the 1991-2020 Standard Climate 
  10  Normal (SCN) for Vilnius, published by the Lithuanian Hydrometeorological 
  11  Service (Lietuvos hidrometeorologijos tarnyba, LHMT / meteo.lt), the 
  12  official national meteorological authority, corroborated against 
  13  climate-data.org and Weather Atlas Vilnius monthly normals. 
  14    
  15  METHOD (and its limitation) 
  16  --------------------------- 
  17  This is NOT a measured hourly TMY/EPW file. Hourly dry-bulb temperatures 
  18  within each month are reconstructed by assuming a normal (Gaussian) 
  19  distribution about the monthly mean, a recognised statistical 
  20  disaggregation technique used when full hourly weather files are 
  21  unavailable (ASHRAE Handbook-Fundamentals, Ch.19 'Energy Estimating and 
  22  Modeling Methods'; bin/temperature-frequency methods). The standard 
  23  deviation sigma captures combined diurnal + synoptic variability and is 
  24  estimated from the published monthly mean daily max/min range for Vilnius. 
  25    
  26  For final thesis submission requiring measured hourly resolution, replace 
  27  this distribution with the official Vilnius EPW/IWEC file (WMO station 
  28  267300, climate.onebuilding.org) - the method below is unchanged, only 
  29  the input data source improves. 
  30    
  31  Run:  python vilnius_bins.py 
  32  """ 
  33    
  34  import math 
  35  import csv 
  36    
  37  # --------------------------------------------------------------------------- 
  38  # 1. Official monthly mean dry-bulb temperatures, Vilnius (LHMT 1991-2020 SCN) 
  39  # --------------------------------------------------------------------------- 
  40  MONTHLY_MEAN_C = { 
  41      "Jan": -4.5, "Feb": -4.0, "Mar": -0.2, "Apr":  6.5, 
  42      "May": 12.3, "Jun": 15.8, "Jul": 18.3, "Aug": 17.2, 
  43      "Sep": 12.3, "Oct":  7.0, "Nov":  1.8, "Dec": -2.8, 
  44  } 
  45    
  46  # Hours per month (non-leap reference year, 8760 h total) 
  47  MONTH_HOURS = { 
  48      "Jan": 744, "Feb": 672, "Mar": 744, "Apr": 720, 
  49      "May": 744, "Jun": 720, "Jul": 744, "Aug": 744, 
  50      "Sep": 720, "Oct": 744, "Nov": 720, "Dec": 744, 
  51  } 
  52    
  53  # Standard deviation of hourly dry-bulb within each month [K]. 
  54  # Estimated from published Vilnius monthly mean daily max-min range 
  55  # (Weather Atlas / climate-data.org): summer daily range ~10-12 K and 
  56  # day-to-day synoptic spread give sigma ~ 5.5 K; slightly lower in winter. 
  57  # Documented assumption - see module docstring. 
  58  MONTH_SIGMA_K = { 
  59      "Jan": 4.5, "Feb": 4.5, "Mar": 5.0, "Apr": 5.5, 
  60      "May": 5.5, "Jun": 5.5, "Jul": 5.5, "Aug": 5.5, 
  61      "Sep": 5.5, "Oct": 5.0, "Nov": 4.5, "Dec": 4.5, 
  62  } 
  63    
  64  # Bin edges (deg C). 3 K bins spanning the full Vilnius range. 
  65  BIN_EDGES = list(range(-27, 40, 3))   # -27..36, 3K wide 
  66    
  67    
  68  def _normal_cdf(x, mu, sigma): 
  69      """Standard normal CDF via erf (no SciPy dependency).""" 
  70      return 0.5 * (1.0 + math.erf((x - mu) / (sigma * math.sqrt(2.0)))) 
  71    
  72    
  73  def generate_bins(): 
  74      """Return list of dicts: bin lo/hi/mid + hours/year (all 12 months).""" 
  75      bins = [] 
  76      for i in range(len(BIN_EDGES) - 1): 
  77          lo, hi = BIN_EDGES[i], BIN_EDGES[i + 1] 
  78          bins.append({"lo": lo, "hi": hi, "mid": (lo + hi) / 2.0, 
  79                       "hours": 0.0}) 
  80    
  81      for m, Tm in MONTHLY_MEAN_C.items(): 
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  82          sigma = MONTH_SIGMA_K[m] 
  83          Hm = MONTH_HOURS[m] 
  84          for b in bins: 
  85              # Fraction of this month's hours falling in the bin interval 
  86              frac = (_normal_cdf(b["hi"], Tm, sigma) 
  87                      - _normal_cdf(b["lo"], Tm, sigma)) 
  88              b["hours"] += frac * Hm 
  89    
  90      # Capture tail probability outside bin range into end bins 
  91      total = sum(b["hours"] for b in bins) 
  92      residual = 8760.0 - total 
  93      if residual > 0: 
  94          # Split residual to coldest/warmest bin proportionally to tails 
  95          bins[0]["hours"] += residual * 0.7    # cold tail (Vilnius winters) 
  96          bins[-1]["hours"] += residual * 0.3 
  97      return bins 
  98    
  99    
 100  def cooling_season_table(balance_C=18.0): 
 101      """Bins relevant to cooling (mid-bin >= a few K below balance point).""" 
 102      bins = generate_bins() 
 103      rows = [] 
 104      for b in bins: 
 105          if b["hi"] >= balance_C - 6:   # include shoulder bins near balance 
 106              rows.append([ 
 107                  f"{b['lo']:+d} to {b['hi']:+d}", 
 108                  f"{b['mid']:+.1f}", 
 109                  f"{b['hours']:.0f}", 
 110              ]) 
 111      return bins, rows 
 112    
 113    
 114  if __name__ == "__main__": 
 115      bins = generate_bins() 
 116      total = sum(b["hours"] for b in bins) 
 117      print("VILNIUS ANNUAL DRY-BULB BIN DISTRIBUTION") 
 118      print("Source: LHMT/meteo.lt 1991-2020 SCN monthly means; " 
 119            "Gaussian hourly disaggregation") 
 120      print(f"{'Bin (C)':14}{'Mid':>7}{'Hours/yr':>11}{'% year':>9}") 
 121      print("-" * 42) 
 122      for b in bins: 
 123          if b["hours"] >= 0.5: 
 124              print(f"{b['lo']:+d} to {b['hi']:+d}".ljust(14) 
 125                    + f"{b['mid']:+.1f}".rjust(7) 
 126                    + f"{b['hours']:.0f}".rjust(11) 
 127                    + f"{100*b['hours']/total:.1f}".rjust(9)) 
 128      print("-" * 42) 
 129      print(f"{'TOTAL':14}{'':>7}{total:>11.0f}{'100.0':>9}") 
 130    
 131      # Cooling-season subset (balance point 18 C) 
 132      _, cs = cooling_season_table(18.0) 
 133      cs_hours = sum(float(r[2]) for r in cs) 
 134      print(f"\nCooling-relevant bins (mid >= 12 C): " 
 135            f"{cs_hours:.0f} h/yr") 
 136    
 137      # Export full distribution 
 138      with open("/mnt/user-data/outputs/vilnius_bins.csv", "w", 
 139                newline="") as f: 
 140          w = csv.writer(f) 
 141          w.writerow(["bin_lo_C", "bin_hi_C", "bin_mid_C", "hours_per_year"]) 
 142          for b in bins: 
 143              w.writerow([b["lo"], b["hi"], f"{b['mid']:.1f}", 
 144                          f"{b['hours']:.1f}"]) 
 145      print("\nExported -> vilnius_bins.csv") 
 146    

 

B.3 Reproduction Instructions 

To reproduce all computed results: (1) install Python 3.9+ and run pip install CoolProp==7.2.0; 

(2) place both files in the same directory; (3) run python vcc_model.py to produce the baseline 

cycle table and parametric sweeps (also exported to vcc_baseline_results.csv); (4) run python 

vilnius_bins.py to produce the Vilnius bin distribution (exported to vilnius_bins.csv). The 

numerical outputs match the tables in Chapters 4 and 6 exactly. 
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