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ABSTRACT

Refurbishment of higher education buildings offers potential for substantial

carbon savings but involves complex trade-offs between embodied and operational

emissions, often evaluated using static assumptions over the building’s life-cycle.

This research develops a dynamic Life-Cycle Assessment and Climate Change

Adaptation (LCA-CCA) optimisation methodology to assess refurbishment strate-

gies under future climate and grid decarbonisation scenarios. The approach was

applied to three mixed-use urban university buildings, evaluating life-cycle carbon

and life-cycle cost impacts over a 60-year period using the multi-objective genetic

algorithm, NSGA-II, to identify Pareto-optimal solutions.

Findings demonstrated that air-source heat pumps (ASHPs) had a far greater

influence on life-cycle carbon reduction than fabric upgrades, with all three case

studies exhibiting baseline airtightness and thermal performance suitable for effi-

cient ASHP operation. Despite higher embodied impacts from refrigerant leakage

and end-of-life recovery, ASHPs consistently delivered the greatest overall car-

bon savings, reinforcing the cumulative life-cycle benefits of system electrification,

particularly under faster grid decarbonisation scenarios. Mixed-mode ventilation

also emerged as a key driver of both carbon and cost savings. Overall, system

upgrades and control strategies were found to offer greater benefits than extensive

fabric interventions.

The analysis also demonstrated an increasingly nuanced balance between em-

bodied and operational carbon when aligned with system electrification and grid

decarbonisation. Measures such as triple glazing or insulation additions beyond

regulatory standards provided limited or adverse effects on life-cycle carbon when

coupled with ASHPs, despite benefits under gas-based systems. Finally, long-

term stability in annual building life-cycle carbon emissions was achieved only

when rapid grid decarbonisation was paired with full electrification of heating sys-

tems. Under slower pathways, all other design combinations showed continued

increases in carbon impact over the buildings’ 60-year lifespan. Overall, these

findings emphasise the need to consider dynamic uncertainties in LCA, incorpo-

rating changing interactions between building design, wider energy systems, and

climate conditions to ensure refurbishment strategies remain robust throughout

the transition to net zero.
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IMPACT STATEMENT

This thesis advances the academic field of non-domestic refurbishment tech-

niques by incorporating dynamic considerations of future climate and decarboni-

sation pathways into the life-cycle assessment of Higher Education buildings. The

case study findings help to progress understanding of how design preferences for

typologically diverse HE buildings change under different decarbonisation scenar-

ios. Learnings from applying this methodology using advanced techniques, such

as genetic algorithm optimisation, also have the potential to influence curriculum

development in courses at the intersect of architecture and engineering. By pro-

viding real-world examples of integrating climate change adaptation and LCA into

the design process, this thesis offers a replicable methodology for examining other

non-domestic building typologies, fostering cross-disciplinary research collabora-

tion.

In professional and industry contexts, the adopted methodology provides strate-

gic solutions for refurbishment projects to align more closely with net-zero carbon

targets. The approach adopts practical and applied design solutions, equipping

architects, engineers, and sustainability consultants with tools to balance opera-

tional and embodied carbon impacts while maintaining cost-effectiveness. These

findings align closely with the goals of certification systems like LEED, BREEAM

and WELL, providing opportunities to enhance the climate-resilience criteria in

these standards. Additionally, the proposed framework for integrating LCA and

CCA into the design process could be further developed, with the potential to

inform design protocols for refurbishment projects.

From a policy perspective, this work improves understanding of how decar-

bonisation pathways, largely shaped by national and regional policy frameworks,

influence optimal building design and retrofit strategies. The research highlights

the importance of aligning building intervention strategies with future energy grid

scenarios and policy-driven decarbonisation targets, supporting the development

of informed, adaptive policies across the HE sector and beyond.

From a societal perspective, this research contributes to improving the environ-

mental quality within HE buildings by promoting climate-resilient and sustainable

environments for students and staff. By offering insights into achieving an optimal

balance between carbon reductions and cost-effectiveness, the findings provide uni-

versities with actionable strategies to enhance environmental performance. This

presents opportunities for institutions to demonstrate corporate responsibility and

ethical leadership in sustainability.

The findings have already begun to generate impact through dissemination

iv



at academic and industry events. Presentations at Energy Resilience and the

Built Environment Centre for Doctoral Training (ERBE CDT) research events,

the Building Research Establishment (BRE), and the Annual Symposium of Ar-

chitectural Research (ATUT) 2022 conference have shared the research outcomes

with key stakeholders and researchers. Regular engagement with the industry

sponsor, Feilden Clegg Bradley, provided valuable feedback and ensured practical

relevance.

v



ACKNOWLEDGEMENT

This research would not have been possible without the support and contribu-

tions of many individuals and institutions. I am deeply grateful to the Energy Re-

silience and the Built Environment Centre for Doctoral Training (EP/S021671/1),

funded by the UK Engineering and Physical Sciences Research Council, with ad-

ditional financial support from Feilden Clegg Bradley Studios. Their resources

and network provided a strong foundation for this work and made the program

an enriching experience.

I extend my heartfelt thanks to my academic supervisors, Professor Dejan Mu-

movic and Dr. Yair Schwartz, at the Bartlett School of Environment, Energy, and

Resources, for their invaluable guidance, encouragement, and expertise throughout

this journey. I am also thankful to my industrial supervisors, Joe Jack Williams

and Ian Taylor, at Feilden Clegg Bradley Studios, whose expert insights have been

instrumental in shaping this research.

Special thanks to Dr. Yi Zhang for guidance with JEPlus software and to Dr.

Ivan Korolija and Dr. Nishesh Jain for providing valuable modelling assistance.

Their technical expertise have been greatly appreciated.

I am profoundly thankful to my friends and family for their unwavering sup-

port and encouragement, which kept me motivated through the most challenging

moments.

Finally, to my husband, Hugh Larkin, your constant support and ability to

help me keep perspective have been a source of strength throughout this process.

vi



Contents

Contents vii

List of Figures xi

List of Tables xiv

1 Introduction 1

1.0.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.0.2 Higher Education Sector . . . . . . . . . . . . . . . . . . . . 1

1.0.3 Life-Cycle Analysis . . . . . . . . . . . . . . . . . . . . . . . 2

1.0.4 Building Performance Under a Changing Climate . . . . . . 3

1.1 Research Hypothesis, Questions, and Objectives . . . . . . . . . . . 4

1.2 Contribution to Knowledge . . . . . . . . . . . . . . . . . . . . . . . 6

2 Literature Review 8

2.1 Overview: Energy and Carbon Performance of the UK Higher Ed-

ucation Sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Embodied carbon in building redevelopment . . . . . . . . . . . . . 15

2.2.1 Embodied Carbon as a Life-Cycle Component . . . . . . . . 15

2.2.2 Calculation Methods and Protocols . . . . . . . . . . . . . . 16

2.2.3 Drivers for Embodied Carbon Reduction . . . . . . . . . . . 17

2.2.4 Challenges and Limitations of Embodied Carbon Assessments 18

2.3 Life cycle carbon in higher education building redevelopment . . . . 21

2.3.1 Non-recurring emissions . . . . . . . . . . . . . . . . . . . . 21

2.3.2 Repair and maintenance . . . . . . . . . . . . . . . . . . . . 22

2.3.3 Operational carbon impacts . . . . . . . . . . . . . . . . . . 22

2.4 Future considerations . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4.1 Cost implications . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4.2 Climate change impacts . . . . . . . . . . . . . . . . . . . . 24

2.4.3 Grid Decarbonisation . . . . . . . . . . . . . . . . . . . . . . 26

2.5 Computational methods for reducing life-cycle carbon and life-cycle

cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5.1 Case studies and applications . . . . . . . . . . . . . . . . . 30

2.6 Knowledge Gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

vii



3 Methodology 38

3.1 Methodological Development . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Methods Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Methods 1: Framework Development . . . . . . . . . . . . . . . . . 41

3.3.1 Framework Principle . . . . . . . . . . . . . . . . . . . . . . 41

3.3.2 Life-cycle Objective Functions . . . . . . . . . . . . . . . . . 41

3.3.3 Framework Optimisation Strategy . . . . . . . . . . . . . . . 42

3.3.4 Modelling tools . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.5 Summary of framework inputs & outputs . . . . . . . . . . . 45

3.3.6 LCA Standards & Calculations . . . . . . . . . . . . . . . . 48

3.3.7 Scenario Analysis . . . . . . . . . . . . . . . . . . . . . . . . 55

3.4 Methods 2: Case Study Development . . . . . . . . . . . . . . . . . 59

3.4.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4.2 Case Study Selection . . . . . . . . . . . . . . . . . . . . . . 59

3.4.3 Modelling, Calibration & Validation . . . . . . . . . . . . . . 60

3.4.4 ECM selection process . . . . . . . . . . . . . . . . . . . . . 62

3.5 Results Reporting and Visualisation . . . . . . . . . . . . . . . . . . 66

3.6 Summary of Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4 Case Study 1 69

4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 CS1: Model Development and Validation . . . . . . . . . . . . . . . 70

4.2.1 Secondary Dataset Analysis . . . . . . . . . . . . . . . . . . 70

4.2.2 Model development . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.3 Calibration Results . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 CS1: Framework Development . . . . . . . . . . . . . . . . . . . . . 78

4.3.1 Preliminary testing . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.2 ECM selection . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.3.3 Modelling Inputs: Carbon Calculations . . . . . . . . . . . . 80

4.3.4 Modelling Inputs: Cost Calculations . . . . . . . . . . . . . 84

4.4 CS1: Framework Implementation . . . . . . . . . . . . . . . . . . . 86

4.4.1 Life-cycle optimisation results . . . . . . . . . . . . . . . . . 86

4.4.2 Scenario analysis . . . . . . . . . . . . . . . . . . . . . . . . 92

5 Case Study 2 98

5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 CS2: Model Development and Validation . . . . . . . . . . . . . . . 99

5.2.1 Secondary Dataset Analysis . . . . . . . . . . . . . . . . . . 99

5.2.2 Model development . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.3 Calibration Results . . . . . . . . . . . . . . . . . . . . . . . 101

5.3 CS2: Framework Development . . . . . . . . . . . . . . . . . . . . . 102

5.3.1 ECM selection . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.3.2 Modelling Inputs: Carbon Calculations . . . . . . . . . . . . 104

5.3.3 Modelling Inputs: Cost Calculations . . . . . . . . . . . . . 108

viii



5.4 CS2: Framework Implementation . . . . . . . . . . . . . . . . . . . 110

5.4.1 Life-cycle optimisation results . . . . . . . . . . . . . . . . . 110

5.4.2 Scenario analysis . . . . . . . . . . . . . . . . . . . . . . . . 115

6 Case Study 3 120

6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 CS3: Model Development and Validation . . . . . . . . . . . . . . . 121

6.2.1 Secondary Dataset Analysis . . . . . . . . . . . . . . . . . . 121

6.2.2 Model development . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.3 Calibration Results . . . . . . . . . . . . . . . . . . . . . . . 124

6.3 CS3: Framework Development . . . . . . . . . . . . . . . . . . . . . 125

6.3.1 ECM selection . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.3.2 Modelling Inputs: Carbon Calculations . . . . . . . . . . . . 127

6.3.3 Modelling Inputs: Cost Calculations . . . . . . . . . . . . . 130

6.4 CS3: Framework Implementation . . . . . . . . . . . . . . . . . . . 132

6.4.1 Life-cycle optimisation results . . . . . . . . . . . . . . . . . 132

6.4.2 Scenario analysis . . . . . . . . . . . . . . . . . . . . . . . . 139

7 Discussion 144

7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7.2 Synthesis of case study findings . . . . . . . . . . . . . . . . . . . . 144

7.2.1 Future Energy, Carbon, and Cost in HE Building Design . . 144

7.2.2 Aggregated Impact over Time . . . . . . . . . . . . . . . . . 149

7.3 Responding to Research Questions . . . . . . . . . . . . . . . . . . 150

7.4 Scaling-up and Methodological Development . . . . . . . . . . . . . 153

7.4.1 Scaling-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.4.2 Methodological Development . . . . . . . . . . . . . . . . . . 156

7.5 Integrating CCA-LCA Framework into the Design Process . . . . . 157

8 Conclusion 161

8.1 Summary of Key Findings . . . . . . . . . . . . . . . . . . . . . . . 161

8.2 Final Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

8.3 Limitations and Further Development . . . . . . . . . . . . . . . . . 164

8.3.1 Framework Development . . . . . . . . . . . . . . . . . . . . 166

8.3.2 Case Study Application . . . . . . . . . . . . . . . . . . . . 169

References 170

Appendices 193

A ASHP EMS script 193

B Preliminary Testing: Roof Albedo 195

C CS1 Preliminary Testing: North window-to-wall ratio (WWR) 197

ix



D Embodied Carbon (A1-A3) Material List 198

E CS1 LCA Calculations: Supplementary detail 200

F CS2 LCA Calculations: Supplementary detail 205

G CS3 LCA Calculations: Supplementary detail 213

H Build-up schematics and calculations 218

I CS1 results 220

I.0.1 Scenario 1: Linear Regression Statistical Output . . . . . . . 220

J CS2 Results 225

J.0.1 Scenario 1: Linear Regression Statistical Output . . . . . . . 225

K CS3 Results 228

K.0.1 Scenario 1: Linear Regression Statistical Output . . . . . . . 228

x



List of Figures

2.1 Timeline of UK HE sector development. . . . . . . . . . . . . . . . 9

2.2 Breakdown of scope 1, 2 and 3 carbon emissions across the tertiary

education sector in academic year 2020-21 [13]. . . . . . . . . . . . . 11

2.3 Modular components of the various whole life carbon building as-

sessment, according to BS EN 15978 [17]. . . . . . . . . . . . . . . 15

2.4 Typical procedural steps involved in GA optimisation, from [126]. . 29

2.5 Character string representation of building design characteristics as

genes within the GA optimisation process. . . . . . . . . . . . . . . 29

3.1 Simplified overview of research process. . . . . . . . . . . . . . . . . 40

3.2 Rapid data-driven optimisation framework for CCA and LCA. LHS=Latin

Hypercube Sampling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Overview of CCA-LCA framework including all stages, inputs and

outputs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4 Electricity carbon emission factor scenarios, adapted from [158, 157]. 55

3.5 Predicted share of green gas in the gas network, extrapolated from

National Grid ESO FES: ‘Falling Short’ pathway [157]. . . . . . . 56

3.6 Electricity and gas fuel price pathways. . . . . . . . . . . . . . . . . 57

3.7 CS1 EMS scripted ASHP operation compared to baseline district

energy network (DEN) consumption for a week in February. . . . . 64

3.8 Structure of results leading into CS synthesis in the discussion. . . . 66

3.9 Key methodological steps, interrelationships and outputs in line

with core study objectives. . . . . . . . . . . . . . . . . . . . . . . . 68

4.1 CS1 profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2 CS1 measured and extrapolated low-temperature hot water and

domestic hot water values for 2018. . . . . . . . . . . . . . . . . . . 72

4.3 CS1 measured vs simulated calibrated outputs for 2018. . . . . . . . 77

4.4 Assembly section: CS1 external wall build-up demonstrating all ele-

ments included in embodied carbon (EC) calculations and the posi-

tion of additional internal mineral wool (MW) insulation (@@ins1@@). 81

4.5 Correlation between rated capacity (RC), mass and refrigerant mass

established from ASHP manufacturers’ specifications [188]. . . . . . 83

xi



4.6 DEN carbon factor forecast based on changing gas and electricity

CEF projections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.7 Optimised LCCF and LCC values. . . . . . . . . . . . . . . . . . . 86

4.8 NSGA-ii optimisation results for CS1 scenario 1. . . . . . . . . . . . 87

4.9 Weighted coefficients (β) of categorical variables in linear regression

analysis for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.10 Comparison of pareto optimal solutions across decarbonisation sce-

narios. Points represent group averages; ranges depict variance of

LCCF and LCC across pareto optimal solutions. . . . . . . . . . . . 92

4.11 Average share of embodied versus operational carbon components

across pareto solutions for scenarios 1 and 2. . . . . . . . . . . . . . 94

4.12 CS1 change in LCCF of pareto optimal solutions over time for S1

and S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.1 CS2 profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 CS2: End-use dissaggregated metered monthly electricity consump-

tion data for Aug 2016 - Jul 2017. . . . . . . . . . . . . . . . . . . . 100

5.3 Assembly section: CS2 external wall build-up demonstrating the

position of additional internal MW insulation (@@ins1@@). . . . . . 106

5.4 Correlation between RC, mass and refrigerant mass established

from literature and VRF specifications by manufacturers Carrier

and Daikin [193, 194]. . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.5 NSGA-ii optimisation results for CS2 scenario 1. . . . . . . . . . . . 111

5.6 Weighted coefficients (β) of categorical variables in linear regression

analysis for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.7 LCCF vs. LCC Comparison of pareto optimal solutions across de-

carbonisation scenarios. Points show group averages; error bars

represent ranges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.8 Average share of embodied versus operational carbon components

across pareto solutions for scenarios 1 and 2. . . . . . . . . . . . . . 117

5.9 CS2 change in LCCF of pareto optimal solutions over time for sce-

nario 1 and 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.1 CS3 profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.2 CS3: End-use dissaggregated metered monthly energy consumption

data for 2021-2022. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.3 Assembly section: CS3 external wall build-up demonstrating all

elements included in EC calculations and the position of additional

internal MW insulation (@@IWI@@). . . . . . . . . . . . . . . . . . 129

6.4 Optimised LCCF and LCC values. . . . . . . . . . . . . . . . . . . 132

6.5 NSGA-ii optimisation results for CS3 scenario 1. . . . . . . . . . . . 133

6.6 Weighted coefficients (β) of categorical variables in linear regression

analysis for Scenario 1. . . . . . . . . . . . . . . . . . . . . . . . . . 135

xii



6.7 LCCF vs. LCC Comparison of pareto optimal solutions across de-

carbonisation scenarios. Points show group averages; error bars

represent ranges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.8 Average share of embodied versus operational carbon components

across pareto solutions for scenarios 1 and 2. . . . . . . . . . . . . . 141

6.9 CS3 change in LCCF of pareto optimal solutions over time for sce-

nario 1 and 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7.1 Case study comparison of metrics under current and future climates.145

7.2 Ranges from Pareto-front values for EC and OC across three case

studies and various decarbonisation pathways. . . . . . . . . . . . . 147

7.3 Aggregated LCCF over 60 year period across case studies for S1

and S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

7.4 CIBSE TM46 current and predicted benchmarked EUI, simulated

under 2022 and 2050 weather data [190]. . . . . . . . . . . . . . . . 155

7.5 Suggested framework for integration of LCA-CCA into wider design

process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

F.1 Relationship between natural gas boiler capacity and mass, extrap-

olated from manufacturers specifications [213, 214, 215]. . . . . . . . 207

H.1 Schematic demonstrating the calculation of volumes per FU used

in EC calculations for PIR insulation and plasterboard. . . . . . . . 218

H.2 Assembly section: PIR insulated plasterboard reveal detailing from

the Zero Carbon Hub thermal bridging guide [186]. . . . . . . . . . 219

I.1 CS1 DEN scenario 1 linear regression model statistics for LCCF. . . 221

I.2 CS1 DEN scenario 1 linear regression model statistics for LCC. . . 222

I.3 CS1 ASHP scenario 1 linear regression model statistics for LCCF. . 223

I.4 CS1 ASHP scenario 1 linear regression model statistics for LCC. . . 224

J.1 CS2 scenario 1 linear regression model statistics for LCCF. . . . . . 226

J.2 CS2 scenario 1 linear regression model statistics for LCC. . . . . . . 227

K.1 CS3 NGB scenario 1 linear regression model statistics for LCCF. . . 229

K.2 CS3 NGB scenario 1 linear regression model statistics for LCC. . . 230

xiii



List of Tables

2.1 Life-cycle optimisation case studies of non-domestic buildings: Lo-

cation, building typologies and optimisation parameters. . . . . . . 31

2.2 Methods, frameworks, objectives and assumptions used in optimi-

sation studies in the non-domestic sector. NA = not applicable, NS =

not stated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.1 Key methodological challenges, principles, and implementation in this study. . 38

3.2 BS EN 15978:2011 life-cycle stages and calculation assumptions

adapted from RICS [17, 19]. . . . . . . . . . . . . . . . . . . . . . . 50

3.3 Scope of analysis: Inclusions and exclusions. . . . . . . . . . . . . . 53

3.4 Summary of adopted scenarios with 60 year average carbon factors

and fuel prices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.5 Summary of the case study building characteristics. . . . . . . . . . 59

3.6 Categories, types, and sources of secondary data used for the de-

velopment and calibration of building-level case study models. . . . 60

3.7 Acceptable CV(RMSE) and NMBE tolerances for monthly calibra-

tion as stated by ASHRAE (2014) [176]. . . . . . . . . . . . . . . . 62

3.8 energy conservation measure (ECM) toolkit. . . . . . . . . . . . . . 65

4.1 Workshop (WS) lighting and power densities and schedules ob-

tained from sub-metered data for annual period of 2018. . . . . . . 71

4.2 CS1 operational stage observations from sub-metered data. . . . . . 72

4.3 CS1 primary constructions and thermal properties of existing build-

ing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4 Flow and return set-point temperatures for CS1 low-temperature

hot water and chilled water circuits. (MSCB: multi-service chilled

beam; FCU: fan-coil unit; AHU: air-handling unit; DH: district

heating). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.5 Calibration results for CS1. Target monthly validation criteria:

Cv(RMSE) <15%, NMBE ± 5% [176]. . . . . . . . . . . . . . . . . 76

4.6 Summary of findings from preliminary studies for CS1. . . . . . . . 78

4.7 Assigning genes and possible values for implementing into multi-

objective optimisation framework. . . . . . . . . . . . . . . . . . . . 79

xiv



4.8 Calculated EC of construction elements for CS1, including mate-

rials, volume per functional unit (FU), assumptions impacting the

calculations, and total EC for each element. Items shown in red

are interventions. Waste rates obtained from [163]; expected lifes-

pan from [77, 19]. Manufacture location: Local (L), National (N),

European (E). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.9 EC calculation assumptions for ASHP. . . . . . . . . . . . . . . . . 83

4.10 Calculated carbon emission factors for the DEN from 2013-2020. . . 84

4.11 Calculated capital expenditure (CapEx) of construction elements

for CS1, including materials, volume per FU and replacement costs.

Items shown in red are interventions. Expected lifespan from [77,

19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.12 Summary of grid decarbonisation rate scenario alternatives; both

S1 and S2 adopt the fluctuating fuel price pathways described in

section 3.3.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.13 Recurring pareto optimal solutions across S1 and S2. . . . . . . . . 96

5.1 CS2 operational stage observations from sub-metering campaign. . . 99

5.2 CS2 primary constructions and thermal properties of existing build-

ing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.3 Calibration results for CS2. Target monthly validation criteria:

Cv(RMSE) 15%, NMBE ± 5% [176]. . . . . . . . . . . . . . . . . . 101

5.4 Assigning genes and variable alterantives for implemention into the

multi-objective optimisation framework. . . . . . . . . . . . . . . . 102

5.5 Calculated EC of construction elements for CS2, including mate-

rials, volume per FU, assumptions impacting the calculations, and

total EC for each element. Items shown in red are interventions.

Waste rates obtained from [163]; expected lifespan from [77, 19].

Manufacture location: Local (L), National (N), European (E). . . . 105

5.6 EC calculation assumptions for ASHP versus VRF, obtained from

literature, manufacturers’ specifications and government guidelines

[189, 195, 196]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.7 Calculated CapEx of construction elements for CS2, including ma-

terials, volume per FU and replacement costs. Items shown in red

are interventions. Expected lifespan from [77, 19]. . . . . . . . . . . 109

5.8 Summary of grid decarbonisation rate scenario alternatives; both

S1 and S2 adopt the fluctuating fuel price pathways described in

section 3.3.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.1 Data cleaning rules dependant on number of consecutive missing

data points for the CS3 metered hourly dataset. . . . . . . . . . . . 122

6.2 CS3 primary constructions and thermal properties of existing build-

ing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.3 CS3 operational energy use dataset observations. . . . . . . . . . . 124

xv



6.4 Calibration results for CS3. Target monthly validation criteria:

Cv(RMSE) 15%, NMBE ± 5% [176]. . . . . . . . . . . . . . . . . . 124

6.5 Assigning genes and variable alterantives for implemention into the

multi-objective optimisation framework. . . . . . . . . . . . . . . . 125

6.6 Calculated EC of construction elements for CS3, including mate-

rials, volume per FU and assumptions impacting the calculations.

Items shown in red are interventions. Waste rates obtained from

[163]; expected lifespan from [77, 19]. Manufacture location: Local

(L), National (N), European (E). . . . . . . . . . . . . . . . . . . . 128

6.7 Calculated CapEx of construction elements for CS3, including ma-

terials, volume per FU and replacement costs. Items shown in red

are interventions. Expected lifespan from [77, 19]. . . . . . . . . . . 131

6.8 Summary of grid decarbonisation rate scenario alternatives; both

S1 and S2 adopt the fluctuating fuel price pathways described in

section 3.3.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

B.1 Metrics and values adopted to represent high albedo properties. . . 195

B.2 CS1 simulated annual energy consumption for baseline and high

albedo roof. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

C.1 Impact of varying the N-facade WWR on annual normalised energy

consumption by end-use and total operational carbon. . . . . . . . . 197

D.1 A1-A3 emissions per kg of material; most values modified by the

densities provided. . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

E.1 air source heat pump (ASHP) specifications for various models man-

ufactured by Carrier [188]. . . . . . . . . . . . . . . . . . . . . . . 200

E.2 Calculated EC of construction elements for CS1, including mate-

rials, volume per FU and assumptions impacting the calculations.

For manufacture, L=local, N=national, E=European. . . . . . . . . 201

E.3 E.2 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

E.4 E.3 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

E.5 Cost of two stage air-to-water heat pump for low-temperature hot

water use, based on data from [212] and extrapolated based on

calculated output capacity from each simulation run. Initial price

discounted by two years to reflect estimated costs for 2022 starting

year. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

E.6 MVHR unit and ductwork costs, discounted based on price from

Stage D appendices from 2014. Life-spans obtained from [77]. . . . 204

F.1 variable refrigerant flow (VRF) specifications for various models

manufactured by (1) Daikon and (2) Carrier [194, 193]. . . . . . . . 205

F.2 NGB specifications for various models manufactured by [213, 214,

215]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

xvi



F.3 MVHR components by weight, according to [198]. From ProAir

PA600PLI EPD: “C3. Waste processing: In the C3 phase, it is assumed that

the HRV units and the installed components (such as: ducting, wiring, switches,

etc.) are shredded for recycling or landfilling. It is assumed that 100% of the

metals, plastics and PCBs are recycled. The remaining materials are assumed

to be landfilled. C4. Disposal: In C4, the mass of material per unit that goes

to landfill is the mass of the HRV units, less the mass of recyclable materials

(metals, plastic and PCBs) per unit” [198]. . . . . . . . . . . . . . . . . . 207

F.4 Calculated EC of construction elements for CS2, including mate-

rials, volume per FU and assumptions impacting the calculations.

For manufacture, L=local, N=national, E=European. . . . . . . . . 208

F.5 F.4 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

F.6 Extrapolation of two stage air-to-water heat pump for low-temperature

hot water use, based on data from [212], and extrapolated based on

calculated output capacity from each simulation run. Initial price

discounted by two years to reflect estimated costs for 2022 starting

year. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

F.7 MVHR unit and ductwork costs, discounted based on price from

Stage D appendices from 2014. Life-spans obtained from [77]. . . . 210

F.8 VRF unit costs obtained from manufacturers specifications [193],

and extrapolated based on calculated output capacity from each

simulation run. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

F.9 NGB unit costs obtained from [212], and extrapolated based on

rated capacity from each simulation run. Description: Commercial;

Condensing Gas boiler; Low Nox floor standing condensing boiler

with high efficiency modulating premix burner; Stainless steel heat

exchanger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

G.1 Calculated EC of construction elements for CS3, including mate-

rials, volume per FU and assumptions impacting the calculations.

For manufacture, L=local, N=national, E=European. . . . . . . . . 214

G.2 G.1 (continued) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

G.3 Cost of two stage air-to-water heat pump for low-temperature hot

water use, based on data from [212], and extrapolated based on

calculated output capacity from each simulation run. Initial price

discounted by two years to reflect estimated costs for 2022 starting

year. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

G.4 MVHR unit and ductwork costs, discounted based on price from

Stage D appendices from 2014. Life-spans obtained from [77]. . . . 216

G.5 NGB unit costs obtained from [212], and extrapolated based on

rated capacity from each simulation run. Description: Commercial;

Condensing Gas boiler; Low Nox floor standing condensing boiler

with high efficiency modulating premix burner; Stainless steel heat

exchanger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

xvii



List of Abbreviations

ASHP air source heat pump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

BAU Business-as-usual . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

BEM building energy modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

BL baseline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

CapEx capital expenditure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

CCA climate change adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

CCS carbon capture and storage . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

CEF carbon emission factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

COP coefficient of performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

CVRMSE Coefficient of Variation of Root Mean Square Error . . . . . . . . . . 61

DEC Display Energy Certificate . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

DEN district energy network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

DTS dynamic thermal simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 59

EC embodied carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

ECM energy conservation measure . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

EMS energy management system . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

EOL end-of-life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

EPD Environmental Product Declarations . . . . . . . . . . . . . . . . . . . . . 17

EUI energy use intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

FES Future Energy Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

FCU fan coil unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

FU functional unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

GA genetic algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

GHG greenhouse gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

GIA gross internal area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

GWP global warming potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

HA high albedo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

HE higher education . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

HEI higher education institutions . . . . . . . . . . . . . . . . . . . . . . . . . . 8

xviii



HVAC heating, ventilation and air conditioning . . . . . . . . . . . . . . . . . . 16

IEQ indoor environmental quality . . . . . . . . . . . . . . . . . . . . . . . . . . 2

IWI internal wall insulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

LCA life-cycle analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

LCC life-cycle cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

LCCF life-cycle carbon footprint . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

MOO multi-objective optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . 28

MVHR mechanical ventilation with heat recovery . . . . . . . . . . . . . . . . . 43

MW mineral wool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

NCM National Calculation Methodology . . . . . . . . . . . . . . . . . . . . . . 60

NGB natural gas boiler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

NPV net present value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

NV natural ventilation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

NMBE Nominal Mean Bias Error . . . . . . . . . . . . . . . . . . . . . . . . . . 61

NSGA-ii Non-dominated Sorting Genetic Algorithm II . . . . . . . . . . . . . . 29

OC operational carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

ODBT outdoor dry-bulb temperature . . . . . . . . . . . . . . . . . . . . . . . . 193

OpEx operating expenditure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

PIR polyisocyanurate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

PSO Particle Swarm Optimisation . . . . . . . . . . . . . . . . . . . . . . . . . . 30

RC rated capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

RCP representative concentration pathway . . . . . . . . . . . . . . . . . . . . . 165

SHGC solar heat gain coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

SP set-point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

SR solar reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

TE thermal emissivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

UHI urban heat island . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

UKCP09 UK Climate Projections 2009 . . . . . . . . . . . . . . . . . . . . . . . 25

UKCP18 UK Climate Projections 2018 . . . . . . . . . . . . . . . . . . . . . . . 25

XPS extruded polystyrene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

VRF variable refrigerant flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

WWR window-to-wall ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

xix



Chapter 1

Introduction

1.0.1 Context

Strong evidence suggests that a continued upward trend in greenhouse gas (GHG)

emissions could see global temperatures rise in excess of 1.5°C above 1850-1900

levels before the end of the century [1]. Since the spatial distribution of warming

is non-uniform, a 1.5°C rise in global mean surface temperature is associated with

substantially higher temperature increases in many land regions, with the urban

heat island (UHI) effect further exacerbating the warming impact experienced in

large cities [1]. Despite global efforts to stabilise GHG emissions, atmospheric car-

bon dioxide (CO2) continues to rise [2], and the warming effect will continue for

several centuries following stabilisation due to the inertia of the planet’s climate

system [3].

In the UK, under a high emission scenario, temperatures experienced on hot

summer days are projected to increase between 3.7°C to 6.8°C by 2070, accom-

panied by a greater frequency of hot spells [4, 5]. Thermal discomfort can result

in acute subclinical health symptoms, such as headache, fatigue, and difficulty

concentrating [6], and correlations have been identified between heat stress, pro-

ductivity and cognitive performance [7, 8, 9]. Many naturally ventilated buildings

have been designed to only just adhere to national guidance on overheating, so a

significant increase in external temperature may cause shifts in thermal operating

conditions [10, 11].

1.0.2 Higher Education Sector

The UK higher education (HE) sector represents a substantial and distinct com-

ponent of the national building stock, with a total gross internal area (GIA) ex-

ceeding 22 million m2 in 2021/22 [12]. It accounts for roughly 2% of the UK’s

overall carbon footprint, with the built environment contributing around one-fifth

of sectoral emissions [13]. University estates are therefore an important testbed

for decarbonisation and climate adaptation strategies.
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HE buildings are particularly challenging to decarbonise due to their diverse

age, form, and function. Approximately 40% of UK university buildings were

constructed between 1940 and 1980, when energy efficiency standards were lim-

ited [14]. Many older structures are protected heritage assets, limiting options for

envelope upgrades. In parallel, the modern university estate incorporates energy-

intensive research laboratories, 24-hour IT infrastructure, and mixed-use teaching

and accommodation spaces, leading to highly variable occupancy patterns and

energy demands. These operational complexities create barriers to standardised

retrofit solutions and make HE estates vulnerable to climate-induced overheating

and energy performance risks.

Financial constraints further exacerbate these challenges. While sector capital

investment in estates has regularly exceeded £2.5 billion per year, a significant

proportion is directed toward maintenance and expansion rather than deep refur-

bishment [12]. Yet, given that the majority of the 2050 building stock already

exists, refurbishment represents the most immediate and scalable route to car-

bon reduction. Improving the environmental and energy performance of existing

HE buildings is therefore critical - not only to reduce emissions and improve re-

silience under a warming climate - but also to safeguard indoor environmental

quality (IEQ), which is essential for learning and cognitive performance [15, 16].

1.0.3 Life-Cycle Analysis

Life-cycle analysis (LCA) is a crucial tool for understanding the environmental

impacts of building design, construction, and operation [17, 18]. The integration

of LCA into climate change adaptation (CCA) frameworks can allow for a compre-

hensive assessment of both embodied and operational carbon emissions. Embodied

carbon, associated with manufacturing, transportation, and construction of build-

ing materials and systems, is projected to contribute towards a greater share of

life-cycle carbon footprint (LCCF) as the grid becomes less carbon-intensive [19].

This shift necessitates a balanced approach to building design that considers both

emission types under various decarbonisation pathways.

Although LCA has been widely applied in evaluating energy-efficient and low-

carbon building design, its integration within climate change adaptation stud-

ies, particularly for non-domestic refurbishment, remains limited. Most exist-

ing research focuses on mitigation measures to reduce energy consumption, of-

ten assuming static climate and grid conditions throughout the building life cy-

cle. Adaptation-related impacts, such as increased cooling demand, overheat-

ing risk, and equipment degradation under future climates are rarely quantified

within life-cycle boundaries. In non-domestic buildings, the complexity of use

patterns, diverse construction typologies, and extended service lives further com-

plicate dynamic LCA modelling under changing climate conditions. These chal-
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lenges, combined with uncertainties in future weather projections and changing

carbon emission factors, have restricted the wider adoption of integrated LCA-

CCA approaches in this domain [20, 21].

In addition to environmental impacts, some life-cycle frameworks also eval-

uate economic implications of design decisions through assessment of life-cycle

cost (LCC), referring to the initial costs associated with construction, including

the selection of materials and technologies (CapEx), and ongoing operational and

maintenance costs over the building’s life-cycle (operating expenditure (OpEx)).

The integration of CapEx and OpEx within the LCA framework provides a indi-

cation of the financial trade-off for different design strategies. By considering both

the environmental (LCCF) and economic (LCC) impacts, LCA assessments can

support the development of sustainable and cost-effective building design strate-

gies. This approach aims to ensure that decisions are made with a full under-

standing of their long-term implications, balancing the requirement for financial

viability with the overarching goal of reducing carbon emissions and enhancing

sustainability.

1.0.4 Building Performance Under a Changing Climate

Assessing the thermal and energy performance of buildings under future climates

involves predicting how they will respond to changing climate conditions over their

lifecycle. Probabilistic climate projections provide a range of possible future sce-

narios, helping to account for uncertainty. By incorporating these projections,

building designers can develop strategies that are resilient to a variety of future

climate conditions, ensuring that buildings remain comfortable, efficient, and sus-

tainable throughout their lifecycle.

Climate change mitigation and adaptation are often presented as two distinct

causes for action. Mitigation refers to the reduction of atmospheric GHGs to slow

or stop global climate change, whilst adaptation refers to adjusting to the impacts

of a climate change through enhanced resilience. Existing climate change impact

studies demonstrate that there is a clear interdependency between the two con-

cepts, with the degree of resilience and choice of adaptation strategies strongly

influencing future demand and energy system sizing [22]. Some mitigation strate-

gies also provide adaptive capacity, such as the installation of PVs with the dual

benefits of reduced emissions and reduced reliance on the grid in the event of fail-

ure during extreme weather events.
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1.1 Research Hypothesis, Questions, and Objec-

tives

The hypothesis of this research is that integrating a LCA approach with CCA

strategies can reduce both carbon and cost efficiencies for HE buildings under fu-

ture climate scenarios.

To test this hypothesis and address identified research gaps, the following re-

search questions are defined:

Research Questions:

1. How will future climate projections affect the predicted operational energy

performance of higher education buildings?

2. What are the life-cycle carbon and life-cycle cost implications of adopting

climate change adaptation strategies in the design of urban higher education

buildings?

3. What trade-offs and synergies exist between embodied and operational car-

bon when applying climate change adaptation strategies in the higher edu-

cation sector?

4. How do uncertainties in grid decarbonisation trajectories impact the selec-

tion of optimal climate change adaptation strategies?

Research Objectives:

To address these questions and explore the complex relationships between building

design strategies, future energy systems, and the environmental and economic

outcomes within the HE sector, the study pursues the following specific objectives:

• Develop an original integrative assessment model that combines LCA with

CCA strategies tailored for the HE sector, capturing long-term impacts of

refurbishment design decisions under various future climate scenarios.

• Quantify design intervention impacts on key metrics such as energy use

intensity (EUI), LCCF, and LCC to measure carbon and cost efficiency

under changing climate conditions.

• Analyse the effects of varying grid decarbonisation rates on the suitability

of building adaptation strategies, identifying how shifts in energy sources

influence the environmental and economic viability of different approaches.

• Apply a multi-objective genetic algorithm (GA) to identify a set of Pareto-

optimal solutions that achieve an optimal balance between carbon reductions

and cost-effectiveness, providing a structured approach for decision-making.
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• Generate significant practical recommendations for policymakers and prac-

titioners, aiming to enhance the climate resilience of HE buildings through

actionable insights on design and retrofit strategies that align with long-term

carbon reduction objectives.
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1.2 Contribution to Knowledge

This research aims to advance the understanding of sustainable refurbishment

practices by addressing critical gaps in integrating LCA and CCA specifically

within the HE building sector. Based on an extensive literature review, this study

identifies and responds to the limited scope of existing research on the long-term

impacts of climate resilience strategies when applied to non-domestic buildings.

The contributions presented here build on previous work by offering a robust and

comprehensive approach that not only quantifies the carbon and cost trade-offs

associated with climate-adapted design but also considers the future dynamics of

energy systems and carbon trajectories. These original contributions are outlined

below:

Development of an Integrated CCA-LCA Approach for HE Building

Refurbishment

The study develops and applies an integrated methodology that combines CCA

strategies with LCA, tailored specifically for HE buildings. It incorporates future

climate projections and addresses uncertainties in grid decarbonisation, allowing

for a more nuanced analysis of HE building design. Through a multi-objective

GA optimisation approach, the research identifies Pareto-optimal solutions that

balance energy efficiency, carbon reduction, and cost-effectiveness. This allows for

a rapid and robust evaluation of numerous design permutations, providing a set

of optimal solutions that can guide decision-making in the context of HE building

refurbishment and adaptation. The integration of these techniques enables a multi-

dimensional evaluation of building design strategies, balancing energy efficiency,

life cycle carbon emissions and life cycle costs.

Climate Change Impact Assessment on HE

By incorporating future climate projections, this research provides an indication

of how future climate scenarios affect energy performance, highlighting the varying

impacts across different HE building typologies. This original analysis provides

insight into scaled-up impacts and possible needs for reassessment of energy bench-

marks as climate conditions evolve, offering significant implications for building

design and operation standards.

Assessment of LCCF and LCC Impacts on HE

The research provides a robust examination of how operational efficiency and fuel

sources affect the LCCF of HE buildings, evaluating a range of design variables

and combinations. By modelling LCCF over the building’s life cycle using dy-

namic decarbonisation pathways, the study indicates how design decisions might

vary based on different projected scenarios.
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The study addresses various potential challenges in achieving significant LCC

reductions while pursuing low-carbon design strategies. It provides insight into

the implications of projected operational costs associated with electricity-based

technologies and natural gas on LCC outputs. The findings highlight important

trade-offs between economic and environmental factors.

Evaluation of Embodied vs. Operational Carbon Trade-offs in HE De-

sign

Trade-offs between embodied and operational carbon emissions are explored in

case study HE buildings, particularly in the context of insulation and material

choices, with reference to the net carbon impact of interventions beyond current

building standards. The research also considers the quantified benefits of using

renewable construction materials, with respect to design flexibility.

Contributions to Policy and Practice

The research offers significant actionable insights and recommendations for prac-

titioners and policymakers aiming to enhance building resilience under future cli-

mates. By demonstrating the benefits of integrating CCA and LCA approaches

and highlighting the key trade-offs and synergies under different decarbonisation

pathways, the study provides a practical methodology that can inform policy de-

velopment and guide the design and refurbishment of sustainable HE buildings.

Overall, this research advances the understanding of how to effectively inte-

grate LCA and CCA methodologies within the HE building sector, taking into

account the uncertainties associated with future grid decarbonisation. It provides

a comprehensive and robust approach for evaluating and optimising building de-

sign strategies, balancing energy use, carbon emissions, and costs. By applying

this life-cycle optimisation methodology to three existing HE buildings, specific

case-based recommendations for refurbishment are also provided. The findings

and methodologies developed in this study contribute to the broader efforts to

create sustainable and resilient built environments in the face of climate change.
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Chapter 2

Literature Review

2.1 Overview: Energy and Carbon Performance

of the UK Higher Education Sector

The UK HE estate has undergone significant transformation over past decades,

strongly influenced by a shift towards institutional autonomy and increased stake-

holder importance [23]. This section examines the history, evolution, and energy

performance monitoring of university buildings in the UK, highlighting key devel-

opments and their impact on the sector’s overall carbon emissions. It also explores

the drivers and interventions aimed at reducing energy and carbon emissions, pro-

viding a comprehensive understanding of how the UK HE sector is addressing

environmental sustainability in the context of institutional growth and regulatory

changes.

Historical Context and Evolution

The architectural landscape of academic institutions reflects the changing regula-

tory and technological advancements of each era. The UK HE estate consists of

buildings dating back several centuries, with some institutions tracing their ori-

gins to the medieval period and as early as the 12th century [27]. Many historic

university buildings can be characterised by the enduring influence of styles such

as Gothic and Collegiate Gothic, becoming emblematic of traditional higher ed-

ucation institutions (HEI). Post World War II construction practices in the UK

shifted towards robust concrete structures, reflecting a trend influenced by bru-

talist architectural principles [28]. Subsequent to the Building Act of 1984 [29],

efforts in university architectural development started to concentrate on enhanc-

ing thermal energy efficiency through improved airtightness, glazing and envelope

properties.

During the late 20th and early 21st centuries, HEIs transitioned from ‘elitist’,

with less than 15% participation amongst the age group, to ‘mass’ (15-50% par-

ticipation) to ‘universal’ majority participation, responding to growing economic
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Figure 2.1: Timeline of UK HE sector development.
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demands and social aspirations [30]. This resulted in a gradual expansion of UK

university estates by approximately 15% from 2001 to 2021, to accommodate bur-

geoning student enrollments [24], as depicted in Figure 2.1. In academic year

2021/22 the total GIA of UK estates reached over 22 million m2, increasing by

approximately 403 thousand m2 in a single year [12]. The post-millennial pe-

riod also saw increased competition amongst global universities for students, staff,

and research funding [23]. In 2021/22 total capital investment across HEI estates

was £2.5 billion, with repairs and maintenance accounting for approximately 30%

of property costs, reflecting substantial investment in modern infrastructure to

sustain competitiveness in the international academic arena [12].

Energy and Carbon Emissions Breakdown

The energy consumption across the UK HE sector has seen significant changes

over recent years. From 2001 to 2006, annual reported energy consumption fluc-

tuated, influenced by various factors including the expansion of facilities, imple-

mentation of energy efficiency measures and adoption of renewable energy sources

[26]. As of the latest reports, the sector’s energy consumption has decreased;

according to HESA, the total energy consumption of UK universities was approx-

imately 7.2 terawatt-hours (TWh) in 2021/22, a decline from around 7.6 TWh in

2015/16 [25]. This correlates to an approximate average campus consumption of

213 kWh/m2/yr in 2021/22, as depicted in Figure 2.1 [25]. This reduction can

be attributed to various energy efficiency initiatives and the implementation of

sustainability strategies across campuses [31]. Similarly, reported onsite and off-

site renewable energy generation has increased by nearly three fold over this same

period [25].
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Figure 2.2: Breakdown of scope 1, 2 and 3 carbon emissions across the tertiary
education sector in academic year 2020-21 [13].

The tertiary education sector contributes a significant portion of the UK’s to-

tal carbon emissions [13]. In 2020/2021, direct and indirect emissions from the

sector totalled 18.1 MtCO2e, as depicted in Figure 2.2, accounting for approxi-

mately 2.3% of the UK’s overall carbon footprint [13, 32]. HEIs are responsible

for 86% of these emissions, with Further Education institutions contributing the

remaining 14% [13]. The built environment contributes 19.1% of the sector’s total

emissions across Scopes 1-3, with Scope 1 and Scope 2 emissions accounting for 2.1

MtCO2e (12%) of the sector footprint [13]. Supply chain emissions from construc-

tion projects in 2020/2021 contributed approximately 4.7%. However, substantial

variability in construction-related emissions can be observed across different years,

and was nearly three times greater two years prior [13]. Whilst deployment of en-

ergy efficiency measures across UK universities is estimated to have saved 2.21

MtCO2e of Scope 1 emissions between 2008–2019, it is also noted that per capita

emissions do not decline in direct proportion to energy efficiency improvements

[33]. This is due to the rebound effect, where factors such as expanding operations

and changing economic activities offset some of the gains from efficiency measures

[33]. As a result, efficiency improvements alone are insufficient to meet net-zero

targets, and accelerated adoption of renewable energy sources is essential.

Sustainability Drivers in HEIs

The evolution of UK university estates reflects an ongoing transition towards sus-

tainable building practices and improved energy efficiency [12]. This trajectory has
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been propelled by regulatory and policy drivers that collectively seek to optimise

operational efficiency and environmental stewardship within HE infrastructure. A

timeline of relevant drivers is presented in Figure 2.1. These measures can be

broadly classified as regulation, funding initiatives, and legislative frameworks, as

outlined below.

Regulatory Drivers

The regulatory framework for building design and construction in the UK has ad-

vanced energy efficiency and sustainability, with relevance to the design of HEIs.

The Building Regulations 2010 established more stringent energy performance

standards for new constructions and renovations [34]. The Energy Efficiency Di-

rective 2012 reinforced these measures, setting out measures to promote energy ef-

ficiency across various sectors including HEIs [35]. Subsequent updates to the En-

ergy Performance of Buildings Directive (EPBD) in 2010 and 2018 introduced re-

quirements for nearly zero-energy buildings, furthering sustainable building prac-

tices [36]. Additionally, the introduction of Display Energy Certificate (DEC)s

in 2002 under the EPBD has been pivotal for performance monitoring, providing

transparency and accountability by assessing buildings’ energy performance based

on actual consumption.

Financial Drivers

Governmnent-led schemes can incentivise energy efficiency and investment in HEIs.

For example, the Public Sector Decarbonisation Scheme provides financial sup-

port for universities to invest in low-carbon heating systems and energy efficiency

measures, facilitating the transition to sustainable campuses by enabling signif-

icant energy efficiency upgrades [37]. Additionally, the introduction of the Cli-

mate Change Levy (CCL) and the Carbon Reduction Commitment (CRC) trading

schemes aimed to regulate energy and carbon through fiscal measures [38, 39].

Legislative Drivers

While not exclusively focused on HEIs, the Climate Change Act 2008 established

legally binding targets for reducing GHG emissions, with the aim to achieve net-

zero emissions in the UK by 2050 [40]. Similar legislative trend have been observed

across devolved administrations; the Climate Change (Scotland) Act 2009 intro-

duced mandatory climate change reporting for public bodies [41], and the Future

Generations Act 2015 sets out obligations for the Higher Education Funding Coun-

cil for Wales (HEFCW) to deliver a sustainable development plan [42, 43]. This

legislation has been pivotal in driving sustainability efforts across various sectors,

including higher education.

Sustainability Initiatives and Carbon Management

Many UK universities have pledged to align carbon reduction targets with na-

tional and global climate imperatives [31]. The Emissions Reduction Pledge 2020
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provided a government framework for public sectors to declare intentions to reduce

GHG emissions by 30% by 2020/21 relative to a 2009/10 baseline [44]. HECFE set

additional sector targets of 43% and 83% reductions by 2020 and 2050 respectively,

against a 2005 baseline, focusing on direct (Scope 1) and indirect (Scope 2) emis-

sions [45]. Universities were required to develop five-year Carbon Management

Plans (CMPs) to achieve this target, setting out how carbon emission reductions

will be achieved within the CMP period. The Universities and Colleges Climate

Commitment for Scotland (UCCCfS) promoted transparency in progress reporting

and carbon-reduction intentions via Climate Change Action Plans (CCAPs) [46].

These initiatives align with broader national objectives, emphasising the impor-

tant role of the HE sector in practicing sustainability and reducing their carbon

footprints.

Despite these efforts, recent statistics indicate that many institutions are strug-

gling to meet these targets. According to the University Carbon Progress Report

2018, UK universities are projected to achieve only a 13% reduction in emissions

by 2020 [47]. Of the 127 institutions that initially committed to the 43% reduc-

tion, only 52 are on track to meet or exceed this target. Additionally, about a

third of these institutions have lowered their initial targets set in 2008 [47]. The

20 Russell Group universities account for more than half of the sector’s emissions,

with only two HEIs reportedly on track to meet their emission reduction targets

[47]. Moreover, carbon-reduction commitments vary across institutions [31], with

no mandated implementation or monitoring of energy efficiency measures across

the whole sector. Therefore, achieving carbon neutrality by 2050 remains a sig-

nificant challenge for the sector, requiring increased uptake of renewable energy

sources and improved energy efficiency measures. This highlights the challenges

faced by the sector in achieving its sustainability goals and the need for more

rigorous implementation and monitoring.

Challenges in Reducing Campus Emissions

Reducing campus emissions in HEIs presents several significant challenges, despite

proactive measures and ambitious targets set by many universities. These barriers

can be broadly categorised as technical, financial, organisational, and behavioral.

Technical Challenges A key complication in reducing operational energy and

carbon emissions within the HE sector is the diversity and complexity of university

estates. Older buildings, often with historical and architectural significance, pose

particular challenges for energy efficiency upgrades; retrofitting these structures

to meet modern energy standards whilst retaining heritage attributes can be tech-

nically complex and costly [48]. Furthermore, HE buildings constructed between

1940 and 1980 account for approximately 40% of the UK stock [14], representing

a major energy challenge due to typically high U-values and infiltration rates [49,

50, 51]. Retrofitting leaky, international style buildings can achieve high thermal
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performance during the heating season but often intensifies overheating during

summer months [52].

Financial Challenges The capital costs required for implementing carbon reduc-

tion programmes and technologies in HEIs can compromise progress [43]. While

these investments may pay off in the long run, the initial outlay can be prohibitive,

especially for institutions with limited budgets [43]. Securing funding and grants

for sustainability projects can be competitive and uncertain, and increased com-

mercialisation of the sector has reduced the financial sway of public organisations

in encouraging carbon reduction practices [43]. Additionally, the financial benefits

of energy-saving measures often do not align with the short-term financial plan-

ning horizons of many institutions.

Operational Challenges UK universities face a significant challenge in balancing

commercial growth with emissions reduction [43]. The sector’s success has driven

increases in revenue, student numbers, and campus expansion, both domestically

and internationally. Additionally, the rise in energy-intensive research activities

and the investment in new student facilities, including on-site accommodation,

further complicate efforts to reduce carbon emissions [43]. The varied nature

of campus activities can complicate efforts to implement uniform energy-saving

measures [53]. Furthermore, effective implementation of sustainability initiatives

requires coordination across various departments, including facilities management,

finance, and academic departments. Organisational silos can hinder the cohesive

efforts required to reduce emissions.

Behavioral Challenges Engaging the campus community, including students,

faculty, and staff, in sustainability efforts is crucial for success. Changing behav-

ior and fostering a culture of sustainability can be slow and challenging. There is

often a gap in awareness and understanding of the importance and impact of sus-

tainability measures. Educational programs and awareness campaigns are needed

to motivate and actively involve the campus community.

Section Summary

The historical evolution of university estates has led to significant growth and

architectural developments shaped by regulatory changes and institutional auton-

omy. This expansion has been accompanied by substantial investments in modern

infrastructure to support increasing student enrollments and global competitive-

ness. Despite the sector’s proactive measures to reduce energy consumption and

carbon emissions, challenges persist, particularly in retrofitting older buildings

and securing the necessary funding for sustainability initiatives. As the UK HE

sector continues to evolve, it faces the dual challenge of maintaining growth while

achieving long-term sustainability and carbon reduction targets.
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2.2 Embodied carbon in building redevelopment

2.2.1 Embodied Carbon as a Life-Cycle Component

Embodied carbon is a term frequently adopted in building construction research

and practice. It typically refers to the carbon emissions associated with the man-

ufacture, transport, installation, and disposal of building materials and systems

[19, 17]. This life-cycle component aligns with Scope 3 emissions as defined by the

GHG Protocol, which includes all indirect emissions that occur in the value chain

of a building, outside of its direct operations [54]. ‘Upfront’ embodied carbon im-

pacts refer to emissions occurring during product manufacture and construction,

whilst downstream impacts occur during the building use stage and end-of-life.

Evaluations of the embodied carbon component can vary significantly depend-

ing on the defined boundary conditions and the scope of the analysis [17]. Typi-

cally, the scope of analysis includes stages from raw material extraction (cradle)

to the building’s end-of-life (grave), often termed ‘cradle-to-grave’ analysis. This

intends to capture the entire lifecycle of building materials, depicted by the mod-

ular components shown in Figure 2.3.

Figure 2.3: Modular components of the various whole life carbon building assess-
ment, according to BS EN 15978 [17].

In BS EN 15978, the life-cycle is divided into four main stages. The product

stage (A1-A3) includes the extraction and processing of raw materials, trans-

portation to manufacturing sites, and the production of construction products,

representing the initial EC burden. The construction stage (A4-A5) accounts for

the transport of materials to site and on-site construction or installation processes.

The use stage (B1–B7) represents the building’s operational life, including main-

tenance, repair, replacement and refurbishment, as well as the energy and water

use associated with the building’s operation. Finally, the end-of-life stage (C1-C4)

includes demolition or deconstruction, transport of waste materials, processing for

recycling or reuse, and final disposal. Together, these stages intended to provide
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a comprehensive framework for assessing whole-life carbon impacts.

Beyond these, Module D accounts for potential benefits and burdens that occur

outside the system boundary, such as the reuse, recovery, or recycling of materials

once the building has reached the end of its life. These avoided impacts recognise

the potential for materials or components to offset emissions in future product

systems, although their inclusion and quantification can vary across studies. By

contrast, cradle-to-gate boundaries capture only the emissions up to the point a

product leaves the factory gate (A1–A3), omitting downstream construction, use,

and end-of-life impacts [17].

The scope of analysis definition can also have a strong influence on LCA re-

sults, with respect to the inclusion and exclusion of materials and systems. Whilst

defining the scope can be more straightforward when applied in practice, building

refurbishment research which is not applied through real-world application often

involves many assumptions surrounding retained and replaced components. Typ-

ically, key structural elements such as piles, pile caps, columns and beams are

assumed to be retained through redevelopment scenarios, although this should

be assessed on case-by-case basis depending on the building’s prior condition.

In addition, studies often focus on the embodied carbon of the building fabric

without accounting for building services, such as heating, ventilation and air con-

ditioning (HVAC) systems. This omission is often due to limited data availability

concerning their embodied carbon. However, some research highlights the sub-

stantial embodied carbon potential of certain HVAC systems, particularly those

based on refrigerant technologies [55].

2.2.2 Calculation Methods and Protocols

LCA is a systematic method used to evaluate the environmental impacts of a

product or system throughout its entire lifecycle, from raw material extraction to

disposal [56]. It involves compiling an inventory of relevant energy and material in-

puts and environmental releases, evaluating the potential impacts associated with

identified inputs and releases, and interpreting the results to help decision-makers.

According to ISO 14040, the LCA process is divided into four main stages: goal

and scope definition, inventory analysis, impact assessment, and interpretation

[56]. Each stage plays a crucial role in ensuring the comprehensiveness and accu-

racy of the assessment.

Standards such as BS EN 15978 and industry guidance, such as RICS whole

life carbon assessment, provide frameworks for applying LCA in the built environ-

ment context [17, 19]. These standards cover the environmental performance of

buildings, including their embodied carbon, and aim to ensure that assessments

are carried out in a consistent and reliable manner, promoting transparency and

comparability across different case studies [17].
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Data Sources

The reliability of input data can have a strong influence on LCA calculation out-

puts [57]. Industry supplied Environmental Product Declarations (EPD)s are com-

monly utilised to supply data for A1-A3 stages of building components. Whilst

production of these environmental declarations follow a standardised protocol (EN

15804) [58], several limitations exist in pertaining to the reliability of data. For ex-

ample, EPDs are only relevant to the specific product under investigation; without

comparative analysis it is not possible to tell if they are statistically representative

of the wider product range. Since participation in the EPD process is voluntary,

the data may not be representative of products at an industry-wide scale. Addi-

tionally, EPDs are supplied by the manufacturers themselves, which can introduce

questions regarding impartiality and potential bias.

The Inventory of Carbon and Energy (ICE) V3.0 database compiles embodied

energy and carbon data from a wide range of peer-reviewed literature and veri-

fied sources [59]. Values in this dataset were selected according to five criteria,

ensuring consistency of data within the inventory [60]. In this study, preferences

were given to data sources that complied with accepted methodologies or stan-

dards e.g. ISO 14040. The ICE values represent selected or recommended best

estimates derived from available literature, informed by professional feedback and

assessment of data quality [60]. Similar databases, such as the Embodied Carbon

in Construction Calculator (EC3) [61], One Click LCA [62], and Ökobaudat [63],

provide additional resources for embodied carbon assessments, often integrating

regionalised data. However, the effectiveness of such databases relies heavily on

the availability of EPDs. Data pertaining to certain product types, particularly in

relation to building system services, can be limited, posing significant constraints.

2.2.3 Drivers for Embodied Carbon Reduction

Regulatory Drivers

Policies and regulations in the UK increasingly mandate the consideration of em-

bodied carbon in construction, often in line with industry-led initiatives. At the

regional level, the London Plan requires Whole Life-Cycle Carbon assessments

for all major developments referable to the Mayor, effectively mandating embod-

ied carbon reporting for large new-build schemes and significant refurbishments

within Greater London [64]. However, requirements are typically stricter and

more consistently applied to new developments than to redevelopment or retrofit

projects, where embodied carbon reduction is encouraged but less formally regu-

lated. Emerging policy discussions, such as proposals for mandatory Whole Life-

Cycle Carbon reporting and embodied carbon limits in building regulations (e.g.

Part Z), demonstrate a growing consensus around the need for consistent en-

forcement [65]. Currently, the absence of a UK-wide regulatory requirement for
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embodied carbon reporting represents a policy gap.

At the national level, the Construction 2025 government strategy sets broad

targets for halving carbon emissions across the construction sector by 2025, pro-

moting supply-chain decarbonisation and material efficiency [66]. More broadly,

the Climate Change Act of 2008 establishes legally binding legislation for GHG

emissions reductions, influencing policies that address embodied carbon in build-

ing materials and practices [40]. Participation in the UK Emission Trading Scheme

and the implementation of carbon pricing mechanisms also indirectly incentivise

the reduction of embodied carbon within construction practice [67].

Industry Drivers

Alongside regulatory mandates, sustainability assessments and certifications in-

centivise and promote the consideration of embodied carbon across industry. BREEAM,

tailored to UK standards, assesses building sustainability across various criteria,

including embodied carbon reduction strategies [68]. LEED, an internationally

recognised certification methodology, also addresses embodied carbon through

credits focused on material selection and life-cycle assessment [69]. These certifica-

tions can offer strong motivational factors, enhancing reputation and credibility of

stakeholders involved in the building supply chain. Industry collaboration and ini-

tiatives, as exemplified by the London Energy Transformation Initiative (LETI),

provide further guidance for achieving low-carbon building practices through em-

bodied carbon assessment within the UK construction sector [70]. These elements

collectively contribute to the framework for evaluating and managing embodied

carbon in building construction practices and life-cycle carbon assessments within

the UK regulatory context.

2.2.4 Challenges and Limitations of Embodied Carbon As-

sessments

Embodied carbon assessments face several challenges that can impact accuracy

and consistency. It is important to consider these upon evaluation of the environ-

mental impacts of building materials and systems.

Data Availability and Quality

A primary challenge is the variability in data sources and the quality of data avail-

able for embodied carbon assessments, as previously discussed. While databases

such as Bath ICE and EPDs provide valuable information, there are often gaps,

especially concerning the embodied carbon of complex building systems and less

commonly utilised building materials. Additionally, uncertainties within EPDs,

such as variability in manufacturing energy use, material sourcing, and transport

emissions, also limit assessment consistency. Ensuring accurate data on material
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properties and manufacturing processes is crucial but can be challenging due to

inconsistencies across different sources and life-cycle inventory methodologies [58,

56, 57].

Model Accuracy

The accuracy of embodied carbon assessments is also influenced by the modelling

tools used and the expertise of the modeller. Errors can arise due to the freedom

of boundary conditions and assumptions of the assessor [71]. Simplifications em-

bedded within LCA software, incorrect system boundary assumptions and user

misinterpretation can all lead to inconsistencies reporting [71]. Furthermore, dis-

tinctions between design-stage estimates and actual procurement decisions can

introduce discrepancies, as final material selections, supplier choices, and real-

world construction practices often deviate from initial assumptions. Addressing

these challenges requires greater transparency in modelling assumptions and more

standardised calculation methodologies.

System Boundaries

System boundary definition can have significant influence on the results of em-

bodied carbon assessments, both with respect to included stages (cradle-to-gate

vs. cradle-to-grave) and scope (included building components). Excluding certain

materials or stages of the lifecycle may result in underestimations of the total

environmental impact associated with building materials and systems [58, 56].

Regional Variability

Embodied carbon varies significantly based on regional factors such as local man-

ufacturing practices, energy sources, and transportation distances. These regional

variations can impact the overall environmental performance of buildings and must

be considered to provide accurate assessments [58, 56].

Timely Relevance

The dynamic nature of new building materials and technologies necessitates con-

tinuous updates to embodied carbon data to ensure relevance and accuracy over

time. New materials, manufacturing processes, and technologies emerge regularly,

requiring ongoing efforts to update embodied carbon databases and incorporate

these developments into life-cycle assessments effectively.

Scope of Environmental Impact

Several research initiatives have attempted to expand the scope of life-cycle as-

sessments to include additional environmental impacts, such as resource depletion,
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water usage, and biodiversity loss [72, 73]. However, most building-level case stud-

ies continue to focus on global warming potential (GWP) as measured by CO2-

equivalent emissions, as this is the most consistently measurable and standardised

environmental metric in construction industry practices [74]. Assessing the overall

environmental impact of buildings can be challenging due to differing units of mea-

surement across impact categories. Metrics must first be normalised to a common

scale and then weighted to reflect their relative significance [74]. Whilst guidance

exists on reducing various impact categories to a single dimension, the complexity

of acquiring data from many different process flows can result in these studies

typically being applied to individual building materials or to high-level, simplis-

tic models [74]. Applying a wider environmental impact methodology to detailed

building models can become very complex. Furthermore, factors such as long-

term resource availability are often excluded from current assessment frameworks,

highlighting a need for developing new metrics and methodologies to capture these

aspects effectively.
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2.3 Life cycle carbon in higher education build-

ing redevelopment

A growing body of evidence indicates relative benefits of refurbishment scenarios

over new construction in terms of embodied energy and carbon impact [57, 75].

While new-build scenarios can significantly enhance the operational efficiency of

HE buildings, structural retention and refurbishment can reduce embodied carbon

impacts [76]. Studies with a strong emphasis on reducing operational over em-

bodied energy for minimising life-cycle carbon often overlook the impacts of grid

decarbonisation, with an increasing need to consider the diminishing proportion of

operational carbon emissions over time [76]. Consequently, there can be a trade-

off between these options in building redevelopment; both AUDE and HEFCE

have stated that this trade-off should be carefully considered during the planning

stages of higher education building redevelopment projects [45].

2.3.1 Non-recurring emissions

The proportion of carbon emissions relating to ‘one-off’ embodied carbon impacts,

including product manufacture, construction and demolition, varies across HE case

studies. Hawkins and Mumovic found that in existing UK HE buildings, the em-

bodied carbon ranged between 200 and 300 kgCO2e/m2, accounting for up to 6%

of the total life cycle carbon impact [76]. A study on a mixed-use HE building in

Michigan indicated that material production contributed 3% of life-cycle GWP,

whereas construction, transportation and decommissioning combined contributed

only 0.5% [77]. Junnila et al. observed that the sum of materials, construction

and end-of-life phase contributed 11.7% and 9.97% for a European and US office

building respectively [78]. Whilst values across these studies indicate a relatively

low proportion of these embodied components to LCCF, findings also suggest that

as operational efficiency improves, the embodied carbon impact may reach parity

[76].

Differences in boundary conditions, scope, and life-cycle inventories can sig-

nificantly influence assessment outcomes [57]. The LCA studies described differ

in the timeframe of analysis, ranging from 50 to 75 years. Some studies ad-

vise the utilisation of lower average lifespans for non-residential buildings due to

increasing frequency of redevelopment to meet modern functional and aesthetic

standards [78]. Consequently, the significance of the materials, construction, main-

tenance, and end-of-life stages relative to the use phase may be expected to grow

as functional obsolescence becomes more common. On the other hand, increasing

awareness around the relative benefits of refurbishment and low-embodied carbon

building practices across industry may simultaneously drive reductions in material,

construction and demolition related emissions [70].
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2.3.2 Repair and maintenance

Recurring emissions in HE buildings typically refer to repair, maintenance and

replacement of building fabric and services. This component also varies widely

across studies based on their definition of boundary conditions. Studies consid-

ering more intricate details such as furnishing and fittings often note significant

contributions to the total embodied energy from frequent replacement of internal

finishes, such as carpets and ceiling tiles [77, 78]. Whilst this level of detail can

offer greater accuracy for evaluation of LCCF in existing HE buildings, where no

changes are assumed through replacement cycles, it can also accentuate uncertain-

ties when assessing LCCF of design alternatives at early design or refurbishment

stage.

Relatively few LCA studies consider the EC associated with building services

due to limited data availability [79]. Research suggests that, whilst the initial im-

pact of services may be comparatively minor, the recurring associated EC impacts

can be significant over a building’s lifetime, due to the high replacement rates [80,

79]. Furthermore, studies including refrigerant-based HVAC components, such as

ASHP and VRF systems, have indicated substantial reccurring EC impacts due

to refrigerant leakage and end-of-life rates [55]. Yet, refrigerants are considered

in a low proportion of carbon footprint assessments within the HE sector [81].

Better integration of CIBSE TM65 could improve refrigerant tracking in LCA

[80]. Mandated disclosure of refrigerant inventories within institutional reporting

frameworks may also support more transparent embodied emission estimates.

2.3.3 Operational carbon impacts

Operational carbon impacts are a critical component of the life cycle carbon foot-

print of HE buildings. Static LCA studies that utilise fixed assumptions relating

to the carbon intensity of energy use consistently show that the use phase domi-

nates life cycle carbon emissions [76, 77, 78]. For example, Scheuer et al. found

that the operations phase alone accounted for 96.5% of the total life cycle GWP

in a mixed-use higher education building [77]. Similarly, Junnila et al. observed

that the use phase contributed 83-85% of the total CO2 emissions in offices shar-

ing similar functional characteristics with HE buildings [78]. Operational carbon

has also been noted to vary widely across HE end-use typologies. Higher educa-

tion buildings with laboratories and medical research facilities have been shown

to have relatively high operational carbon impacts due to specialised equipment

and climate control requirements [76]. However, changing grid carbon intensity

can significantly alter LCA outcomes and has been recommended for construction

industry inclusion by the Royal Institution of Chartered Surveyors (RICS) since

2017 [19]. The implications of such assumptions are discussed in Section 2.4.3,

with relevant studies provided in Section 2.5.1.
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2.4 Future considerations

Life-cycle carbon and cost assessments in building refurbishment can be influenced

by a number of ‘future considerations’, such as product and fuel price variability,

changing climate factors and grid decarbonisation. These aspects are discussed in

the following sections.

2.4.1 Cost implications

Optimal strategies for reducing life-cycle cost in building refurbishment are sub-

ject to dynamic market impacts. Costs associated with products, services, and

labour can vary in line with market conditions, technological advancements, and

regulatory changes. Moreover, operational costs incurred during the usage phase

of the building can be significantly impacted by fluctuating fuel prices. Both com-

ponents can affect the long-term economic feasibility of construction projects and

can be challenging to predict with accuracy due to inherent uncertainties.

Upfront Costs Projections

Market volatility, driven by supply chain disruptions, geopolitical factors, and

demand fluctuations, can lead to significant variation in the construction mate-

rial costs [82, 83]. For instance, recent evidence highlighted how global events,

such as the COVID-19 pandemic and international conflicts, can cause signifi-

cant increases in material costs due manufacture and supply chain disruptions

[84, 85]. Regulatory changes, such as new building codes and environmental reg-

ulations, can also affect costs by requiring additional compliance measures [86].

Whilst integrating energy efficient technologies and low-carbon materials can offer

long-term savings potential, they often involve higher upfront costs or perceived

financial risks [87]. Future cost reductions typically correlate with the rate of de-

ployment of a new technology; for example, widespread adoption of heat pumps

could drive down costs, but depend on policy support to strengthen their eco-

nomic competitiveness [88]. Additionally, uncertainty pertains to the long-term

futures of carbon-intensive industrial sub-sectors, such as steel and concrete [89],

with potentially significant implications on predicting future market prices in the

construction industry.

Labour costs typically constitute between 20-40% of total construction project

expenses [90]. Factors influencing labour costs include wage rates, productivity

levels, and labour availability [91]. The construction industry often faces chal-

lenges related to labour shortages and skills gaps, which can drive up wages and

delay projects. The adoption of automation and prefabrication techniques has

been proposed as a solution to mitigate labour costs, though these technologies

also require initial capital investment.
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Operational Costs Projections

Fuel price projections are influenced by global market dynamics, geopolitical

events, and policy decisions. The shift towards renewable energy sources and

advancements in energy storage technologies are anticipated to stabilise and po-

tentially reduce fuel prices in the long term, provided that they are successfully

decoupled from fossil fuel market prices. However, short-term projections indicate

potential volatility due to factors such as fluctuations in oil prices and changes in

energy policies. Implementing energy efficiency measures and adopting renewable

energy systems can mitigate the impact of this volatility on operational costs.

Buildings equipped with energy-efficient technologies and powered by renewable

sources are less susceptible to fluctuations in conventional fuel prices, resulting in

more predictable and potentially lower operational costs.

Cost of Environmental Impacts

The construction industry must increasingly account for the cost of carbon, driven

by policies like carbon taxes and cap-and-trade systems. These mechanisms aim

to internalise the environmental costs of carbon to incentivise reductions in GHG

emissions [92, 93]. Carbon taxes directly impose fees on carbon emissions, signifi-

cantly impacting the cost structure of projects that use high-embodied carbon ma-

terials. Meanwhile, cap-and-trade systems set emission limits and create a market

for trading emission permits, encouraging the adoption of low-carbon technolo-

gies and materials. The introduction of these pricing mechanisms can stimulate

innovation and sustainable practices within the construction sector, yet they also

introduce financial complexities and uncertainties [94].

In conclusion, understanding future cost implications of construction projects

requires a comprehensive analysis of upfront and operational costs, as well as

additional factors like the cost of carbon. Incorporating future cost assessments

into life-cycle costing can be highly complex and uncertain, hence the common

adoption of constant future rate discount factors [95].

2.4.2 Climate change impacts

Changing climate conditions are expected to alter the operational energy com-

ponent of buildings over their lifetime. Shifting temperature patterns and the

increased frequency of extreme weather events can impact heating and cooling

loads, leading to variations in energy demand and associated emissions. Incor-

porating climate change projections and scenarios into life-cycle assessments can

help to ensure carbon and cost reduction strategies remain effective under evolving

climatic conditions.
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Development of UK Climate Projections

Climate projections are widely adopted in building performance research to under-

stand potential future climate risks and inform adaptation strategies [96, 97, 98].

In the UK, substantial efforts have been made to develop comprehensive climate

projections through initiatives such as UK Climate Projections 2009 (UKCP09)

and UK Climate Projections 2018 (UKCP18) [5]. These datasets were developed

by the Met Office Hadley Centre and aim to incorporate the latest scientific un-

derstanding and climate modeling techniques [99].

UKCP09 introduced a probabilistic approach to climate projections, offering

a range of alternative possible futures rather than a single deterministic outcome.

This was achieved through a large ensemble of model runs, which allowed for the

exploration of uncertainties inherent in climate projections [100]. UKCP09 used

downscaling techniques to refine the global climate model outputs to a higher res-

olution suitable for regional and local impact assessments. The key outputs were

available at a 25 km grid scale, enabling stakeholders to better assess and plan for

climate impacts at a local level [101].

UKCP18 provided increased spatial resolution, with outputs available at 12

km and finer scales for specific applications [5]. This allowed for more precise

assessments of climate impacts, particularly in urban areas where microclimate

effects can be critical [99]. New downscaling approaches were also introduced,

integrating regional climate models and statistical techniques to better capture

local variations and extremes. This improved the representation of phenomena

such as heatwaves and heavy rainfall events, which can be of important relevance

for impact and adaptation studies. Furthermore, UKCP18 expanded the range of

scenarios considered, reflecting various GHG concentration pathways and socio-

economic developments [99].

Climate Scenarios

Climate projections typically adopt scenarios to represent different GHG emission

and socio-economic pathways. Representative Concentration Pathways (RCPs)

describe varying trajectories in GHG concentrations, ranging from low (RCP2.6)

to high (RCP8.5) emission pathways [102]. Shared Socioeconomic Pathways (SSPs)

complement RCPs by presenting various socio-economic futures, including factors

such as population growth, economic development, and technological advance-

ments. This combination allows for a more comprehensive exploration of a range

of potential climate futures and their impacts on society [103].

Percentile Projections

Percentile projections provide a range of possible outcomes based on different

confidence levels [5]. These projections present climate variables, such as tem-
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perature and precipitation, as percentiles, indicating the probability of different

climate impacts. The 50th percentile projection represents the median outcome,

and is prioritised in building thermal performance assessment methodologies [104].

However, consideration of upper (90th) and lower (10th) percentiles can help to con-

vey the uncertainty associated with climate projections and allows decision-makers

to consider a range of possible futures in their planning [105].

2.4.3 Grid Decarbonisation

Over the past few decades, the UK grid has experienced a significant reduction in

carbon emissions from electricity generation. Since 1990, emissions from the power

sector have dropped by approximately 70% [106, 107], primarily attributed to the

decline in coal-fired power and the rise of renewable energy sources [108]. Grid

decarbonisation has major implications for the construction sector, influencing

multiple life-cycle stages, including product manufacture and operational carbon

emissions. The key impacts are discussed below.

Process Decarbonisation within the Construction Industry

Embodied energy in construction material production accounts for approximately

43–62 MtCO2e annually [109], representing over 10% of the UK’s total emissions

[106]. Factors such as the energy supply mix, future infrastructure demand, and

efficiency gains substantially impact emission levels [110, 89]. Reducing emissions

from the manufacture of widely-used, carbon-intensive materials such as steel, ce-

ment, aluminium, and glass remains a challenge, with processes typically reliant

on fossil fuels [89, 111]. Cement production alone accounts for approximately 7%

of global CO2 emissions, with 30 to 40% of these emissions derived from fuel com-

bustion [112, 89]. Research suggests that, even under predictions of lower demand

and slower rates of grid decarbonisation, additional emission reduction strategies

will be required for the construction sector to meet national carbon targets [110].

Uncertainty surrounding process decarbonisation within the construction in-

dustry necessitates greater consideration of design and material choices [110]. Ma-

terial substitution using low EC alternatives such as timber, recycled metals and

geopolymer concrete, is critical for for a quicker transition to a low-carbon built en-

vironment [113, 114, 59]. However, overcoming perceived industry barriers, such as

high costs and poor product availability, is essential for adoption [115]. Reducing

material usage through through design optimisation and material efficiency, in-

cluding ‘lightweighting’ strategies further contributes to emission reductions [113,

89]. Additionally, the re-use of materials and components, including integration

of modular assemblies, supports the principles of a circular economy, reducing

demand for new materials whilst extending the lifecycle of existing ones [89]. In-

tegrating these strategies (material substitution, reduction, and re-use) advances

progress towards sector-wide process decarbonisation [113]. However, early supply
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chain engagement with industry professionals, improved accuracy and availability

of carbon data, and effective use of whole life costing is required to encourage

wide-spread adoption [115].

Operational Decarbonisation

Operational decarbonisation within the built environment encompasses changes to

the fuel supply mix, operational energy demand, and system efficiencies. Whilst

the carbon intensity of electricity generation in the UK has decreased significantly,

from 705 gCO2e/kWh in 1990 to 238 gCO2e/kWh in 2023 [116], fossil fuel carbon

emission factor (CEF)s are unlikely to undergo significant decline [117]. Despite

this, high-efficiency gas boilers are still considered viable for retrofit under current

building regulations, with no definitive phase out date set from existing non-

domestic buildings [118]. Consequently, buildings reliant on fossil thermal energy,

such as natural gas, are likely to contribute disproportionately to carbon emissions

over their operational lifetimes.

The rate of decarbonisation can impact the viability of retrofit measures from

a life-cycle carbon perspective [119]. Several studies indicate variability in the car-

bon payback times of retrofit measures owing to different grid energy mix pathways

[119, 120, 121, 122]. Whilst it can be argued that a more sustainable grid mix

will reduce the effectiveness of some retrofit measures, in terms of carbon pay-

back [120, 121], other measures, such as systems upgrades from gas to electric

heating, are inherent to buildings achieving low-carbon energy in the first place

and are thought to be beneficial across a range of decarbonisation scenarios and

wider climate impacts [122]. Incorporating alternative future energy scenarios can

be important in determining the cumulative impact of a building operating into

the future, ensuring long-term effectiveness of retrofit strategies in contributing to

overall carbon reduction goals [119].

27



2.5 Computational methods for reducing life-cycle

carbon and life-cycle cost

Various methodologies are adopted in building research to reduce the life-cycle

carbon and cost impact of refurbishments. Parametric modelling is a widely-

adopted technique that facilitates the systematic variation of design parameters

within predefined ranges, often used to assess influence on environmental and eco-

nomic performance over the building’s lifespan [123]. This method can provide

detailed insights into the effects of individual parameters. However, as the num-

ber of parameters and their possible combinations increase, this approach can

become computationally expensive and time-consuming, particularly when em-

ploying brute force methods to exhaustively analyse all possible scenarios [123,

124].

Algorithms in building research

The complexity of balancing multiple, often conflicting objectives, such as LCCF

and LCC, necessitates more efficient search techniques. Among the various mecha-

nisms for multi-objective optimisation (MOO), GAs stand out due to their adapt-

ability and effectiveness [123]. Unlike the scalarisation approach, which combines

multiple objectives into a single weighted sum and struggles with accurate es-

timation of weighting factors, GAs inherently accommodate the complexity and

diversity of objectives without requiring such conversions [123].

GAs are metaheuristic algorithms inspired by the process of natural selec-

tion and a sub-set of the class of evolutionary algorithms [125]. The mechanism

operates via manipulation of character strings (a.k.a. chromosomes) by genetic

operators and the selection of solutions according to their “fitness” level [126].

Through operations, such as crossovers and mutations, the algorithm iteratively

evolves a population of potential solutions towards an optimum [126]. This heuris-

tic method enables GAs to efficiently navigate large and complex search spaces,

making them particularly suitable for problems with multiple, competing objective

functions. The typical procedural steps involved in GA optimisation are shown in

Figure 2.4.
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Figure 2.4: Typical procedural steps involved in GA optimisation, from [126].

In the context of building research, the character strings are represented by a

specific combination of building design characteristics, as depicted in Figure 2.5.

Each unique attribute is presented as a gene with multiple variants. For instance,

consider the measure of reducing the U-value of the building’s thermal envelope

through additional insulation. Here, the energy conservation measure - adding an

insulation layer - serves as the gene, while the different thicknesses of the insu-

lation layer represent the variants of this gene. The crossover process refers to

the exchange of genetic material between parent chromosomes to create new off-

spring solutions, potentially combining the advantages of different configurations

to find better-performing solutions in relation to the specified performance crite-

ria. This approach mimics evolutionary principles to efficiently search for optimal

or near-optimal solutions in complex design spaces.

Parents

Children

crossover

X1.a X2.a X3.a X4.a X5.a X6.a X7.a X8.a X9.a Chromosome AX10.a

X1.b X7.bX2.b X3.b X4.b X5.b X6.b X8.b X9.b Chromosome BX10.b

X9.bX1.a X2.a X3.a X4.a X5.a X6.b X7.b X8.b Chromosome CX10.b

Chromosome DX6.a X7.a X8.a X9.a X10.aX1.b X2.b X3.b X4.b X5.b

Genes:

X1. Insulation thickness

X2. Win-wall ratio

X3. Heating system

…

Xn. ..

Figure 2.5: Character string representation of building design characteristics as
genes within the GA optimisation process.

A significant advantage of GAs is their ability to generate a Pareto front, a

collection of solutions where no single solution is superior across all objectives

[123]. This provides flexibility to building stakeholders to weigh-up the relative

benefits and drawbacks across a selection of viable solutions rather than a singular

point [127]. Mechanisms, such as Non-dominated Sorting Genetic Algorithm II

(NSGA-ii) exemplify the power of GAs in efficiently navigating the complex trade-

offs inherent in MOO problems [127]. Furthermore, GAs have been integrated into

various optimisation platforms, such as Matlab, modeFRONTIER, and JEPlus
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[123, 128], enhancing the practical applicability of GAs in building performance

optimisation.

2.5.1 Case studies and applications

Life-cycle optimisation of non-domestic buildings

Optimisation Techniques

LCA in the non-domestic building sector has increasingly incorporated advanced

optimisation techniques [123]. The most common algorithms used include Particle

Swarm Optimisation (PSO) and single and multi-objective GA [123]. PSO is par-

ticularly effective for continuous optimisation problems [20], whilst GAs are ca-

pable of handling combinations of discrete and continuous variables [123]. Other

methods such as mixed integer zero-one programming have been used for min-

imising single environmental indicators or costs [129]. In general, the selection of

optimisation technique is driven by the number of objectives, the type and scale

of variables (discrete or continuous), speed and accuracy of search mechanisms,

and the integration capability with building energy modelling (BEM) platforms

[129, 130, 131].

Optimised Parameters

Whilst a range of optimisation parameters have been explored in relation to non-

domestic building retrofit (see Table 2.1), active and passive measures are often

considered in isolation [131, 132, 133, 134]. For example, Osman et al. explored

the life-cycle GWP impacts of cogeneration technologies, demonstrating up to

a 38% reduction in carbon emissions with microturbine or internal combustion

engine combined heat and power systems [129]. Bull et al. adopt a primarily

fabric-based approach for the retrofit of UK school buildings, with findings indi-

cating a carbon payback period less than the building’s lifespan (<60 years) for all

considered measures [135]. Similarly, Mendez Echenagucia et al. optimise aspects

of the building envelope only, finding WWR reductions to be the most influential

factor in reducing both EC and operational carbon (OC) emissions [130]. While

these studies all contribute towards the evidence base for non-domestic life-cycle

retrofit, it is important to consider fabric and system measures in combination,

as their interactions are typically non-additive (agnostic); total savings from com-

bined measures are less than the sum of individual savings [135]. Moreover, under

limited investment, prioritisation of system over fabric upgrades has been indi-

cated for non-domestic UK studies [20].

Investigated Typologies

In the context of building refurbishments, the specific characteristics of existing

structures can have a strong influence on optimisation outcomes [20, 139]. De-

spite this, LCA optimisation studies have primarily focused on residential and

office buildings. There is a lack of detailed investigation across a broader range
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Table 2.1: Life-cycle optimisation case studies of non-domestic buildings: Loca-
tion, building typologies and optimisation parameters.
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Ref

UK HE (teaching, office) x x x x x x [20]

US Office x x x x x x [130]

US Commercial x x [129]

Turkey School x x x x x x x [136]

UK School x x x x x [135]

US Office x x x x x x x x x x x [21]

UK HE (various) x x x x x x x x x x [76]

Korea HE (residential) x [131]

Shanghai Office x x x x x x x x x x x [137]

UK Office x x x x [138]

South Africa NS x x x [132]

Spain Office x x x x x x x x x x [139]

Norway Office x x x x x x x [140]

France School x x x x x x [141]

Hong Kong Exhibition space x [133]

US Office x x x x [134]

Serbia School x x [142]

South Korea HE (library) x x x x x [143]

Finland Office x x x x x x x x x x [144]

of building typologies and functions, including the diverse and complex build-

ing types found within HEIs [20]. Luo and Oyedele optimised an office building,

finding that renewable energy and active system upgrades should be prioritised

over insulation due to the building’s high electricity-to-heat demand ratio [20].

By comparison, a HE teaching building, with a relatively lower electricity-to-heat

demand ratio, did not optimise towards the adoption of on-site renewables under

limited investment [20]. Gangolells et al. discovered that optimal environmental

measures varied depending on the office typology, with building age being a signif-

icant determinant of the efficacy of energy retrofitting strategies [139]. Thus, it is

important to consider the contextual aspects of pre-existing designs when defining

optimisation problems, and to expand research across a broader range of building

typologies.

LCA Standards and Scope

Life-cycle optimisation studies in the non-domestic sector show significant discrep-

ancies in the adopted standards and scope of analysis, impacting the comparability

of results [20, 136, 21, 129, 135]. Many studies do not explicitly state adherence

to international or national standards, resulting in variability in assumptions, life-

cycle calculation protocols and assumed time frames [131, 132, 140]. The assumed
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lifespan for LCA ranges from 10 to 60 years, affecting the assessment of long-term

sustainability measures [129, 135]. Ganolells et al. found that generally, optimal

measures from an environmental perspective were not optimal from an economic

perspective within a 20-year period [139]. However, many retrofit strategies may

become more lucrative when assessing over a longer time-frame that more closely

resembles the lifespan of a typical non-domestic building. Contrasting findings

from a UK school building study indicate that the carbon payback is shorter

than financial payback, and all measures and combinations of measures repaid

the carbon invested in them [135]. These inconsistencies highlight the need for

standardisation in life-cycle definitions to enhance comparability.

LCA Objective Functions

Variability in objective functions and life-cycle definitions further complicates the

comparison of studies. Energy savings potential and overheating are commonly

considered alongside the ‘payback period’ or net present value (NPV) [145, 146,

147, 148]. In addition, several studies focus on LCC against operational GWP,

disregarding the embodied emissions associated with implementing, maintaining,

and replacing retrofit measures [21, 131, 137]. Some research indicates that cost-

effective measures almost always provide life-cycle GHG emission reductions, but

not vice-versa [139]. However, this relationship will be distorted by the expected

changes in grid-related carbon emissions over time, as discussed in section 2.4.3.

The majority of studies do not account for expected changes in OC emissions

over time, and often do not state the CEF assumptions associated with opera-

tional energy use. This omission can significantly impact optimal outcomes due

to variations in energy grid CEFs [130].

Summary of dynamic LCA studies

In recent years, LCA studies have increasingly incorporated dynamic characteri-

sation factors to account for temporal changes in environmental impacts, particu-

larly in relation to decarbonising energy networks. This approach aims to provide

a more realistic and adaptive understanding of the sustainability of buildings and

technologies over their entire life spans. Table 2.2 shows various studies that incor-

porate dynamic characterisation factors into life-cycle assessments methodologies

and a comparison of the assumptions adopted. A discussion of key study outputs

is provided below.

For example, Mendez-Echenagucia et al. examined the balance between em-

bodied and operational carbon in the context of energy grid changes [130]. Their

study demonstrated how both under- and over-investment in building envelope

performance can lead to avoidable emissions over the building’s lifespan, driven

by grid carbon intensities and local climates. In regions with low-carbon intensity

energy grids, excessive investment in building envelope improvements can result

in up to 10 kgCO2e/m² of unnecessary emissions over 30 years, whereas under-
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Table 2.2: Methods, frameworks, objectives and assumptions used in optimisation
studies in the non-domestic sector. NA = not applicable, NS = not stated.

Method LCA
Framework

Objective Functions Climate Pro-
jection(s)

CEF As-
sumption

Fuel Price
Projection

Ref

PSO ISO 14040 1: LCC
2: LCCF

1981-2000,
2021-2040,
2061-2080

static static [20]

Multi-objective
GA

NA 1: Overheating hours
2: Heating energy
3: Lighting energy

2020,
2044,
2090

NA NA [145]

Parametric
(brute force)

ISO 14040
ISO 14044
EN 15978

1: EC emissions
2: OC emissions

historic dynamic dynamic [130]

Mixed integer
programming

NS 1: LCC
2: GWP
3: TOPP 1

historic static static [129]

Parametric ISO 14040
EN 15643

1: LCCF
2: Life-cycle energy
3: Embodied energy

historic static NA [136]

Parametric EN 15804 1: Heating energy
2: EC emissions
3: LCCF
4: NPV
5: Payback times

historic static dynamic [135]

JMIM feature
selection

NA 1: NPV
2: Energy savings

2100 NA NA [21]

Parametric
(brute force)

EN 15978 1: EC emissions
2: OC emissions

historic static static [76]

Parametric NS 1: Electricity use
2: OC emissions
3: Cost effectiveness

1981-2000,
2031-2050,
2081-2100

dynamic dynamic [148]

Multi-objective
GA

NS 1: LCC
2: Energy savings

historic NA dynamic [131]

Parametric NS 1: Energy consumption
2: LCC
3: CO2 savings

historic static static [137]

PSO ISO 14040 1: LCC
2: Life-cycle energy
3: LCCF

historic static static [138,
149]

Multi-objective
GA

NS 1: Energy savings
2: NPV
3: Payback period

historic NA static [132]

Parametric EN 15804
EN 15978

1: LCCF
2: OE savings
3: Initial investment
4: Payback period

historic static static [139]

PSO-
Generalized
Pattern Search

NS 1: LCC
2: Energy consumption

historic NA dynamic [140]

Single and
multi-objective
GA

NS 1: EC emissions
2: CapEx
3: Energy consumption
4: Thermal comfort

historic NS NS [141]

Single and
multi-objective
GA

NS 1: Total cost
2: OC emissions
3: Grid Interaction Index

historic dynamic dynamic [133]

PSO NS 1: LCC historic NA dynamic [134]

Single-objective
optimisation

NS 1: Total cost
2: PMV 2

historic NA static [142]

Multi-objective
GA

ISO 14040 1: PMV 2

2: Initial investment
3: Heating energy
4: NPV
5: GWP

historic NS dynamic [143]

Multi-objective
GA

NS 1: OC emissions
2: NPV of LCC

historic NA dynamic [144]

1Tropospheric ozone precursor potential (TOPP); 2Predicted mean vote (PMV).
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investment in high-carbon intensity grids could lead to more than 150 kgCO2e/m²
of wasted emissions [130]. Moreover, findings indicated that under-investment was

more likely in harsh climates with high carbon grids and over-investment more

likely in moderate climates with low carbon grids. Results show how the relation-

ship between embodied and operational carbon is highly localised, with optimal

design variables varying significantly between locations. This study underscores

the importance of aligning investment strategies with the anticipated decarboni-

sation trajectory of energy grids and local climates.

Similarly, Collinge et al. applied dynamic characterisation factors to the LCA

of an educational building, demonstrating how the environmental impacts over

the building’s lifetime vary significantly from what would be predicted if temporal

changes were not taken into account [150]. The results suggest changes in external

conditions such as energy mixes or environmental regulations during a building’s

lifetime, can influence the LCA results to a greater degree than the material and

construction phases. Sensitivity analysis indicated robustness in the considered

scenarios, with static results lying within the upper and lower bounds of dynamic

LCA scenarios. Correspondingly, adapting LCA to a more dynamic approach

seems likely to increase the usefulness of the method in assessing the environmen-

tal performance of buildings and other complex systems in the built environment.

While dynamic characterisation factors were considered, the temporal aspect of

climate change was not addressed in either study [130, 150].

Shibuya and Croxford further investigated the implications of dynamic factors

in LCA, focusing on carbon and cost considerations under future climate scenar-

ios for office buildings in Japan [148]. Although their study did not encompass

all life-cycle stages as per BS EN 15978 [17], focusing on in-use emissions only,

it demonstrated the potential impact of dynamic factors on operational carbon

emissions and cost-effectiveness, highlighting variations across different locations

and time periods. Additionally, the research takes into account contextual impli-

cations of the Fukushima nuclear accident on Japan’s energy policy, which may

affect the country’s ability to meet CO2 reduction targets through changes in

electricity generation [148]. Findings emphasise the need for comprehensive ap-

proaches that integrate situational considerations into LCA methodologies. Un-

like the aforementioned studies, future climate data was incorporated into this

analysis, however parametric techniques were adopted limiting the breadth and

granularity of opimisation parameters assessed.

Coupling optimisation and climate change adaptation

Recent studies have increasingly focused on integrating climate change adap-

tation within multi-objective optimisation frameworks for building retrofitting,

particularly in non-domestic settings. These efforts aim to create a combined

optimisation-adaptation approach that can address the challenges posed by future
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climate conditions.

For instance, a study on Canadian school buildings employs NSGA-ii to opti-

mise thermal comfort, lighting, and heating energy performance, using future cli-

mate projections [145]. The study explores various thermo-physical building char-

acteristics, including U-values, WWR, shading, and cool roofs, to determine the

most effective retrofit strategies under changing climate conditions [145]. Findings

support a phased approach: energy-efficient envelopes and natural ventilation with

night cooling for present climates, adding cool roofs and overhangs in the medium

term, and movable screen shading in the long term [145]. Another study as-

sesses the life-cycle performance of retrofitting HE buildings under climate change

conditions, using a Genetic Algorithm-Artificial Neural Network (GA-ANN) ap-

proach to predict future energy demand and production [20]. Findings illustrate

evolving investment priorities over time, with changes to building energy demand

end-uses and renewable energy production. The authors estimate up to a 4.7%

over-estimation or 54.7% under-estimation of lifetime cost, energy and carbon if

optimal retrofitting solutions from current weather conditions are adopted under

climate change conditions [20]. However, changes to the carbon intensity and cost

of the power grid, natural gas and biomass production under future years were

not considered [20].

Further exploration by Shen et al. examines the impact of global climate

change from 2020 to 2060 on the effectiveness of ECMs in office buildings across

various U.S. climates [21]. The authors note variability of optimal retrofit strate-

gies, and their ranking in the combinatorial space, based on pre-existing building

characteristics and changing climate conditions. The economic benefits of natural

ventilation (NV) under future climates are highlighted, reducing cooling loads

through removal of redundant heat during suitable outdoor conditions. Addition-

ally, it was found that optimal airtightness and glazing properties differ across U.S.

climate zones, suggesting that retrofit strategies must be tailored to local condi-

tions to remain effective under changing climate scenarios. A final study evalu-

ates contemporary energy-optimised office buildings in Southeast Asia, focusing

on passive measures to mitigate overheating and reduce energy consumption [146].

This study uses GA optimisation to compare the performance of energy-optimised

designs under current and future climates.
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2.6 Knowledge Gap

In this section, a synthesis of the literature review is presented to define the knowl-

edge gaps leading to research questions central to this study.

Despite advancements in the optimisation of climate change adapted building

design, notable gaps remain for the non-domestic building sector. Studies indicate

that future climate change will impact building energy demand. However, most

existing research focuses on immediate or short-term impacts, limiting understand-

ing of how probabilistic climate predictions will influence long-term operational

energy performance in the UK HE sector and consequences for building design.

This gap suggests a need for more detailed investigations into the changing climate

impacts on energy demands for HE buildings, particularly with respect to heating

and cooling loads. This work aims to address this research gap by examining the

impacts of future climate projections on operational energy performance within

the HE sector. This leads to the first research question: How will future climate

projections affect the predicted operational energy performance of higher education

buildings?

Life-cycle analyses are increasingly utilised in building design research. How-

ever, there remains a lack of cohesive approaches that consider both LCCF and

LCC metrics within CCA strategies, particularly for non-domestic settings. Most

studies consider these metrics individually, limiting understanding of the trade-

offs and synergies between economic and environmental targets. Furthermore,

the integration of a combined systems-fabric approach within LCA across a wider

range of non-domestic building typologies, including HE buildings, remains under-

explored. Future efforts should also aim to standardise approaches using estab-

lished protocols and guidelines to improve the comparability and reliability of LCA

outcomes. Addressing this research gap, this study aims to examine how these

metrics can impact design decisions for HE building refurbishment under climate

change. This leads to the second research question: What are the life-cycle carbon

and life-cycle cost implications of adopting climate change adaptation strategies in

the design of urban higher education buildings?

In terms of carbon emissions, the literature identifies a gap in understanding

the relationship between embodied and operational carbon within the HE sector,

especially in the context of climate adaptive strategies. Existing studies often

isolate these factors, without accounting for the potential trade-offs and synergies

that could arise from a combined approach to carbon management. This is par-

ticularly relevant to HE buildings, where structural and operational features can

vary widely. EC and OC emissions are often analysed separately and relatively few

studies consider how material choice and systems interact across a building’s life

cycle under climate change. This knowledge gap informs the third research ques-

tion: What trade-offs and synergies exist between embodied and operational carbon
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when applying climate change adaptation strategies in the higher education sector?

Grid decarbonisation trajectories can introduce additional uncertainties in the

design of low-LCCF adaptation strategies, yet most current analyses assume static

grid conditions. HE buildings can have long lifespans and unique energy demands,

requiring a more dynamic understanding of how variable decarbonisation rates

affect long-term energy resilience and adaptation strategies. There is a need to

consider dynamic characterisation factors for a more realistic assessment of carbon

and cost investment trade-offs and payback periods. This research incorporates

diverse decarbonisation pathways to address this gap, leading to the fourth re-

search question: How do uncertainties in grid decarbonisation trajectories impact

the selection of optimal climate change adaptation strategies?

Overall, the study aims to capture temporal changes and future scenarios to

provide a more long-term understanding of the carbon and cost impacts of HE

building refurbishment strategies.
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Chapter 3

Methodology

3.1 Methodological Development

The research methodology was developed to address theoretical and practical chal-

lenges associated with conducting life-cycle assessments in the HE sector under

long-term projection uncertainty. The approach balances data limitations, model

complexity, and computational efficiency with the need for robust, transparent,

and adaptable methods. Table 3.1 summarises these challenges, outlines the

adopted methodological principles, and specifies how each was implemented in

this study.

Table 3.1: Key methodological challenges, principles, and implementation in this study.

Challenge Methodological Principle Implementation

Time resolu-

tion: Hourly

simulations

vs. annual

grid decar-

bonisation

data

Hourly resolution enables

simulation of dynamic oc-

cupancy and load patterns,

while annualised grid data

manages long-term uncer-

tainty in decarbonisation and

pricing trajectories.

Hourly simulations were performed in EnergyPlus

to capture load variability (section 3.4.3). Annual

fuel price and grid decarbonisation data were in-

tegrated from government and industry projec-

tions, ensuring consistency with long-term path-

ways (section 3.3.7).

Robust de-

tailing vs.

simplified

assumptions

Balance detailed thermal and

systems modelling with prag-

matic simplifications for un-

certain future parameters.

Detailed envelope and HVAC system models were

calibrated using construction records and site

data, while grid-level and macroeconomic as-

sumptions were simplified to scenario-based in-

puts (section 3.4.3 vs. 3.3.7).

Capital and

operating

cost data

reliability

Integrate CapEx and OpEx

while considering the volatil-

ity of energy and commercial

markets.

Material and system cost data were obtained from

up-to-date market databases (section 3.3.6, Ap-

pendix E-G), and electricity and gas price projec-

tions. The time value of money was represented

through applying a discount rate to estimate the

present value of future cash flows (section 3.3.6).
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Challenge Methodological Principle Implementation

Architect-

urally-driven

approach

Reflect diverse typologies and

operational patterns in HE

buildings.

Three real-world case studies were selected to rep-

resent different typologies (architectural school,

heritage office, residential halls). Each model

incorporated validated occupancy schedules and

operational data from Estates teams (sections 4.1,

5.1, 6.1).

Defining sys-

tem bound-

aries

Set clear, building-focused

boundaries to prioritise

operational and direct im-

pacts, while acknowledging

excluded upstream impacts.

The assessment encompassed material production

to end-of-life disposal (Modules A–C) and ben-

efits beyond the system boundary (Module D).

Costs and emissions associated with wider infras-

tructure transitions associated with a changing

energy system (e.g. hydrogen or ‘green gas’ net-

works) were excluded in accordance with BS EN

15978 conventions, ensuring methodological con-

sistency and maintaining relevance to building-

scale decision-making (section 3.3.6).

Long-term

climate

projection

uncertainty

Integration of future climate

scenarios to capture changing

thermal loads while balancing

model complexity and simu-

lation scope.

A high-emission 2050s climate scenario was ap-

plied to represent a conservative outlook on over-

heating risk, capturing the potential upper bound

of climate impacts relevant to refurbishment

decision-making. Focusing on mid-century pro-

jections (2050s) instead of end-of-century (2080s)

introduces slightly more certainty and aligns de-

sign decisions more closely with the building’s

practical life-cycle. The analysis was limited to

a single climate scenario to reduce computational

demand but the approach remains adaptable to

a range of potential future conditions (section

3.3.5).

Detailed

modelling

vs. scalabil-

ity

Detailed, context-specific

models capture the unique

characteristics of HE build-

ings but can limit scalability.

Results from each case study were analysed for

cross-case patterns and compared against the

wider HE building stock (section 7), enabling

broader sectoral interpretation.

Overall, the methodological framework ensures that each challenge is explicitly

addressed within the modelling, data integration, and scenario analysis process,

reinforcing transparency and reproducibility.
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3.2 Methods Overview

The approach taken to address these research questions is based on the concept

of Design Science Research [151]. The core research principles involved are de-

tailed case study modelling analysis, and the simulation and rapid assessment of

multiple design alternatives. A comparison of outputs from each design solution

aims to identify the most favourable (‘optimal’) design scenarios. A simplified

overview of the research design is presented in Figure 3.1, demonstrating the two

main methodological domains of the work.

Case study selection

Defining boundaries & scope

ECM selection

Parameter definition

Objective function definition

Scenario development

Scaling-up

Algorithm selection

Framework 

Development & Validation

Case Study 

Development & Validation

LCA Calculations

Preliminary analysis

Climate profiling

Inventories & data sourcing Modelling & calibration

Building data sourcing

Figure 3.1: Simplified overview of research process.

Although each stage can be broadly classified into the development of either

framework or case study, the flows of work interact at several stages and are mu-

tually dependent. The two scopes of work form the main sub-chapters of the

methodology; the first section focusing on the establishment of the future climate

LCA framework, the second providing a detailed account of case study develop-

ment, validation and pre-processing prior to application within the framework.
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3.3 Methods 1: Framework Development

3.3.1 Framework Principle

The first stage of the methodology is to develop a framework that can subsequently

be applied to and validated through real-world case studies. Responding to the

objectives identified in 1.1, the framework has been developed with the following

inclusions:

• The ability to handle detailed building energy models, characterising the HE

building stock at a sufficient level of detail.

• Simulates and post-processes combinations of multiple design alternatives.

• Calculates the LCCF and LCC at each design iteration.

• Incorporates changing climate assumptions over the building’s life cycle.

• Operates as a feedback loop, understanding the impact of various scenarios

relating to grid decarbonisation on design output.

The methods and tools used to achieve each of these framework elements are

discussed in the following sections.

3.3.2 Life-cycle Objective Functions

The objective functions used in the optimisation framework are to minimise both

life-cycle carbon and life-cycle costs through a combination of design improve-

ments.

Objective Function 1: Minimise LCCF Reduce total carbon emissions over

the building’s life cycle, including both embodied and operational carbon. In

the context of a changing climate, this objective seeks to balance these two

components to achieve the lowest overall carbon footprint, recognising the

trade-offs between initial construction impacts and long-term operational

efficiency.

Objective Function 2: Minimise LCC Reduce total cost incurred over the

building’s life cycle, accounting for both CapEx and OpEx. In the context

of a changing climate, this objective addresses the balance between upfront

investment and long-term operational savings, aiming to achieve the most

cost-effective building over its entire lifespan.

Where active HVAC systems are present, operational components of life cycle

carbon and life-cycle cost become a function of the heating and cooling energy

loads and mechanical ventilation requirements. As such, the thermal operating

41



conditions must be controlled within certain boundary conditions that are consid-

ered “acceptable” to the occupant. The assumptions made to control this dynamic

variable are considered on a case-by-case basis, depending on the building’s sys-

tems thermal regulation strategy and historical set-point data.

3.3.3 Framework Optimisation Strategy

Optimisation Strategy

The aim of implementing multi-objective optimisation is to find a set of solutions

that define the optimal trade-off between multiple, competing objective functions.

As discussed in section 2.5, conventional, iterative techniques can be used to test

adaptation strategies via brute-force. However, the time and labour intensity

of this approach often limits its application to a relatively small search space.

Harnessing the use of GAs is a more efficient method for investigating numerous

variable options in combination.

Algorithm Selection

The selection of NSGA-ii to drive the opimisation framework is grounded in its

effectiveness in handling multi-objective optimisation problems efficiently. NSGA-

ii is widely adopted in building retrofit optimisation studies to reduce processing

time and power [152], and offers the following relative advantages over other evo-

lutionary algorithms:

Non-dominated Sorting NSGA-ii utilises non-dominated sorting to categorise

solutions into Pareto fronts, ensuring that the algorithm maintains diversity

across the population. This facilitates the exploration of trade-offs between

multiple conflicting objectives, such as LCCF and LCC.

Diversity Preservation Through the incorporation of crowding distance, NSGA-

ii promotes the spread of solutions across the Pareto front. This diversity

preservation helps in avoiding premature convergence to a limited region of

the solution space, thereby offering a wide range of optimal design alterna-

tives for building refurbishments. It has been demonstrated to find a better

spread of solutions and better convergence near the true pareto-optimal front

than other evolutionary algorithms [127].

Elitism Mechanism NSGA-ii typically incorporates an elitism mechanism that

ensures the best solutions from one generation are carried over to the next,

thereby preventing the loss of good solutions and promoting faster conver-

gence.

Efficient Pareto Front Approximation NSGA-ii provides a good approxima-

tion of the Pareto front in a single run, making it effective for problems with
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multiple objectives where finding a representative set of trade-off solutions

is crucial.

Application of NSGA-ii for optimisation under future climate scenarios has

also previously been demonstrated [153].

NSGA-ii Mechanism

The multi-objective optimisation process, using NSGA-ii, is outlined in Figure 3.2,

with detailed steps as follows:

1. Initial population generation:

An initial set of parameter values are generated using Latin hypercube sam-

pling (LHS) [154]. LHS ensures a random yet well-distributed sample selec-

tion across the entire parameter space, representing a diverse configuration

of adaptation strategies.

2. Future climate simulation: The initial sample is simulated with future cli-

mate weather projections to ascertain the operational energy performance

of the various building configurations.

3. Objective function calculation: Aligning simulation results with carbon emis-

sion data and cost inputs, the LCCF and LCC objective functions are cal-

culated for each design alternative. The algorithm assigned equal weighting

to carbon and cost in the simulation.

4. Selection and crossover: The algorithm identifies the best-performing solu-

tions from the initial population based on their non-domination rank and

crowding distance. These selected solutions undergo crossover operations

to generate offspring for the next generation, promoting the exchange of

valuable traits between solutions.

5. Mutation: To maintain genetic diversity and prevent premature convergence

to suboptimal solutions, mutations are applied to some offspring. This in-

troduces random variations, helping the algorithm explore new regions of

the solution space.

6. Populate next generation: The resulting solutions, after crossover and mu-

tation, form the next generation of CCA strategies. Through continuation

of this iterative process, each new generation should perform better than the

previous.

7. Handling constraints: Constraints are implemented into the framework to

avoid hybrid systems being formed from incompatible variables. For exam-

ple, the use of nightpurge ventilation in combination with mechanical ven-

tilation with heat recovery (MVHR) nightcycle operation are operational

incompatible, and as such, these parameters are flagged as mutually exclu-

sive.

43



The population size, maximum number of generations, mutation rate and cross-

over rate were determined based on best-practice according to literature. Unlike

brute force methods, GAs can rapidly process multiple variables without exploring

the entire design space. The limitation is that locating the global optima is not

always guaranteed. In addressing this limitation, multiple runs are conducted for

each model to verify that the GA consistently reaches the same optimum, thereby

increasing confidence in the presence of a global optimum.

Building data 
input file

Simulation Engine 
(EnergyPlus)

ECM/utility cost 
input file

Carbon 
inventory data

LHS Initializer

Selection (fittest 
candidates from current 

generation)

Cross-over (single point, 
two-point, uniform)

Mutation

N
e

xt gen
 sim

ulation ta
sk

Calculate life-cycle carbon, 
life cycle cost

E
volutiona

ry O
ptim

iser

Optimisation results 
post processor

M
a

x.
 g

en
 r

ea
ch

ed

Future weather files
(2020, 2050, 2080
Low, medium, high 

10th, 50th, 90th percentile)

Figure 3.2: Rapid data-driven optimisation framework for CCA and LCA.
LHS=Latin Hypercube Sampling.

In this study, no pre-defined weights or priorities were assigned to the objective

functions; instead, the NSGA-ii algorithm fully explored the Pareto front, identi-

fying a set of non-dominated solutions that represent optimal trade-offs between

LCCF and LCC. This allows for decision-making to occur post-optimisation,

where solutions along the Pareto front are evaluated according to decision-makers

(e.g. estates teams) preferences.

44



3.3.4 Modelling tools

EnergyPlus

Case study models are developed using a whole-building energy modeling software

and simulated with EnergyPlus [155]. EnergyPlus is the most widely used building

energy simulation tool in building retrofit optimisation research. Developed by

the U.S. Department of Energy, it has undergone numerous reliability tests and

validations, ensuring it meets the accuracy requirements necessary for building

design and performance analysis [156]. EnergyPlus simulates dynamic, operational

energy flows, such as heating, cooling, lighting and power and ventilation in the

context of specified external climatic conditions. This makes it an essential tool

for evaluating the energy efficiency and environmental impact of building retrofit

strategies under various climate conditions.

jEPlus+EA

To integrate dynamic thermal simulation modelling within the NSGA-ii mecha-

nism, an advanced building performance optimisation tool was utilised. JEPlus

varies input parameter values to automate the generation and execution of mul-

tiple EnergyPlus simulations for complex parametric studies [128]. By coupling

JEPlus with GAs, JEPlus+EA enables the efficient exploration of a vast search

space to facilitate multi-objective optimisation [128].

Integrations

Several integrations were necessary for the extraction and post-processing of data

in the optimisation framework. EC and CapEx data were processed using regular

expressions to identify the relevant values based on the input parameters. Addi-

tionally, Python scripts were integrated into the platform to calculate custom EC

and CapEx values during post-processing. This was particularly important for

components like HVAC systems, whose sizes and associated carbon and cost val-

ues were dependent on the simulated capacities and thus could only be determined

after the simulation run was completed.

3.3.5 Summary of framework inputs & outputs

A more detailed overview of the CCA-LCA optimisation framework is presented

in Figure 3.3, with input and output flows. These are outlined below with further

detail available in the following sections.

Inputs

Calibrated EnergyPlus File: Detailed building energy simulation models, cali-

brated against actual measured energy consumption data to ensure accuracy in
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predicting building performance.

Climate Projections: Climate data from the UK Climate Projections 2009 (UKP09)

are adopted to simulate future weather scenarios [96]. These projections include

temperature, precipitation, and other climate variables that affect building energy

performance.

Refined Adaptation Measure Alternatives: Measures are tailored from the broader

ECM toolkit, adapted to address the unique characteristics of each building (see

section 3.4.4).

CapEx Data: Initial costs associated with implementing the adaption measures

and recurring costs due to replacement over the buildings life-span (see section

3.3.6).

EC Data: Data on the carbon associated with the materials and construction

processes for each adaptation measure; includes emissions generated during the

production, transportation, installation and replacement cycles (see section 3.3.6).

Carbon Emission Projections: Carbon emission factors associated with building

operation under different energy mix and policy projections; derived from govern-

ment and National Grid Future Energy Scenarios and outline a ‘best-case’ and

‘worst-case’ pathway (see section 3.3.7) [157, 158].

Fuel Price Projections: Future energy price forecast, based on government pro-

jections, adjusted to their NPV using the BRSIA methodology (see section 3.3.7)

[95].

Outputs

Pareto Optimal Solution Sets: A set of solutions derived from the CCA-LCA

optimisation process that represents the most efficient trade-offs between LCCF

and LCC under projected future climates.
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Figure 3.3: Overview of CCA-LCA framework including all stages, inputs and
outputs.
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3.3.6 LCA Standards & Calculations

Life-cycle assessment is an area of growing interest in building construction re-

search, with several public and industry bodies providing guidance for conducting

these studies [19, 18]. This section defines the standards adopted in this research

and the various calculations, assumptions and conditions that have been used to

conduct LCA. The BRE indicate that an expected 60 year building lifespan is

appropriate for reporting purposes [159]. This aligns with CIBSE future weather

data files for 2020, 2050 and 2080 [160], so is used as the assumed timeframe

for life-cycle assessments. Following BS EN 15978:2011 the functional equivalent,

which improves cross-study comparability, can be defined as: 1 m2 of usable floor

area of the relevant building type, based in the UK, over a 60-year reference pe-

riod, providing the defined service levels. Service levels include thermal comfort

and ventilation set-points, as specified in each building’s operational stage data,

which also align with UK Building Regulations and standards [17].

LCCF Standards

There are many ways in which the life-cycle carbon impact of a building can

be defined and calculated based on study scope and boundary conditions. This

work implements the most recent standard for life-cycle impact assessments in

the built environment, BS EN 15978:2011 - Sustainability of construction works -

Assessment of environmental performance of buildings [17]. The following sections

outline the assumptions behind each life-cycle stage in the study context.

LCCF Scope

The standard defines the four main stages of a building’s life cycle: Product, con-

struction, use-stage and end-of-life, as depicted in Table 3.2. For most framework

stages, assumptions used were based on RICS whole life carbon assessment for

the built environment [19]. The primary assumptions for each life-cycle stage are

outlined in Table 3.2. The following life-cycle stages are excluded from the assess-

ment due to data limitations, methodological boundaries, or their relatively minor

contributions to total life-cycle impacts:

• Repair and Maintenance (B2, B3): Products and systems are assumed to

perform according to their defined service lives, with replacements captured

under B4. This is considered appropriate since evidence suggests repair and

maintenance impacts become more dominant over a very long life expectancy

(e.g. 200 years), whereas embodied impacts from initial production typically

dominate over a more moderate reference service life (e.g. 60 years) [161].

In addition, module B2 and B3 is not widely reported in databases and is

highly project-specific - exclusion avoids introducing additional uncertainties

and unverified bias towards certain design attributes.
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• Operational Water Use (B7): Any energy use and associated emissions from

water-related systems are captured under operational energy use (B6). Mod-

ule B7, accounting for emissions from water supply and wastewater treat-

ment, is excluded as the buildings studied are connected to mains water

networks and public sewer system. This makes it difficult to attribute these

centralised emissions to individual buildings.

• Demolition (C1): Deconstruction and demolition are omitted due to high

variability in end-of-life practices and the lack of reliable data on equipment

use and site-specific logistics. Whilst average rate figures (based on GIA)

are provided in some LCA guidance [19], this is calculated to have relatively

low impact on overall LCA results, and does not influence the selection

of Pareto-optimal outputs, since GIA remains consistent throughout design

alternatives.

LCCF Calculations

The LCCF in kgCO2e/m2/60 years is calculated for each model (i) within every

generation of the framework. It is given by: The LCCF in kgCO2e/m2/60 years

is calculated for each model (i) within every generation of the framework. It is

given by:

LCCF =
∑
i

(Eip + Eit + Eic + Eiu + Eir + Eio + Eieol) (3.1)

where each component Eip, Eit, Eic, Eiu, Eir, Eio, and Eieol represents emissions as-

sociated with different stages of the building’s life cycle:

Eip Production and manufacturing (A1-A3)

Eit Transport to site (A4)

Eic Construction works on site (A5)

Eiu In-use processes (B1)

Eir Replacement works (B4)

Eio Operational energy use (B6)

Eieol End-of-life and disposal (C2-C4)

Carbon Inventories

The relevant data for the different stages of a buildings life-cycle is obtained from

literature and carbon inventories, primarily ICE V3.0 [59]. This database com-

piles embodied energy and carbon values from a wide range of peer-reviewed and

verified sources, applying consistent selection criteria and professional input to
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recommend best estimates [60]. However, product data can be outdated and lim-

ited, particularly regarding the embodied carbon of systems. When ICE data was

unavailable, alternative datasources, such as manufacturer’s specifications and lit-

erature, were used. This approach ensures that comprehensive assessments can

still be conducted, albeit with a less rigorous methodological approach.

LCC Standards

Life-cycle cost frameworks account for costs related to the initial capital invest-

ment of construction and operational cash flows over a defined period of time [165].

The life-cycle costing framework used in this research is based on the current inter-

national standard ISO 15686-5:2017 Buildings and constructed assets - Service life

planning - Part 5: Life-cycle costing [18]. The standard draws a boundary around

construction, operation, maintenance, and end of life as the key components to be

included in life cycle costing calculations.

LCC Scope

The scope of the LCC analysis is defined using the ‘Typical Scope of Costs’ frame-

work outlined in ISO 15686-5:2017 [18]. This framework specifies the categories of

costs that are considered within the boundary conditions of the analysis, as well

as those that are excluded. Aligning with ISO 15686-5:2017 guidance, the scope

of costs included in this study are:

Construction Costs Capital expenditure resulting from procurement, installation,

and commissioning of building components and systems. This primarily

refers to the costs of material and labour.

Operational Costs Operational expenses associated with activities and processes

over the buildings life cycle. This research considers operating costs related

to the use of energy utility.

Renewal Costs Costs associated with the replacement of building components or

systems during their life cycle. In the study context, this refers to replace-

ment of components at the end of their estimated life-span.

End of life costs, relating to the removal and disposal of building materials and

components, were not included in this study. Disposal methods and associated

costs can vary widely depending on local regulations, waste management practices

and material type, and in many cases, constitute a relatively small portion of the

overall LCC compared to initial and operational costs. Given the challenge of

obtaining accurate and comprehensive data for this stage, the primary focus of

the study was on the LCC of initial, operational and renewal costs only. These

aspects are typically more directly relevant to decision-making during the design,

construction, and operation phases of buildings.
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LCC Calculations

The LCC is given by:

LCC =
i∑
i

(Cip + Cir + Cio) (3.2)

Cip Initial production and construction costs (A1-A5)

Cir Replacement costs (B4)

Cio Operational costs (B6)
ISO 15686-5:2017 advise that discounted future costs and benefits should be con-

verted to a NPV for a consistent comparison of alternatives [18]. NPV is calculated

by discounting future cash flows to their present value using a discount rate, aim-

ing to account for the time value of money. In this study all future costs are

bought to their NPV through the following formula:

NPV =
n∑

i=0

Vi

(1 + r)n
(3.3)

n Period of analysis in years

i Present

Vi Cost in year i

r Real discount rate

A discount rate of 3% per annum was adopted in line with BSRIA Guide: Life

Cycle Costing and HM Green Book [95, 166].

Cost inventories

Cost data was obtained from up-to-date literature, inventories, and industry speci-

fications. Priority was given to data derived from Spon’s Architects’ and Builders’

Price Book 2022 [167], providing relatively detailed, industry-relevant and up-to-

date information on the prices of various building materials and labour costs. Util-

isation of the 2022 edition aimed to capture relatively current market conditions

at year 1 of the 60 year study period (2022-2082). Future costs were discounted

from the 2022 baseline. Measured work rates consist of the following components

[167]:

Labour: Calculated from gang wage rate (skilled or unskilled) and the time re-

quired, noting that large regular or continuous areas of work are more eco-

nomical to install than smaller complex areas.

Plant: Machinery and running costs for construction, such as fuel, water supply,

electricity and waste disposal.
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Materials: Costs of ancillary materials, such as nails, screws, waste, required in

association with the main material product.

Prime Cost: Actual price of the material, as sold by the suppliers, accounting

for trade and quantity discounts and transport to site.

For HVAC systems, the equivalent process was adopted, prioritising the use

of Spon’s Mechanical and Electrical Services Price Book for consistent reporting,

where available [168].

Boundary Conditions

Boundary conditions are clearly defined to ensure a consistent and realistic scope

for LCA calculations [19]. Building components included within this assessment

are outlined in Table 3.3. The analysis includes an initial replacement cycle of the

external envelope, since geometry adjustments (e.g., WWR changes) are included

as variable parameters in the optimisation process, impacting external facades.

However, sub-structural and super-structural elements, such as foundations, base-

ment build-up, columns, beams, frames, and upper floors are assumed to be re-

tained during all building refurbishment processes. This assumption focuses the

analysis on elements with the most significant impact on operational performance.

Table 3.3: Scope of analysis: Inclusions and exclusions.

Element Group Building Element Inclusion

Substructure Foundations
Substructure Basement build-up

Superstructure Columns & beams
Superstructure Frame
Superstructure Upper floors
Superstructure Roof x
Superstrucutre External walls x
Superstructure Stairs and ramps
Superstructure Openings: Windows x
Superstructure Openings: External Doors
Superstructure Internal walls and partitions x
Superstructure Internal doors and glazing

Finishes Wall, floor, ceiling finishes

Fittings and furnishings

Building services/MEP Chillers x
Building services/MEP Heating systems x
Building services/MEP Ventilation systems x
Building services/MEP Distribution systems x
Building services/MEP Electrics

Site external works

The study scope does not consider on-site renewable energy generation tech-

nologies, such as roof-mounted photovoltaics. Within the interconnected urban

context of the HE buildings under study, these technologies may not necessarily
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serve the building in question and could introduce additional complexities and un-

certainties regarding net operational energy use. As such, the emphasis remains on

evaluating passive design and energy efficiency improvements rather than on-site

energy generation.
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3.3.7 Scenario Analysis

This section considers the alternative decarbonisation and fuel price pathways

adopted in the CCA-LCA framework.

Carbon Emission Pathways

The projected rate of system decarbonisation is important in capturing the shifting

ratio of embodied and operational carbon and may impact the choice of climate

change adaptation measures selected for refurbishment. The UK energy generation

sector has seen a significant reduction in carbon intensity, driven by the increas-

ing share of renewable energy sources and the phasing out of coal [169]. However,

uncertainty remains with respect to continued transformation, with future decar-

bonisation projections strongly influenced by policy, regulation and investment

[157].
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Figure 3.4: Electricity carbon emission factor scenarios, adapted from [158, 157].

Several sources of information were considered to develop scenarios relating

to the rate of change of electricity CEFs over time. Future CEFs were projected

based on UK Government carbon conversion factors and National Grid Future

Energy Scenarios (FES) [157, 158]. The FES outline different pathways for deliv-

ering net zero carbon emissions in the UK by 2050, and one pathway that does

not meet this target [157]. These pathways are presented as the CO2 intensity of

electricity generation, excluding negative emissions from bio-energy carbon, cap-

ture and storage, equal across all scenarios for the year 2021. A scaling factor was

calculated by relating the measured carbon intensity of generation values to the

grid average carbon intensity of supply, provided by the UK Government Green

Book supplementary guidance, for the equivalent year [158]. This scaling factor

(x1.363) accounts for factors such as losses due to transmission and distribution,

assumed fixed over the 60 year reference period. Finally, a scenario was also

considered where both electricity and gas CEFs are fixed at 2022 values, to under-

stand the implications of this commonly used LCA assumption on optimisation

55



outputs. The resulting electricity CEF pathways for S1:Best-case, S2:Worst-case

and S3:2022 fixed story-lines shown in Figure 3.4.

Decarbonisation pathways for the gas network are currently less defined, with

the future of low-carbon hydrogen production, carbon capture and storage (CCS)

and the integration of biomethane still under exploration. These technologies face

significant technical, economic, and policy challenges, contributing to substantial

uncertainty in long-term emission projections. In this research, carbon emissions

from gas consumption were estimated based on the relative proportion of green

to unabated natural gas [157]. This pathway predicts a relatively steady year-on-

year increase in green gas penetration until 2050, which was extrapolated to 2080

to cover the 60-year study timeframe, as depicted in Figure 3.5. For consistency,

the gas CEF projections were kept the same for both S1:Best-case and S2:Worst-

case scenarios. This assumption is based on the premise that if the building

configuration continues to rely on gas-based heating systems, widespread adoption

of heating technologies is still being employed in the future, aligning with the

‘falling-short’ FES specified. Furthermore, alternative FES pathways actually

show marginal decreases in the average share of green gas over the projected

period; this highlights that faster energy transitions are predicted on the basis of

reduced overall gas supply rather than increased reliance on green gas penetration.
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Figure 3.5: Predicted share of green gas in the gas network, extrapolated from
National Grid ESO FES: ‘Falling Short’ pathway [157].

Fuel Price Pathways

Fluctuating fuel price projections were developed based on the UK Government

Green Book central estimate for electricity and gas [158]. All of these projections

(low, central, high) assume a gradual rebound from the sharp peak in energy costs

seen from the period 2021-2023. The high-case scenario presented in the Green
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Book shows a much sharper and more prolonged price peak; however, all scenar-

ios share the underlying assumption that energy prices will eventually decline and

steady as the energy transition progresses e.g. through the decoupling of renew-

able electricity prices from gas-fired generation and reduced exposure to external

geopolitical price shocks as reliance on imported oil and gas decreases.
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(b) Gas Fuel Price Projections
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Figure 3.6: Electricity and gas fuel price pathways.

Given the difficulty of aligning fuel price signals with specific decarbonisation

pathways (and the substantial associated uncertainties), a single (central) price

trajectory was adopted for this study. This approach enables clearer interpretation

of the results by isolating the effects of varying operational carbon intensities with-

out conflating them with uncertainties in price projections. As such, the aim of

this research was not to forecast precise market behaviour but to test the relative

performance of design measures under consistent operational cost assumptions.

Sensitivity to energy price uncertainty is acknowledged as a limitation, with fu-

ture work recommended to incorporate probabilistic or range-based cost modelling.
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Future costs were bought to the NPV using the same methodology outlined in

section 3.3.6, with a 3% discount rate per annum applied in line with the BSRIA

life-cycle costing methodology [95]. For S3, in-line with the fixed rate assump-

tions used for the carbon calculations, the 2022 fixed-price factors were adopted

with assumptions and discounts applied in line with the BSRIA methodology [95].

The aim was to understand the implications of these commonly used fixed-rate

assumptions, that do not consider situational context, on optimisation outputs.

The average CEFs and operating costs for electricity and gas over the 60 year

life-cycle are summarised in Table 3.4.

Table 3.4: Summary of adopted scenarios with 60 year average carbon factors and
fuel prices.

Scenario
No.

Description
Elec.
(kgCO2e/kWh)

Gas CF
(kgCO2e/kWh)

Elec.
(£/kWh)

Gas
(£/kWh)

S1 Best-case 0.021 0.168 0.066 0.017
S2 Worst-case 0.062 0.168 0.066 0.017
S3 2022 fixed 0.155 0.183 0.102 0.023
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3.4 Methods 2: Case Study Development

3.4.1 Principle

Case study analyses are widely adopted in thermal and energy-related building

research practice. The case study approach aims to understand the dynamics

present within a single, real-world setting [170]. It is through this intimate con-

nection with the empirical reality that testable, relevant and valid theories can be

established [170, 171]. Specifically, the application of this research phenomenon

was deemed appropriate due to the site-specific nature of this work. Building

performance analysis is closely related to local climate factors, and properties of

existing HE building design will vary by region. Furthermore, LCA is depen-

dent on carbon emission factors, fluctuating fuel prices, product supply chains

and distribution networks, all of which are highly specific to the location under

consideration. The case study approach allows for various scenarios to be tested

on a dynamic representation of real-world HE building design and operation.

3.4.2 Case Study Selection

Three case study HE buildings located in central London were selected for de-

tailed dynamic thermal simulation (DTS) modelling to observe energy perfor-

mance under future climates. These buildings represent a range of functions that

are common to the UK HE building stock, consisting of offices, teaching spaces,

study areas, laboratories and ICT facilities [172]. A variety of building geometries,

thermo-physical properties, and systems configurations have also been identified.

Crucially, the buildings are expected to experience high and intermittent internal

heat gains that are typical of HE spaces and high EUIs associated with laboratories

and ICT facilities [173]; factors that are likely to influence a buildings resilience

to climate change. The final building selections were made based on secondary

data availability. All three case studies underwent major refurbishments between

2010 to 2019, as presented in Table 3.5. Further details on each case study are

provided in chapters 4.1, 5.1, and 6.1.

Table 3.5: Summary of the case study building characteristics.

Primary Activity DEC EPC
Construction

Year
Refurbishment

Year
Approx.
GIA (m2)

CS1 Architectural school D 1975 2016 8842
CS2 Post-graduate school C Early 1900s 2010 5365
CS3 Student accommodation A 1960s 2019 7891
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3.4.3 Modelling, Calibration & Validation

For the three case study buildings described in section 3.4.2, various data sources

were acquired to develop, calibrate and validate the building energy models. The

baseline simulation and operational stage data for model development and calibra-

tion purposes are presented in Table 3.6. The general approach taken is described

in this section; this was refined and adapted on a case-by-case basis depending on

specific data availability.

Model Development

The building data types listed in Table 3.6 were used to develop an initial baseline

EnergyPlus model. These secondary data sources capture aspects of the building

relating to physical geometries and properties. The composition, thickness and

thermal bulk properties of all main construction materials were incorporated in to

the model in attempt to capture the thermo-physical properties of the building.

Model-estimated U-values were cross-referenced against the original construction

specifications, where available. In response to the combined systems-fabric opti-

misation framework adopted in this research, it was considered necessary to also

include detailed modelling of HVAC systems. Information on existing equipment

and specifications were obtained from the designer’s as-built mechanical drawings.

Compact occupancy schedules were adapted from the UK National Calculation

Methodology National Calculation Methodology (NCM) activity data for non-

domestic buildings [174]. The NCM schedules were updated to reflect the build-

ings’ opening times, term dates and out-of-hour activities e.g., external courses

held during reading weeks. Where available, sub-metered data for lighting and

power and monitored CO2 levels were used for further indication of occupancy use

patterns. If zone-specific information was not available, the same NCM-adjusted

profiles for occupancy, lighting and equipment were applied across zones of similar

activities.

Table 3.6: Categories, types, and sources of secondary data used for the develop-
ment and calibration of building-level case study models.

Data Category Data Types Data Source Secondary Data

Baseline
simulation
building data

Location, orientation, geometry,
Construction materials
Glazing type, WWR,
Systems design,
Small power and lighting

Estates Teams
Facilities Teams
Industry partners1

Site plans
Construction drawing
specifications
M&E drawings
Building audits

Operational
stage data

Electricity consumption data
Fossil thermal consumption data
Zone air temperature
Zone CO2 levels

Estates Teams
Internal sources2

Online data sources3

Mains meters,
Sub-metering,
Utility data,
Internal monitoring
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Calibration & Validation

The models were calibrated according to the multi-level calibration framework pre-

sented be Jain et al. (2020), following whole-building calibrated performance paths

defined in measurement and verification (M&V protocols [175, 176]. The level

of detail achieved through dissaggregated calibration techniques varied model to

model, depending on the availability and quality of metered data. As a minimum,

the models were calibrated against historical monthly metered energy consump-

tion over an annual period, dissaggregated by electricity and gas consumption.

Spatial and further end-use disaggregation was also applied, where possible. In

accordance with the ASHRAE M&V protocol [176], two statistical metrics were

adopted for validation of modelled energy consumption against actual metered

data. Coefficient of Variation of Root Mean Square Error (CVRMSE) and Nominal

Mean Bias Error (NMBE) are widely adopted statistical metrics for building cal-

ibration, used to enhance the predictive capability, robustness and credibility of

modelling results.

NMBE (eq 3.4) evaluates average bias by calculating the deviation of simulated

values from measured ones, identifying systematic over- and under-estimations of

simulated data. A low NMBE indicates unbiased model predictions, accurately

representing real energy consumption patterns [177]. NMBE is subject to cancel-

lation errors, where positive and negative deviations offset each other.

NMBE =

∑n
n=1(yi − ŷi)

(n− p)ŷ
(3.4)

CVRMSE (eq 3.5) measures the variability of errors between measured and

model-predicted values, providing an indication of the model’s ability to estimate

the overall load shape of the measured data [177]. A low CVRMSE indicates that

the model is precisely predicting energy consumption patterns. Since it is not sub-

ject to cancellation errors, it is recommended to use this metric alongside NMBE

for verification of model accuracy [176].

CV (RMSE) =
1

ŷ

 ∑n
n=1(yi − ŷi)2

n− p
(3.5)
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yi = Actual metered energy consumption for the i-th data point

ŷi = Model-predicted energy consumption for the i-th data point

ŷ = Mean of the actual metered energy consumption

n = Total number of data points

p = Number of model parameters

These metrics serve distinct but complementary purposes in building model

calibration, together ensuring both accuracy (NMBE) and precision (CVRMSE)

in predictions of real-world energy consumption patterns [177, 176]. The monthly

limits shown in Table 3.7 depict “acceptable” statistical tolerances for a calibrated

model, as corroborated by multiple protocols [176, 178].

CV(RMSE) NMBE
Tolerance (%) 15 ±5

Table 3.7: Acceptable CV(RMSE) and NMBE tolerances for monthly calibration
as stated by ASHRAE (2014) [176].

3.4.4 ECM selection process

Template Development

In response to the research questions specified in section 2.6, a combination of

building fabric and systems interventions were considered for inclusion within the

optimisation process, presented in Table 3.8. The specific measures were informed

by review of relevant literature and government and industry publications, and

validated through contribution and guidance from industry. The criteria for se-

lection of these strategies was as follows:

Criterion 1. Demonstrating a high performance under future or extreme climate

conditions.

Criterion 2. Demonstrating a high performance with HE building typologies.

Criterion 3. Aligning with principles of low-energy design and current building

standards.

The initial combination of passive and active climate change adaptation strate-

gies formed a generalised ECM template (Table 3.8), which was refined at the case

study level to ensure compatibility with individual building design criteria. The

process of refining the ECM selection to adhere with specific case studies was

two-fold. Firstly, strategies were eliminated or adapted based on current best

practice protocols and guidance. For example, options for HVAC replacement

were guided by existing systems’ design, insulation thicknesses varied based on
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existing thermo-physical properties, and materials differed to align with existing

design features. This allowed for final solution sets that were design driven yet

validated by principles of building physics. The parameter value ranges included

for each variable were either discrete or continuous and were developed in-line with

current standards, such as Part L [179]. The second stage of parameter refinement

was through preliminary testing, discussed in the following section.

Preliminary testing

Since each additional parameter results in an exponential increase in the number

of possible solutions, initial testing helped to reduce overall simulation time and

costs. For example, sensitivity analysis was used to identify variables that had

negligible or negative impact on building energy performance. The focus of these

studies was to reduce the number of options, particularly where the potential

variation in embodied carbon and upfront cost was insignificant e.g. temperature

set-point changes. For these options, the optimisation would be largely driven

by operational cost and carbon differences resulting solely from the variation in

operational energy consumption, so sensitivity analysis was deemed sufficient to

decide on the best options.

A detailed evaluation of configurations and settings also helped to ensure the

models were operating as expected and to identify inputs that may significantly

extend simulation time. For example, the use of calculated NV and infiltration

significantly increases model complexity and simulation time, since time-step cal-

culations are conducted based on multiple factors, such as buoyancy, wind driven

pressure differences and crack dimensions. Due to the large number of model

permutations being considered and the size and detail of the case study building

under investigation, it was deemed appropriate to utilise a simplified scheduled NV

option. Exclusion of ineffectual variables and/or parameters reduced the number

of possible design combinations included in the GA, thus increasing the speed of

optimisation.

ASHP Operation

Across all case studies, low-temperature ASHPs were implemented as an alterna-

tive to the existing heating systems. Since no EnergyPlus template exists for mod-

elling air-to-water heat pump operation, an energy management system (EMS)

code was developed to replicate it’s operation, calculating heating electricity con-

sumption at each time-step based on current conditions. The script is provided

in Appendix A. It utilises the capacity function of temperature curve to adjust

nominal system capacity to rated capacity at each 10 minute interval, based on

the outdoor dry bulb temperature and loop flow/return temperatures. At each

time step, the calculated heat demand is adjusted based on available heat capacity

to set the part-load ratio and corresponding output from the part-load fraction
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Figure 3.7: CS1 EMS scripted ASHP operation compared to baseline district
energy network (DEN) consumption for a week in February.

correlation curve. The nominal coefficient of performance (COP) of 3.2 is adjusted

based on time-step outdoor dry bulb temperature and flow/return temperatures,

using the COP function of temperature curve. Finally, heat demand is modified

according to the COP and part-load ratio output to provide estimated ASHP heat-

ing electricity consumption at each timestep. Simulated heating energy usage for

a typical winter design week for CS1 is shown in Figure 3.7, with ASHP electricity

consumption amounting to approximately 40% that of the district energy network

heating loads.
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3.5 Results Reporting and Visualisation

This section outlines the structured approach taken to present and interpret the

results generated by the LCA-CCA GA optimisation framework. Results were

reported with the aim of effectively communicating the trade-offs and impacts of

various design alternatives across different metrics and scenarios. A combination

of visualisation techniques and sequential analysis were employed to highlight key

insights relevant to decision-makers in sustainable building refurbishments.

The design alternatives derived from the optimisation process are initially pre-

sented as a Pareto front, illustrating the relative trade-offs between LCCF and

LCC. These results are then analysed in sequential stages: Linear regression

analysis offers a weighted evaluation of how each variable influences the life-cycle

metrics. The GA outputs from alternative decarbonisation pathways are then

presented, showing the range of LCCF and LCC values across Pareto-optimal so-

lutions. Scenarios are further analysed to examine the breakdown of embodied and

operational carbon contributions for each building component upgrade. Finally,

the temporal evolution of LCCF is visualised to depict changes over time under

various design and decarbonisation scenarios. A synthesis of findings from all case

studies is provided in the discussion, offering overarching insights and practical

implications.
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Figure 3.8: Structure of results leading into CS synthesis in the discussion.
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The following chapters are structured around each case study, dividing the pro-

cess into three main phases: (1) Model development and validation, (2) Framework

development, and (3) Framework implementation. This approach aligns with the

methodological framework detailed in sections 3.3 and 3.4, tailored to the specific

requirements of each case study and framework component. Outputs from the

framework, specifically the CCA-LCA optimisation results, are synthesised across

all case studies in the Discussion (Chapter 7). The progression of results leading

into the discussion is visually outlined in Figure 3.8.
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3.6 Summary of Methods

The methods chapter outlines the steps for developing the Climate Change Adap-

tation (CCA) and Life Cycle Assessment (LCA) framework, along with the de-

velopment and validation of case study models for its use. The conceptual flow

diagram shown in Figure 3.9 outlines the key methodological steps, interrelation-

ships and outputs.
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Figure 3.9: Key methodological steps, interrelationships and outputs in line with
core study objectives.
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Chapter 4

Case Study 1

4.1 Overview

Figure 4.1: CS1 profile.
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CS1: Architectural School

Refurbished in 2016, CS1 saw a substantial increase in gross internal area, with

extended workshop and studio spaces. A major refurbishment consisted of the

replacement of external walls and windows, with the addition of a brick slip fa-

cade around the entire external envelope. Some elements of the original fabric

were retained, such as concrete substructures, columns and beams. The building

adopts mixed-mode ventilation strategies. Heating is supplied via a centralised

district energy network (DEN), with gas-supplied combined heat and power plant

operation. Cooling is supplied via air-cooled chillers. Multi-service chilled beams

and fan-coil units serve heating and cooling to the zones.

4.2 CS1: Model Development and Validation

This section presents the pre-processing steps taken to prepare the secondary energy

consumption datasets for use in model development and calibration.

4.2.1 Secondary Dataset Analysis

An initial analysis of the secondary dataset was conducted for assessment of data

quality, imputation of missing data points and handling of non-typical consump-

tion and use patterns. The annual period of 2018 was selected to allowing occu-

pants time to acclimate post-refurbishment, thus establishing more representative

occupancy densities and use patterns. In addition, the period until March 2021

witnessed a notable decline in building energy demand due to the impact of the

Covid-19 pandemic; calibration was performed outside of this timeframe to avoid

deviations from typical consumption patterns.

Data Analysis and Cleaning: Electric Loads

High-resolution, quarter-hourly electricity consumption data was available for 2018

(98.5% completeness) to be used for model calibration, with missing values im-

puted using averages from adjacent time steps. Highly regular cyclic trends were

observed from January to May, with increased consumption during the cooling sea-

son. Chiller electric loads remained high during the heating season with weekend

operation, indicating out-of-hour usage and inefficiencies. Similarly, out-of-hours

and weekend lighting and power electricity consumption was also noted, particu-

larly in basement workshops. The summer exhibition period caused a significant

peak in electricity consumption, driven by increased chiller and workshop use.

Custom schedules were developed to accurately reflect these non-typical patterns,

as exemplified in Table 4.1.
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Table 4.1: Workshop (WS) lighting and power densities and schedules obtained
from sub-metered data for annual period of 2018.

WS1 WS2 WS3 WS4 WS5 WS6 WS7 WS8 WS9 WS10 WS11

L&P (W): 1250.42 885.69 484.71 1571.94 1172.79 5371.04 318.70 3631.14 6912.99 4532.40 2930.65
Floor area (m2): 15.30 355.97 355.97 355.97 33.71 151.71 38.48 33.71 74.42 33.71 356.37
Power density (W/m2): 81.73 2.49 1.36 4.42 34.79 35.40 8.28 107.72 92.89 134.45 8.22

Schedules:
Mon-Fri, 09:30-17:00 0.74 0.92 0.82 1.00 1.00 0.69 1.00 0.81 1.00 0.91 0.95
Mon-Fri, 17:00-09:30 0.20 0.33 0.12 0.30 0.41 0.55 0.23 0.13 0.05 0.21 0.28
Sat-Sun, 09:30-17:00 0.19 0.27 0.06 0.29 0.36 0.48 0.14 0.11 0.01 0.18 0.25
Sat-Sun, 17:00-09:30 0.14 0.06 0.00 0.10 0.30 0.40 0.08 0.08 0.01 0.14 0.07

11 May -22 Jun
Mon-Fri, 09:30-21:00 1.00 1.00 1.00 0.99 0.77 1.00 0.63 1.00 0.88 1.00 1.00
Mon-Fri, 21:00-09:30 0.17 0.21 0.07 0.21 0.24 0.79 0.06 0.23 0.08 0.24 0.19
Sat-Sun, 09:30-21:00 0.35 0.31 0.25 0.33 0.25 0.92 0.16 0.26 0.03 0.27 0.31
Sat-Sun, 21:00-09:30 0.09 0.00 0.00 0.05 0.18 0.66 0.00 0.18 0.03 0.19 0.03

23 Jun-7 Jul
Mon-Fri, 09:30-21:00 0.64 0.90 0.74 0.77 1.05 0.86 0.85 0.89 0.99 0.98 0.81
Mon-Fri, 21:00-09:30 0.13 0.27 0.09 0.22 0.34 0.77 0.13 0.12 0.04 0.18 0.22
Sat-Sun, 09:30-21:00 0.12 0.10 0.04 0.23 0.32 0.66 0.13 0.07 0.02 0.13 0.16
Sat-Sun, 21:00-09:30 0.11 0.00 0.00 0.10 0.31 0.66 0.00 0.07 0.02 0.13 0.05

Data Analysis and Cleaning: Thermal Loads

The quality of thermal energy data for 2018 was poor by comparison, with daily

low temperature hot water energy consumption data available from August 2018

to March 2019 only. In lieu of alternative data sources, the relationship between

heating degree days and daily energy consumption over available periods was used

to extrapolate data points to the rest of the year (R2=0.47). For domestic hot wa-

ter, daily consumption data was available from July 2018 to March 2019. Weekday,

weekend and holiday averages of 230 kWh/day, 166 kWh/day and 55 kWh/day

respectively were calculated to extrapolate this trend for the first part of 2018.

The resulting measured and estimated daily low-temperature hot water and do-

mestic hot water trends are shown in Figure 4.2a and 4.2b.

The operational-stage observations noted through analysis of monitored datasets

are summarised in Table 4.2.
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Figure 4.2: CS1 measured and extrapolated low-temperature hot water and do-
mestic hot water values for 2018.

Table 4.2: CS1 operational stage observations from sub-metered data.

Category Observations

Electricity
Con-
sumption

• Regular electric load patterns from January to May, increasing during the cool-
ing season

• Approximate baseload of 60 kWh maintained year-round

• Significant rise in consumption during summer exhibition (23rd June-7th July)

• High out-of-hours usage in workshops, especially during summer exhibition

• Continued building operation over summertime term closures

Chiller
Con-
sumption

• High cooling loads during the heating season (January, October-December)

• Increased daily consumption by 406 kWh during cooling season (May-August)

• Weekend operation indicating inefficiencies

• Flat-line in consumption for one week in August and September
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4.2.2 Model development

The baseline model was developed in line with the methodology outlined in sec-

tion 3.4.3. Construction materials and thicknesses were interpreted from Stage D

Appendices reports and validated through a combination of site visits and expert

elicitation. The expert elicitation process involved direct engagement with estates

teams, design engineers, and architects who were involved in the original building

development. These discussions focused on clarifying key aspects of building op-

eration, services configuration, and occupancy patterns, and were supplemented

by secondary datasets provided by the estates team, including construction spec-

ifications and post-occupancy monitoring data. A low-risk ethical approval was

obtained from UCL to undertake this engagement. The primary constructions

adopted in CS1 and their thermal properties are presented in Table 4.3. A glazing

light transmittance value of 0.7 and solar heat gain coefficient of 0.4 was imple-

mented, aligning with the stage D part L2A assessment.

Table 4.3: CS1 primary constructions and thermal properties of existing building.

Construction Description
Thickness

(m)
U-value

(W/m2.K)

External wall
70mm brick slip with steel frame system, 1 layer 12.5mm cement board,
1 layer 12.5mm plaster board, mineral wool infill

0.385 0.2

External sedum roof
Full extensive roof system: vapour control layer, rigid insulation,
waterproof capping sheet, mat, drainage layer and sedum blanket

0.551 0.13

External flat roof
New roof system: vapour control layer, rigid XPS insulation,
17.5mm cast concrete

0.476 0.13

Internal partitions 25mm heavyduty plasterboard on metal framing 0.120 1.56

External glazing Double glazed timber and anodised aluminium composite windows - 1.5

External glazing Double glazed, timber framed curtain walling system - 1.5

In response to the secondary dataset analysis in section 4.2.1, the following

updates were made to the baseline model:

• NCM schedules for lighting, equipment and occupancy were adapted to ac-

count for extended building opening hours from 7:00 to 22:00 during week-

days and 9:00 to 18:00 on weekends at reduced occupancy.

• Seminars, tutorial spaces and computing zones were modelled as operational

during university teaching hours only (9:00 to 18:00), without weekend ac-

tivity, verified through dissaggregated zonal energy consumption patterns

and post-occupancy evaluation reports.

• Custom schedules were incorporated to account for out-of-hour workshop

operations, with evidence of lighting and power operation overnight and

schedule changes before and during the summer exhibition show (see Table

4.1).
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• Expected metabolic rates were estimated based on typical activities in each

zone using assumptions from ASHRAE 55 standard and CIBSE Guide A

[180, 181].

Detailed HVAC modelling was implemented for a more accurate depiction of

HVAC systems and processes. In accordance with details outlined in the post-

occupancy evaluation, all main plant in the building was time-schedule operated

to enable at 7am and disable at 7pm on weekdays, and disable during the week-

ends. Prolonged cooling was available from 17:00 to 22:00 during periods of ex-

tended summer exhibition activity, as indicated by chiller energy consumption

data trends. Heating setpoint temperatures were set to 22.5 °C and cooling set-

point temperatures to 25 °C for most conditioned spaces, including studios, teach-

ing spaces, offices and break-out spaces and workshops, according to building

management system settings. The building operates with mixed-mode ventila-

tion; MVHR is enabled to pre-condition zones from 05:00 and disabled at 22:00.

MVHR operation schedules followed zonal occupancy patterns and a sensible heat

recovery effectiveness of 0.75 was applied.

LTHW Circuit
Flow Temperature
Set-Point [°C]

Return Temperature
Set-Point [°C]

Secondary Side - MSCB 40 35
Secondary Side - FCU & AHU 80 60
Primary Side – Incoming DH 90 75

(a) Low-temperature hot water circuit

CHW Circuit
Flow Temperature
Set-Point [°C]

Return Temperature
Set-Point [°C]

MSCB 14 18
FCU & AHU 6 12

(b) Chilled water Circuit

Table 4.4: Flow and return set-point temperatures for CS1 low-temperature hot
water and chilled water circuits. (MSCB: multi-service chilled beam; FCU: fan-
coil unit; AHU: air-handling unit; DH: district heating).

Temperature regulation in conditioned spaces was primarily managed by ac-

tive multi-service chilled beams. Should the zone operative temperature exceed

the cooling setpoint, proportional integral control valves within the chilled water

system facilitate additional chilled water flow through the multi-service chilled

beam, cooling the zone. Conversely, if the temperature fell below the heating

setpoint, pressure independent control valves in the low-temperature hot water

system serving the multi-service chilled beam open to allow low-temperature hot

water flow, maintaining thermal comfort. Conditioned zones on the lower ground

floor and open lobby/exhibition spaces on the ground floor are served via fan-coil
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units instead of multi-service chilled beam, with a similar control strategy. The

flow and return temperatures for both circuits are shown in Table 4.4a and 4.4b.

The low-temperature hot water system is connected to the district energy network

while cooling is provided by two roof mounted chillers. The various circuits were

modelled in EnergyPlus and set-points were applied.
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4.2.3 Calibration Results

In accordance with the CIBSE TM63 calibration process [182], the model was

refined to meet the calibration standards outlined by ASHRAE Guideline 14 and

IPMVP [176, 183]. Real weather data from the London Weather Centre sta-

tion from 2018 was used in the calibration process, aligning with the building

monitoring period and proximate location. Employing iterative, evidence-based

adjustments as outlined by Jain et al. (2020) [175], the model incorporated rele-

vant weather data, schedules, loads, and system configurations. Table 4.5 provides

a summary of the results, contrasting the calibrated model’s projections for heat-

ing, cooling and total electricity consumption with the monitored data described

in 4.2.1. Compliance with ASHRAE Guideline 14 necessitates that monthly Co-

efficient of variation of the Root Mean Squared Error (CVRMSE) remains below

15% and Normalised Mean Biased Error (NMBE) within ±5% [176]. The model

achieves monthly heat use errors of CVRMSE = 8% and NMBE = +4% and

monthly electricity use errors of CVRMSE = 8% and NMBE = +5%. These

findings demonstrate that the calibrated model sufficiently meets the ASHRAE

Guideline 14 criteria.

Table 4.5: Calibration results for CS1. Target monthly validation criteria:
Cv(RMSE) <15%, NMBE ± 5% [176].

By Fuel Type Cv(RMSE)(%) NMBE(%)
Electricity 8 5
DEN 8 4

By End Use Cv(RMSE)(%) NMBE(%)
L&P 8 -5
LTHW 10 5
DHW 11 3
Cooling 38 25

The calibration results in Table 4.5 reveal end-use compliance for lighting and

power, low-temperature hot water and domestic hot water. For cooling electricity

consumption, the validation criteria were exceeded, indicating discrepencies be-

tween metered and simulated energy outputs. A comparison of monthly measured

and simulated cooling electricity consumption is shown in Figure 4.3c. The chart

shows a close similarity for all months with the exception of January, February

and October to December, for which the monitored data significantly exceeds the

simulated cooling energy consumption. Since data for these months had previ-

ously been identified as non-typical, confirmed through trends in cooling degree

day and consumption patterns for 2021-22, it was considered reasonable to utilise

the partially-calibrated model for further analysis.
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Figure 4.3: CS1 measured vs simulated calibrated outputs for 2018.
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4.3 CS1: Framework Development

This chapter presents outputs from the implementation of various stages of the

life-cycle optimisation framework on CS1 (outlined in Figure 3.8). Firstly, results

from sensitivity analysis are summarised with reference to inclusions/exclusions

from the subsequent GA optimisation process. Normalised functional unit LCA

calculation results are then presented for the refined ECM solution set and inte-

grated into the NSGA-ii GA. Section 4.4.1 discusses the life-cycle optimisation

results for a single scenario. Finally, outputs are compared to findings from alter-

native grid decarbonisation and cost scenarios.

4.3.1 Preliminary testing

Sensitivity analysis was conducted as a preliminary step to the GA optimisation

process, identifying parameters with negligible or negative impact on building

energy performance. These were excluded from further investigation. Details and

results from preliminary studies can be found in Appendix B and C, with outputs

summarised in Table 4.6.

Table 4.6: Summary of findings from preliminary studies for CS1.

Parameter Test Findings

Roof Albedo
Outer surface replaced
with high albedo
material (SR 0.8, TE 0.9)

Marginal impact on energy savings (<1%), with EC
substantially outweighing OC benefits.
EC: +4.7 kgCO2e/m

2/yr
OC: -0.6 kgCO2e/m

2/yr

North WWR
North facade WWR
increase to +30%

Cooling loads: -0.09 kWh/m2/yr (-0.01%)
Heating loads: 0.3 kWh/m2/yr (<0.01%)
Net increase in energy use: +0.19 kWh/m2/yr
OC: +306 kgCO2e/yr

Shading
D/H Ratio

Varied from 0 to 1.2
for each facade
orientation

Additional operational energy change beyond 0.8 d/h
were minor. Optimal value ranges per facade
shown in Table 4.7
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4.3.2 ECM selection

In response to preliminary studies, the ECM toolkit was adapted for CS1, re-

ducing the solution space from 424,673,280 to 21,676,032. Included parameter

adaptations are presented in Table 4.7 and detailed below.

Table 4.7: Assigning genes and possible values for implementing into multi-
objective optimisation framework.

Gene Parameter Metric Variants

x1. Glazing U-value W/m²K 1.5, 0.8

x2. g-value SHGC 0.4, 0.3

x3. North glazing area % 0, -50

x4. South glazing area % 0, -50, -30, +30

x5. East glazing area % 0, -50, -30, +30

x6. West glazing area % 0, -50, -30, +30

x7. S-louvre D/H ratio 0, 0.4, 0.6, 0.8

x8. E-louvre D/H ratio 0, 0.2, 0.4, 0.6

x9. W-louvre D/H ratio 0, 0.2, 0.4, 0.6

x10. Wall Insulation (MW) mm 0, 50, 80, 120

x11. Roof Insulation (XPS) mm 0, 120, 150, 180

x12. Frame U-value W/m²K 1.384, 0.378, 0.219

x13. Infiltration Rate m3/(m2.h)@50Pa 3, 1, 0.5

x14. NV control - None, dT, nightpurge

x15. HVAC system - DH, ASHP

x16. MVHR control -
7-19 weekdays,

nightcycle, weekends

Window-to-Wall Ratio (WWR)

Adjustments were made relative to the baseline geometries of the existing building,

with variants ranging from a 50% reduction to a 30% increase in glazing area.

Shading Components

Shading included vertical devices on east and west facades, and horizontal louvres

on north facades, varied by louvre depth to window height ratio (D/H)[184, 185].

Frame Thermal Conductivity

Assumed improvements through the addition of a polyisocyanurate (PIR) closer,

consisting of an insulation layer (0.05-0.1m) and a plasterboard internal lining

(see Appendix H.2) [186]. Frame U-values were updated to reflect this insulation

addition (0.05m thickness; U=0.378 W/m2K, 0.1m thickness; U=0.219 W/m2K).

Infiltration Rates

Associated infiltration rates relating to PIR closers were estimated, correlating

U-values and infiltration rates via a psi value calculator [186, 187].
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4.3.3 Modelling Inputs: Carbon Calculations

Life-cycle EC emissions were calculated on a functional unit (FU) basis, accounting

for the various life-cycle stages as specified in BS EN 15978:2011 [17]. For building

fabric, the functional unit (FU) was 1m2 of the respective building element. Where

HVAC related EC emissions were included, the functional unit adopted was 1 unit

of the relevant HVAC equipment. These values were scaled according to actual

fabric/component sizes upon implementation of the CCA-LCA framework.

EC: Fabric

The embodied carbon associated with the primary building elements that change

during the optimisation process are presented in Table 4.8. These were derived

using the LCA stages and calculation methodology described in section 3.3.6. In

accordance with RICS Professional Standard [19], assumptions were made relating

to the typical location of manufacture (Local, National or European), the waste

rate and expected lifespan of each building material. Whilst items shown in red

represent alternative design interventions, the EC of the remaining items was still

calculated for replacement cycles, where relevant. All values in Table 4.8 are

presented with respect to a functional unit of 1m2 equivalent surface area of the

relevant building material. A more extensive list of LCA assumptions and results,

and the sources used to develop these assumptions are provided in Appendix E.2

and D.

Element FU Build-up
Volume/FU
(m3/FU)

Manu-
facture
(L/N/E)

Waste
rate (%)

Lifespan
(yrs)

EC
(kgCO2e/FU)

Total EC
(kgCO2e/FU)

Roof m2

Cast concrete
Reinforcement mesh
EPS insulation
+/-XPS insulation
Metal deck

0.175
0.003
0.300
0.120-0.180
0.001

L
N
N
N
N

5
15
5
5
1

75
75
40
40
30

63.10
43.07
85.74
41.68-62.52
78.48

312.07-332.91

External Wall m2

Brick slip
MW insulation
Stainless steel brickties
MW insulation
Gypframe
Cement board
+/-MW insulation
+/-Gypframe
Steel studs
Gypsum plasterboard

0.070
0.050
1.2E-06
0.120
0.000
0.013
0.050-0.120
0.000
0.000
0.012

N
N
N
N
N
N
N
N
N
N

20
15
3
15
3
5
15
3
3
5

75
75
75
75
75
75
75
75
75
30

41.99
10.85
0.04
26.04
9.13
5.61
10.85-26.04
6.75-9.13
3.85
7.20

122.31-139.88

Spandrel panel m2
Aluminium cladding
MW insulation
Gypsum plasterboard

0.002
0.170
0.025

N
N
N

1
15
22.5

30
75
30

73.17
36.89
17.66

127.72

Double glazing m2 - 0.003 E 5 40 24.72 24.72

Triple glazing m2 - 0.003 E 5 40 26.38 26.38

PIR closer m2 PIR insulation
Gypsum plasterboard

0.05-0.1
0.039

N
N

15
5

75
30

12.56-25.12
23.11

35.67-48.23

Louvre m2 Aluminium 0.002 N 1 30 73.17 73.17

Table 4.8: Calculated EC of construction elements for CS1, including materials,
volume per functional unit (FU), assumptions impacting the calculations, and
total EC for each element. Items shown in red are interventions. Waste rates
obtained from [163]; expected lifespan from [77, 19]. Manufacture location: Local
(L), National (N), European (E).
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The embodied carbon of window glazing and frame elements was calculated

separately, since changes to the win-wall ratio can impact the frame to glazing

surface area ratio. The EC associated with the protruding aluminium timber

composite frame build-up was consistent across both double and triple glazed sys-

tems, assuming the additional layer of glazing would not have a significant impact

on the frame composition.

For the PIR closer, the plasterboard internal lining was assumed to protrude

the depth of the reveal (0.107m) and close across the frame width of 0.05m. Since

the calculation was on the basis of the functional unit of 1m2 of frame, the total

volume of each material was estimated by the calculations outlined in Appendix

H.1. The resulting EC value in kgCO2e was multiplied by the total frame area for

each model iteration.

50mm120mm

Gypsum 
plasterboard 

12.5mm

Cement board 
12.5mm

Steel studs

70mm

Air cavity

@@ins1@@
0-120mm

70mm

Existing MW 
insulation

Gypframe
SFS system

Brickslip

Stainless steel 
brickties

Figure 4.4: Assembly section: CS1 external wall build-up demonstrating all el-
ements included in EC calculations and the position of additional internal MW
insulation (@@ins1@@).

The modelled external wall build-up is depicted in Figure 4.4, aligning with the

baseline U-values specified in architectural plans, and typical materials as guided

by industry standards [179]. Despite the relatively small volumes, the high EC

value associated with stainless steel brickties (4.41 kgCO2e/kg) and galvanised

steel gypframe and studs (2.76 kgCO2e/kg) can be significant upon accumulation.

Additional internal mineral wool insulation and gypframe were included in varying

thicknesses of 0, 50, 80, 120mm and positioned behind the cement board layer.

Typical sizing, frequencies and spacing of metal elements were established through

expert elicitation.
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EC: Systems

The existing heating system serving CS1 is a DEN, described in the following

section. For design scenarios that utilise the DEN, as opposed to the ASHP al-

ternative, it is assumed that existing HVAC equipment is sufficient to last the

building’s life-cycle. In reality, certain elements of the DEN system will likely be

replaced, such as the gas boilers. However, the DEN serves a network of surround-

ing buildings so the relative share of carbon associated with this singular building

would be minimal. In contrast, the EC associated with refrigerant-based HVAC

systems can be substantial due to the typically high GWP of refrigerants [55].

The general procedure for calculating the EC associated with the ASHP followed

the life-cycle stages used for all other building materials, described in section

3.3.6. However, several important additional stages were incorporated that are

not deemed relevant for typical materials. This included ‘in-use emissions’ (B1)

and ‘refrigerant disposal’ (CSR) [19]. These stages reflect the carbon emissions as-

sociated with refrigerant leakage during the use and end of life phases respectively.

ASHP rated capacity, extracted from each simulation run, was used to estimate

system mass; extrapolation of manufacturers’ specifications showed a strong linear

correlation between ASHP mass and rated capacity (R2=0.97) [188]. Therefore,

it was considered reasonable to estimate system mass from capacity according to

the linear equation shown in Figure 4.5a. A1-A3 emissions associated with the

manufacture of ASHP materials were obtained from literature [55], and scaled

by mass to achieve the industrial scale required for serving large HE buildings.

Similarly, a strong correlation was observed between ASHP heating capacity and

refrigerant mass (R2=0.98), from manufacturers’ specifications [188]. The linear

expression shown in Figure 4.5b was used to predict the refrigerant mass of the

system. EC calculations assumed a commonly used refrigerant, R-32, with a

GWP of 675. A refrigerant leakage rate of 3.8% per year and end-of-life (EOL)

recovery rate of 98% was obtained as the medium estimate from a synthesis of

sources by George et al. [189], with an annual top-up to maintain refrigerant

mass [55]. The material recovery rate of 96% was selected in-line with RICS

suggested recovery rate for metals [19], since the composition breakdown from

manufacturers’ specifications shows a high proportion of metal content [188]. The

various assumptions associated with the EC of ASHPs are summarised in Table

4.9.

OC emissions

The baseline scenario considers the DEN serving the existing building. The DEN

is provided by a combination of gas boilers and combined heat and power plants.

The nature of combined heat and power is such that gas inputted in to the system

results in a combined electricity and heat/steam output. As such, the CEF is

calculated based on the carbon associated with gas consumption minus the car-
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Table 4.9: EC calculation assumptions for ASHP.

System type ASHP

FU unit
Manufacture European
Expected lifespan 22 yrs
Refrigerant type R-32
In-use refrigerant leakage rate 3.8% per yr
Refrigerant EOL recovery rate 98%
GWP 675
Material recovery rate 96%

y = 5.7359x + 453.44
R² = 0.9699
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Figure 4.5: Correlation between RC, mass and refrigerant mass established from
ASHP manufacturers’ specifications [188].

bon savings associated with the electricity by-product, that would otherwise be

sourced from the grid. The calculated equivalent CEF for the whole DEN system

is shown in Table 4.10 for the years 2013-2020, based on measured DEN input and

output consumption data. Assuming an average combined heat and power sys-

tem efficiency (η=60%) from measured data, the CEF of the overall DEN system

was extrapolated to 2100, using the gas and electricity predicted CEF pathways

described in section 3.3.6.

The resulting DEN CEF pathways associated with the various storylines are

depicted in Figure 4.6. The general trend across scenarios shows a relatively sharp

increase in CEF up to 2020, plateauing between 2030-2040, followed by a gradual

decline. The initial increase is reflective of an increasing share of renewable elec-

tricity generation. As a result, the carbon savings associated with the combined

heat and power electricity by-product decreases rapidly, representing the dimin-

ishing payback due to grid decarbonisation. Carbon emissions associated with gas

consumption are also predicted to decrease due to an increasing penetration of

green gas in to the network. The initial impact of this is relatively marginal in

comparison to the much more rapidly declining electricity CEF. However, over

time a gradual decrease in the overall DEN CEF can be expected; as electricity

CEFs for most scenarios start to plateau around the year 2040, the decreasing
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Table 4.10: Calculated carbon emission factors for the DEN from 2013-2020.

Year 2013-14 2014-15 2015-16 2016-17 2017-18 2018-19 2019-20

Grid CEF: gas (kgCO2e/kWh) 0.20 0.18 0.18 0.18 0.18 0.18 0.18

Grid CEF: electricity (kgCO2e/kWh) 0.52 0.46 0.41 0.35 0.28 0.26 0.23

Boiler: gas input (GWh) 18.4 19.6 25.7 30.7 26.5 29.6 29.1

CHP: gas input (GWh) 45.6 40.9 33.0 16.3 25.6 28.4 31.1

CHP: heat/steam output (GWh) 13.7 13.8 10.7 4.9 5.8 6.5 7.1

CHP: electricity output (GWh) 15.9 13.4 10.5 5.5 8.1 9.7 10.1

CHP: efficiency 65% 67% 64% 64% 54% 57% 55%

Boiler: gas input (kgCO2e) 3,643,022 3,614,224 4,734,236 5,652,706 4,869,117 5,433,831 5,348,789

CHP: gas input (kgCO2e) 9,023,054 7,545,741 6,073,119 3,009,367 4,713,570 5,212,756 5,719,519

CHP: electricity output (savings) (kgCO2e) -8,237,701 -6,212,183 -4,321,306 -1,935,527 -2,279,194 -2,478,050 -2,364,722

net CO2 of system (kgCO2e) 4428375 4947782 6486049 6726547 7303492 8168537 8703586

System CEF (kgCO2e/kWh) 0.16 0.17 0.21 0.23 0.27 0.27 0.29
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Figure 4.6: DEN carbon factor forecast based on changing gas and electricity CEF
projections.

CEF associated with gas consumption becomes the predominant driving factor.

It is apparent that the carbon associated with the alternative - an electrically-

fuelled heating system with equivalent power requirements - would be less that of

the DEN over the building’s life cycle, since the electricity CEF approaches zero.

Thus, it is important to weigh up this OC savings against the EC associated with

switching from the baseline DEN to alternative, electricity-based, heating systems.

4.3.4 Modelling Inputs: Cost Calculations

CapEx

The LCC of various building componenets are summarised in Table 6.7, calcu-

lated following the ISO 15686-5:2017 protocol described in section 3.3.6 [18]. All

values were interpolated based on available data [167]; more extensive details of
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interpolations, including material and labour costs, are provided in Appendices

E.5 and E.6.

Element FU Build-up
Volume/FU
(m3/FU)

Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

LCC
(£)

Total
LCC
(£)

Roof m2

Cast concrete
Reinforcement mesh
EPS insulation
+/-XPS insulation
Metal deck

0.175
0.003
0.300
0.120-0.180
0.001

100
-
85
32.24-57.33
-

-
-
40
40
30

-
-
-
9.88-17.58
-

100
-
85
42.13-74.91
-

227.13-259.91

External Wall m2

Brick slip
MW insulation
Stainless steel brickties
MW insulation
Gypframe
Cement board
+/-MW insulation
+/-Gypframe
Steel studs
Gypsum plasterboard

0.070
0.050
1.2E-06
0.120
0.000
0.013
0.050-0.120
0.000
0.000
0.012

61.96
4.53
-
8.17
61.52
-
4.79-8.17
3.62-4.89
-
24.51

-
-
-
-
-
-
-
-
-
30

-
-
-
-
-
-
-
-
-
10.10

61.96
4.53
-
8.17
61.52
-
4.79-8.17
3.62-4.89
-
34.61

179.2-183.85

Spandrel
panel

m2
Aluminium cladding
MW insulation
Gypsum plasterboard

0.002
0.170
0.025

202.35
10.58
24.51

30
-
30

83.37
-
10.10

285.72
10.58
24.51

320.81

Double glazing m2 Double glazed casement
aluminium window frame

- 609.07-652.06 40 186.71-199.89 795.78-851.95 795.78-851.95

Triple
glazing

m2 Triple glazed casement
aluminium window frame

- 812.51-855.50 40 249.08-262.26 1061.59-1117.76 1061.59-1117.76

PIR
closer

m2 PIR insulation
Gypsum plasterboard

0.05-0.10
0.0393

43.56
76.96

-
30

-
31.71

43.56-52.25
108.67

152.23-161.92

Louvre m2 Aluminium 0.002 580.87 30 239.31 820.18 820.18

(a) Fabric

Element FU
Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

Total LCC
(£)

ASHP 387 kW* unit 164,473 22, 44 130,635 295,109

MVHR 14,690 m3/h unit 26,464 20, 40 22,765 49,230

(b) Systems *Extrapolated according to calculated rated
capacity from each simulation run.

Table 4.11: Calculated CapEx of construction elements for CS1, including mate-
rials, volume per FU and replacement costs. Items shown in red are interventions.
Expected lifespan from [77, 19].

OpEx

Fuel price pathways followed the fluctuating fuel price assumptions outlined in

section 3.3.7.
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4.4 CS1: Framework Implementation

4.4.1 Life-cycle optimisation results

Outputs from the life-cycle optimisation framework for the ‘S1: Best-case’ pathway

are presented in this section. Alternative decarbonisation scenarios are explored

in the subsequent section 4.4.2.

Pareto Optimal Solutions

The results of the NSGA-ii optimisation process for ‘S1: Best-case’ scenario are

shown in Figure 4.7. Several runs were conducted to ensure the same pareto op-

timal solutions were reached each time, indicating the presence of global optima.

Overall, for interventions and replacements, pareto optimal solutions range from

805-932 £/m2 for LCC and from 342-725 kgCO2e/m2 for LCCF over the 60 year

time frame. LCCF values appear to be considerably less than HE refurbishment

studies from literature, due to the quantification of grid decarbonisation in lieu

of fixed carbon factors [76]. In addition, CS1 recently underwent an extensive re-

furbishment with the resulting fossil thermal consumption significantly less than

good practice benchmarks [190].

The presence of two distinct search regions represent heating system alter-

natives. LCCF sample variance is substantially lower amongst ASHP solutions

(σ2: 17 kgCO2e/m2 vs. 450 kgCO2e/m2). This indicates that additional design

variations have less impact on OC savings once ASHP heating systems have been

implemented, signifying greater design flexibility.
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(b) DEN

#
Heating

System

Glazing

Type
SHGC

North

WWR

South

WWR

South

Louvre

D/H

East

WWR

East

Louvre

D/H

West

WWR

West

Louvre

D/H

IWI

Ins.

+mm

Roof

Ins.

mm

Frame

U-value

W/m2.K

Infiltr.

Rate

m3/m2.h

MVHR

Control

Strategy

NV

Control

Strategy

1 DEN Double 0.3 -50% -50% 0 -50% 0.2 -50% 0 +0 +0 0.219 0.5 Weekday Nightpurge

2 DEN Double 0.4 -50% -50% 0 -50% 0 0% 0 +80 +0 1.384 3 Nightcycle Baseline

3 DEN Double 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

4 DEN Double 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 0.378 1 Nightcycle Baseline

5 DEN Double 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle Baseline

6 DEN Double 0.4 -50% -50% 0 -50% 0 -50% 0.2 +0 +0 1.384 3 Nightcycle deltaT

7 DEN Double 0.4 -50% -50% 0 -30% 0 -50% 0 +0 +0 1.384 3 Nightcycle deltaT

8 DEN Double 0.4 -50% -50% 0 -30% 0 -50% 0 +0 +0 0.378 1 Nightcycle deltaT

9 DEN Double 0.3 -50% -50% 0 -30% 0 -50% 0 +0 +0 0.378 1 Nightcycle deltaT

10 DEN Double 0.3 -50% -50% 0 0% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle deltaT

11 DEN Triple 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle deltaT

12 DEN Triple 0.4 -50% -50% 0 -50% 0.2 -50% 0.2 +50 +0 0.378 1 Nightcycle deltaT

13 DEN Triple 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 0.378 1 Nightcycle deltaT

14 DEN Triple 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle deltaT

15 DEN Triple 0.3 -50% -50% 0 -50% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle deltaT

16 DEN Triple 0.3 0% -30% 0 0% 0 -30% 0.2 +0 +0 0.219 0.5 Nightcycle deltaT

(c) Parameters of optimised solution set for CS1 DEN.

#
Heating

System

Glazing

Type
SHGC

North

WWR

South

WWR

South

Louvre

D/H

East

WWR

East

Louvre

D/H

West

WWR

West

Louvre

D/H

IWI

Ins.

+mm

Roof

Ins.

mm

Frame

U-value

W/m2.K

Infiltr.

Rate

m3/m2.h

MVHR

Control

Strategy

NV

Control

Strategy

17 ASHP Double 0.4 -50% -50% 0 -50% 0 -50% 0.2 +80 +0 1.384 3 Nightcycle Baseline

18 ASHP Double 0.4 -50% -50% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

19 ASHP Double 0.3 -50% -50% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

20 ASHP Double 0.3 -50% -30% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

21 ASHP Double 0.3 -50% -30% 0 -30% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

22 ASHP Double 0.3 0% -50% 0 -50% 0 -50% 0 +0 +0 1.384 3 Nightcycle Baseline

23 ASHP Double 0.3 0% -50% 0 0% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle Baseline

24 ASHP Double 0.4 0% -30% 0 0% 0 0% 0 +0 +0 0.219 0.5 Nightcycle Baseline

25 ASHP Double 0.3 0% 0% 0 +30% 0 -50% 0 +0 +0 0.219 0.5 Nightcycle Baseline

26 ASHP Double 0.4 0% 0% 0 +30% 0 0% 0 +0 +0 0.219 0.5 Weekday Nightpurge

27 ASHP Double 0.3 0% -30% 0 +30% 0 0% 0 +0 +0 0.219 0.5 Weekday Nightpurge

(d) Parameters of optimised solution set for CS1 ASHP.

Figure 4.8: NSGA-ii optimisation results for CS1 scenario 1.
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Relative Impact of Variables on LCCF and LCC

The relative impact of independent design measures on LCCF and LCC was as-

sessed using linear regression analysis. Summation of unstandardised linear model

coefficients across each level within a categorical variable, provides an overall

weighted coefficient (β); this reflects the relative impact of changes in design pa-

rameters. In this context, a larger absolute β value indicates a stronger influence

of that variable on the dependent outcome (LCCF or LCC), while the sign of β

denotes the direction of the relationship - positive for an increase, negative for

a reduction. The coefficients are therefore used to compare the relative impor-

tance of design parameters on model outputs. The weighted coefficient for each

variable is shown in Figure 4.9. It is important to acknowledge the assumption of

independence amongst changing parameters, inherent to linear regression analysis;

despite this limitation, the method provides a straightforward approach to identi-

fying significant predictors of LCCF and LCC, allowing for valuable insights into

the primary drivers of building performance. Since heating system type emerged

as the predominant predictor of LCCF, linear regression analysis was conducted

independently for each heating system alternative.

Heating System (P0)

Average LCCF among ASHP solutions was 346 kgCO2e/m2 less than that of the

DEN group. This substantial reduction can be attributed to two primary factors.

Firstly, the efficiency of the ASHP exceeds that of the DEN by approximately

threefold (nominal COP:3.2), resulting in a 14 kWh/m2 (63%) average decrease

in heating operational energy consumption. Secondly, the CEF associated with

the ASHP system is significantly lower that of the DEN over the building’s es-

timated life-cycle, as detailed in section 4.3.3. The cumulative impact results in

an approximate 71% decrease in OC emissions over 60 years. Despite the ASHP

system’s considerable EC impact, approximately 372,507 kgCO2e over 60 years

(including two replacement cycles), the long-term OC savings outweigh the short-

term EC costs by a factor of eight. This indicates substantial carbon savings

potential.

In contrast, the average LCC is approximately 9% (85 £/m2) lower amongst

DEN solutions, primarily driven by the financial ‘pay-back’ resulting from the

combined heat and power electricity by-product. Despite the much greater effi-

ciency of ASHPs, the LCC results do indicate a marginal, sustained, cost-benefit

of the DEN over ASHP heating systems. However, it is important to note that

some costs should be taken into account for replacement cycles of the communal

DEN network, potentially shifting LCC closer to that of the ASHP.
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Variable Variable

P1 Glazing Type P7 Internal Wall Insulation
P2 SHGC P8 Roof Insulation
P3 North-WWR P9 Frame U-value | Infiltration Rate
P4 South-WWR | D/H Ratio P10 NV Operation
P5 East-WWR | D/H Ratio P11 MVHR Control
P6 West-WWR | D/H Ratio

(a) Categorical variables.
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Figure 4.9: Weighted coefficients (β) of categorical variables in linear regression
analysis for Scenario 1.
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Glazing Type (P1, P2)

Upgrading to triple-glazed windows had a significant negative impact on model-

predicted LCCF for designs reliant on the DEN (β: -2.0). However, when adopting

the high-efficiency ASHP, the upgrade to triple glazing had a marginal positive

impact on LCCF (β: +0.7), suggesting any additional EC was not offset by OC

savings. In both scenarios, triple glazing had a strong positive impact on LCC,

indicating that operational savings were insufficient to balance the higher capital

costs. This implies that the suitability of triple glazing may be limited, even when

reliant on an operationally carbon-intensive heating system, such as the DEN, and

is subject to the efficacy of other conservation measures in place.

With respect to solar radiation, for DEN solutions, the impact of solar heat gain

coefficient (SHGC) reductions on LCCF was statistically insignificant, suggesting

the effect varied across design combinations. The impact on ASHP alternatives

was stronger (LCCF β: -0.4), reflecting a greater focus on cooling loads to reduce

LCCF under the operation of energy-efficient, low carbon heating systems. Limit-

ing solar heat transmission appears to become a more effective design feature with

equal CEF weightings assigned to both heating and cooling loads. Since no EC-

penalty was attributed to the lower SHGC variant, the impact was driven solely

by higher OC emissions. However, for both heating systems, SHGC reductions

led to significant increases in LCC.

WWR | Louvre D/H Ratio (P3-P6)

Overall, WWR and louvre D/h ratio alternatives had relatively minor impacts on

t1 for both DEN (LCCF β: -0.1 to +1.6) and ASHP design combinations (LCCF

β: +1.2 to +2.1). WWR reductions across DEN solutions showed weak but sig-

nificant negative impacts on both LCCF and LCC across all facades, as shown

in Appendix I.1. For ASHP solutions, WWR reductions led to marginally higher

LCCF values, indicating that the preference for lower glazing ratios under DEN

operation was driven by heat loss reduction rather than minimising solar heat

gain. Reduced heat-related OC emissions associated with ASHP use resulted in

less LCCF variance between glazing ratio alternatives, indicating greater design

flexibility under optimised system performance.

The implementation of aluminum louvres for solar shading control generally

demonstrated positive correlations with LCCF and LCC. The inefficacy of this

measure indicates that, for the majority of design combinations, operational cost

and carbon savings were counterbalanced by additional EC emissions and CapEx,

ranging from 22,062 kgCO2e to 165,692 kgCO2e and £247,307 to £1,857,351 over

the building’s life-cycle. Larger depth to height ratios counterbalanced the impact

of glazing area reductions on LCCF and LCC savings.
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Insulation Thickness (P7, P8)

Internal wall insulation (IWI) and roof insulation additions resulted in significant

positive correlations with both LCCF and LCC, irrespective of heating system

type. This indicates that, for the majority of design combinations, the EC and

CapEx associated with additional insulation layers outweigh any potential opera-

tional benefits (noting the already well-insulated baseline conditions). A compari-

son of solutions suggests that the predicted increase in cooling energy consumption

with the addition of 50mm mineral wool insulation significantly outweighs heat-

ing load decreases. Due to the carbon-intensity of the DEN, this still results

in marginal OC reductions over the buildings life-cycle. However, this is offset

by greater EC emissions, resulting in a negligable net-effect on LCCF (+0.4%).

A similar trend could be observed with additional extruded polystyrene (XPS)

roof insulation, indicating limited benefits beyond that included in the existing

build-up.

Frame U-value | Infiltration Rate (P9)

Additional PIR insulation demonstrated a negative correlation with LCCF when

aligned with the baseline DEN heating system (β: -2.3). However, under the

higher efficiency ASHP electricity-based heating system, the implementation of

PIR closers and associated lower infiltration rates led to predicted increases in both

LCCF and LCC. This suggests that the EC associated with the PIR insulation

was not offset over the building’s life-cycle due to lower OC emissions savings

potential. In addition, for ASHP-based solutions, higher heating system efficiency

relative to cooling can place disproportionate weighting on design iterations for

reduced cooling demand, potentially favouring lower insulation levels.

Ventilation Strategy (P10, P11)

DeltaT and nightpurge NV strategies were advantageous in reducing OC emissions

and operating costs, irrespective of other design features employed. DeltaT NV

schedule had the strongest impact on LCCF reduction across DEN dependent

solutions, whereas nightpurge ventilation was preferable for solutions reliant on

the ASHP heating system, as depicted in Appendix I.3.This can be attributed to

the high efficiency associated with heating energy consumption; nighttime cooling

reduces the reliance on the mechanical cooling system, which is the dominating

component of LCCF. Nightpurge NV was less effective under DEN operation

since heating energy consumption is the predominant driver of LCCF, and will

be greater upon implementation of this measure. Tighter NV regulation based

on timestep temperature differences is a more effective strategy when a carbon-

intensive heating system is in place. Adjustments to MVHR control strategies

demonstrated the greatest impact on LCCF reductions (β: -1.4 to -19.2) across

all measures, also resulting in large decreases in LCC (β: -4.6 to -6.7). Nightcycle

MVHR control had the strongest negative impact on both metrics.
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4.4.2 Scenario analysis

This section compares the ‘grid-average’ scenario (S1) detailed in the previous sec-

tion, with results from the alternative decarbonisation pathway described in Table

3.4 and section 3.3.7.

Table 4.12: Summary of grid decarbonisation rate scenario alternatives; both S1
and S2 adopt the fluctuating fuel price pathways described in section 3.3.7.

Scenario Description

S1 ‘Best-case’ : Electric grid carbon emissions decline rapidly from 2020 to 2030, plateauing at 2033.

S2
’Worst-case’ : Business-as-usual (BAU); incline in electric grid carbon emissions until 2025, thereafter declining gradually
towards a plateau at 2042.

S1, DEN

S1, ASHP

S2, DEN

S2, ASHP
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Figure 4.10: Comparison of pareto optimal solutions across decarbonisation sce-
narios. Points represent group averages; ranges depict variance of LCCF and LCC
across pareto optimal solutions.

The LCCF and LCC across the decarbonisation pathways described in section

3.3.7 are shown in Figure 4.10. Across the baseline DEN scenarios, average LCCF

values range from 655 kgCO2e/m2 to 970 kgCO2e/m2. For scenarios relying on

the ASHP heating system, average LCCF varies from 342 kgCO2e/m2 to 660

kgCO2e/m2. These values correlate to average LCC ranges of 795 £/m2 to 936

£/m2 for the DEN and 874 £/m2 to 932 £/m2 for the ASHP group. The maximum

given range within any single group is 70 kgCO2e/m2 for LCCF and 130 £/m2 for

LCC. Figure 4.10 clearly demonstrates how the heating system alternatives and

decarbonisation pathways have a far greater influence on LCCF than the various

design parameters across pareto solutions within the same group.
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Amongst ASHP solutions, average LCCF increases by a factor of 1.9 (+308

kgCO2e/m2) from S1 to S2. For DEN solutions, the relative increase across these

scenarios is significantly less, rising by a factor of 1.4 (+281 kgCO2e/m2). This

difference can be attributed to the CEF assumptions relating to ASHP and DEN

heating energy consumption. In the S2:Worst-case energy pathway, the average

electricity CEF over the building’s life-cycle increases by almost three fold (+0.043

kgCO2e/kWh) compared to S1. By contrast, for the DEN, the average CEF ac-

tually decreases by 5% (-0.014 kgCO2/kWh), since the combined heat and power

electricity by-product becomes more carbon-valuable, contributing to a greater

off-set of emissions from gas consumption, as described in section 4.3.3. Conse-

quently, the difference in LCCF between ASHP and DEN solution sets becomes

less distinct in S2 than in S1, although the ASHP solution is still substantially

less than DEN alternatives.

As the electricity CEF increases from S1 to S2, LCCF becomes more sensitive

to changes in operational energy consumption, reducing the spread of pareto-

optimal solutions. For DEN solutions, two opposing factors are at play; carbon

emissions associated with heating loads decrease, whilst the electricity CEF in-

creases. Consequently, LCCF becomes more sensitive to changes in cooling oper-

ational energy and less sensitive to changes in heating operational energy. This

adjustment leads to a ninefold reduction in the variance of LCCF, representing

increased consistency among optimised design parameters. These findings under-

score the enhanced design flexibility achievable under improved decarbonisation

pathways without significantly impacting LCCF.

Despite implementation of identical assumptions relating to CapEx and OpEx

in S1 and S2, marginal discrepancies were observed in LCC. For the DEN group,

a decrease of 8 £/m2 was noted from S1 to S2. Although the variances are min-

imal (<1%), their existence demonstrates the indirect effect of changing carbon

emission pathways on LCC, through various optimised design parameters.

Embodied vs. operational carbon emissions

The impact of grid decarbonisation on the proportion of LCCF components is

depicted in Figure 4.11. Across solution sets, EC is predominantly driven by

emissions associated with initial and recurring replacement of components on the

external envelope, such as glazing. For the DEN baseline, the predominant driver

of OC shifts from heating and domestic hot water to lighting and power under

slower rates of grid decarbonisation. Lighting and power remains the predominant

driver of OC across all scenarios in the ASHP group.

The average EC associated with ASHP pareto solutions was approximately

1.3 times that of the DEN pareto front (DEN: 149 kgCO2e/m2, ASHP: 190

kgCO2e/m2), owing to the high EC impact of the refrigerant, included within
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Figure 4.11: Average share of embodied versus operational carbon components
across pareto solutions for scenarios 1 and 2.

the ‘services’ component. Whilst average EC remains relatively consistent across

scenarios adopting the same heating system, average OC varies by 284 kgCO2e/m2

for the DEN scenarios and by 307 kgCO2e/m2 for the ASHP scenarios. For the

DEN group, this shifts the ratio of EC:OC from 1:3 to 1:5 from S1 to S2. For

the ASHP solutions, this ratio is much lower, ranging from 1:1 to 1:2 for S1 and

S2 respectively. Under more rapid grid decarbonisation pathways and the uptake

of energy efficient heating measures, results indicate that the share of EC could

account for over half (55%) of the refurbished building’s LCCF.

Recurring Parameter Sets

Despite the large differences in OC resulting from varying decarbonisation path-

ways, 9% (n=6) of unique pareto optimal solutions appeared in both S1:Best-case

and S2:Worst-case scenarios, presented in Table 4.13. Solutions present across

both scenarios were primarily reliant on ASHP heating system operation and all

implemented double glazing. The results indicate that it is feasible to provide

LCA-optimised building redevelopment solutions that incorporate uncertainties

relating to future grid decarbonisation pathways.

Time-dependency of carbon impact

The aggregated year-on-year LCCF over the building’s 60 year life-span is shown

in Figures 4.12. Across scenarios, a step change can be observed at the 2052

time-point, reflecting the EC associated with the replacement of several building

components, such as internal dry lining, partitions and spandrel panelling. This

step change is more defined in S1 than S2, reflecting the reduced proportional im-

pact of EC relative to OC when decarbonisation does not occur. For ASHP-based

solutions, substantial step changes can be observed at 2044 and 2066, represent-
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ing the 22-year replacement cycles of refrigerant-based ASHP systems. For S1,

the cumulative LCCF impact appears to plateau at approximately 2043, whereas

the DEN group continues to demonstrate a strong positive trajectory up to 2082.

This indicates that, even under a faster rate of grid decarbonisation, the annual

carbon intensity of CS1 will continue to increase beyond the building’s life-span

unless heating system replacement takes place. The results indicate that no other

design alterations will be sufficient in achieving a relatively consistent year-on-year

carbon impact by 2082.
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Figure 4.12: CS1 change in LCCF of pareto optimal solutions over time for S1
and S2.
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CS1 Chapter Summary

This case study evaluates an architecture HE building typology, refurbished

in 2016, with space functions including studios, workshops, offices and

teaching rooms. Analysis demonstrates how a range of design interventions

perform under diverse grid decarbonisation scenarios, based on achieving

optimal life-cycle cost and life-cycle carbon performance. The following

observations were made:

Heating Strategies:

• Heating system alternatives exhibited strong impacts on LCCF owing to the cu-

mulative effect of electricity carbon emission factors over the building’s lifetime.

• ASHP solutions achieved lower LCCF than the DEN baseline, despite a higher

EC value from refrigerant leakage and end-of-life recovery. Services accounted

for a significant proportion of embodied carbon in ASHP-based solutions.

• For ASHP solutions, additional design measures had minor impacts on further

OC reductions, indicating greater design flexibility but a more nuanced trade-off

between embodied and operational carbon.

Ventilation Strategies:

• MVHR and NV control strategies, and airtightness, emerged as the predominant

predictors of LCCF for DEN-based solutions under the S1:Best-case scenario.

• MVHR control strategy adjustments exhibited a strong impact on LCC savings.

Façade Design:

• A 50% reduction in north façade WWR strongly influenced LCC savings, em-

phasising the importance of passive design measures.

General Observations:

• S1 ASHP solutions demonstrate a relatively consistent LCCF after 2052, whilst

other scenarios continue to increase beyond the building’s lifespan, irrespective

of design alternatives.

• Higher LCCF values were observed under the S2:Worst-case scenario, largely

driven by a steep initial incline to 2030.

• Optimised parameters reoccurred across various scenarios, indicating that grid

decarbonisation uncertainties can be incorporated into design solutions.
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Chapter 5

Case Study 2

5.1 Overview

Figure 5.1: CS2 profile.

98



CS2: Post-Graduate Teaching and Offices

Refurbished in 2010, CS2 underwent internal retrofits to enhance the thermal

insulation of its concrete and brick wall structure, whilst retaining original listed

features, such as cast iron single glazed window frames. External walls were fitted

internally with composite insulation boards, and secondary double glazing was

installed inside existing single glazed windows. The building is primarily naturally

ventilated, with heating and cooling provided by a VRF system, supplemented by

a small contribution from a natural gas boiler (NGB) for some circulation spaces.

5.2 CS2: Model Development and Validation

5.2.1 Secondary Dataset Analysis

This section provides an overview of the data obtained from the sub-metering cam-

paign and observations inferred from it’s analysis, used to calibrate and validate

the baseline building energy model.

Analysis of metered energy consumption and the detailed calibration and val-

idation procedure for CS2 was the subject of prior research conducted by Jain et

al. [175, 191]. As such, a succinct overview is provided here with further details

available in the literature. A sub-metering campaign was carried out from August

2016 to July 2017, for which spatial and end-use dissaggregated hourly electricity

consumption data was available. This included separate metering of lighting and

power, heating and cooling, and servers and lifts, by floor level. Since heating

and cooling were supplied simultaneously to different building zones via the VRF

system, it was not possible to further dissagregate these loads. Monthly energy

consumption by end-use is depicted in Figure 5.2; heating and cooling, and lighting

and power are the dominant energy end uses in the building. Operational-stage

observations noted through analysis of the monitored dataset are summarised in

Table 5.1, with further details available in [191].

Table 5.1: CS2 operational stage observations from sub-metering campaign.

Category Observations

Occupancy
profile

• Monthly and seasonal occupancy variation based on term times

• Higher out of hours use including weekends

HVAC
operation

• Systems operated throughout day and night, even during unoccupied periods

• Non-functional AHU in the basement resulting in greater NV reliance

• 2-3°C higher than typical set-point temperatures maintained

Lighting
& power

• High L+P baseload during unoccupied periods (˜50%)
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Figure 5.2: CS2: End-use dissaggregated metered monthly electricity consumption
data for Aug 2016 - Jul 2017.

5.2.2 Model development

The baseline model was developed according to specifications from available design-

stage drawings, operation & maintenance manuals, on-site observations and stake-

holder discussions. The predominant build-up consisted of external brick walls,

fitted with composite board insulation during a recent refurbishment in 2010 to

achieve an approximate U-value of 0.2 W/m2.K. Secondary double glazing was

also installed on the inside of existing single glazed windows. An overview of the

modelled constructions and their thermal properties is provided in Table 5.2. A

baseline airtightness of 30 m³/hr/m² @ 50 Pa was applied.

Table 5.2: CS2 primary constructions and thermal properties of existing building.

Construction Description
Thickness

(m)
U-value

(W/m2.K)

External wall
200mm brick outer, 50mm air layer, 100mm brick, 10mm air gap,
40mm insulation board, 12mm plasterboard internal lining

0.412 0.20

External roof
10mm asphalt finish, 300mm cast concrete, 40mm insulation board,
12mm plasterboard

0.362 0.15

Internal partitions 25mm plasterboard, 25mm insulation, 25mm plasterboard 0.162 0.624

External glazing
Single glazed painted iron framing, aluminium-framed internal
secondary glazing

- 1.40

In response to the dataset observations summarised in Table 5.1, the following

updates were made to the baseline model.

• Occupancy, lighting and equipment schedules were updated to reflect term

time monthly and seasonal variations.

• Lighting and equipment baseloads were increased by ˜60% and ˜35% respec-

tively.
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• Temperature set-point schedules were increased based on average monitored

occupied and non-occupied zone temperatures.

• System and window operations were modified in response to the non-operational

basement air-handling unit.

Detailed HVAC modelling incorporated the supply of heating and cooling to

all main zones via VRF units. Plant was modelled as available 24/7 in line with

evidence of out-of-hour system operation, as indicated by the sub-metered heating

and cooling system energy data. Heating set-point (SP) temperatures were set to

23°C during occupied periods and 21°C during unoccupied periods. Heating was

supplied to circulation areas via radiators, provided by two condensing boilers.

The relative associated loads were very low by comparison to total building energy

use and since granular metered data was not available for gas use, these were not

assessed in the calibration process.

5.2.3 Calibration Results

The various sub-metering groupings are presented in Table 5.3, alongside monthly

calibration results using 2016-17 weather data. Compliance with ASHRAE Guide-

line 14 criteria, which necessitates monthly CVRMSE to remain below 15% and

NMBE within ±5%, was achieved for lighting and power and hot water at each

individual floor level. For other end uses, results were calibrated at the building-

level. These findings demonstrate that the calibrated model sufficiently meets the

ASHRAE Guideline 14 criteria, indicating a close proximity between monthly me-

tered and simulated outputs.

Table 5.3: Calibration results for CS2. Target monthly validation criteria:
Cv(RMSE) 15%, NMBE ± 5% [176].

Level End Use Cv(RMSE)(%) NMBE(%)

Basement L+P HW Ext 7.38 -3.83
Ground L+P HW 12.53 -5.45
First L+P HW 9.36 -3.84
Second L+P HW 7.35 -4.06
Third L+P HW 8.53 -4.19
Fourth L+P HW 6.95 -1.22
Fifth L+P HW 6.34 -3.65
Sixth L+P HW 6.58 0.32
Building H+C 4.16 -0.32
Building Server 5.07 4.76
Building Lift 0.02 -0.01
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5.3 CS2: Framework Development

This chapter presents outputs from the implementation of various stages of the life-

cycle optimisation framework on CS2 (outlined in Figure 3.8). Firstly, the included

sub-set of ECMs are summarised. Normalised FU LCA calculation results are then

presented for the refined ECM solution set and integrated into the NSGA-ii GA.

Section 5.4.1 discusses the life-cycle optimisation results for a single scenario.

Finally, outputs are compared to findings from alternative grid decarbonisation

and cost scenarios.

5.3.1 ECM selection

The final solution set included in the GA optimisation process is presented in

Table 5.4. As a result of preliminary testing, the number of possible solution com-

binations reduced from 424,673,280 to 36,126,720. Details relating to CS2-specific

ECMs are described in this section.

Table 5.4: Assigning genes and variable alterantives for implemention into the
multi-objective optimisation framework.

Gene Variable Metric CS2 Variants

x1. Glazing U-value W/m²K 3, 1.5, 0.8

x2. g-value SHGC 0.4, 0.3

x3. N-glazing area % 0, -50

x4. S-glazing area % 0, -50, -30, +30

x5. E-glazing area % 0, -50, -30, +30

x6. W-glazing area % 0, -50, -30, +30

x7. S-louvre D/H ratio 0, 0.4, 0.6, 0.8

x8. E-louvre D/H ratio 0, 0.2, 0.4, 0.6

x9. W-louvre D/H ratio 0, 0.2, 0.4, 0.6

x10. Wall Insulation (MW) mm 0, 50, 80, 120

x11. Roof Insulation (XPS) mm 0, 120, 150, 180

x12. Frame U-value W/m²K 9.5, 0.549, 0.287

x13. Infiltration Rate m3/(m2.h)@50Pa 30, 7, 2

x14. NV control - None, dT, nightpurge

x15. HVAC system - VRF, ASHP

x16. MVHR control -
None, 7-19 weekdays,
nightcycle, weekends

HVAC System Alternatives

HVAC system alternatives included in the optimisation framework consisted of the

existing baseline VRF system and an ASHP alternative. Since both mechanisms

operate in a similar way, based on refrigerant cycles, it was assumed that both

heating and cooling will also be supplied by the ASHP, via the same distribution

piping network. The presence of a NGB to accompany the VRF system was
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retained for the baseline model. For the ASHP, it was assumed that the NGB will

be replaced with the ASHP, to serve radiators in WCs and circulation spaces.

MVHR System and Controls

MVHR was not present in the existing building, with the exception of intended

servicing to the lower ground floor. Since the basement air-handling unit was non-

operational, the baseline was modelled as naturally ventilated only. Alternative

scenarios assumed the addition of an MVHR system to supply mechanical venti-

lation at the zone-level via fan coil unit (FCU)s. MVHR scheduling alternatives

included weekday, nightpurge and weekend operation.

Frame Insulation and Infiltration Rates

To improve the thermal performance of the thermally-bridged iron window frames,

0.05m and 0.1m PIR insulation closers were added, as detailed in Appendix H.2.

This intervention reduced the frame U-value from 9.5 W/m2.K to 0.549 W/m2.K

and 0.287 W/m2.K, respectively. Estimated infiltration rates were interpolated

from a field study on the airtightness of nineteenth-century buildings, acknowledg-

ing that heritage buildings are anticipated to have higher air leakage rates than

current industry standards, even after window frame upgrades [192]. The PIR

closers correlated to estimated decreases in infiltration rates from 30 m³/hr/m² @

50 Pa to 7 m³/hr/m² @ 50 Pa and 2 m³/hr/m² @ 50 Pa.

Material Choices for Paneling and Louvres

Replacement panelling and louvre additions were assumed to be manufactured in

wood to align with the material pallet of the building. This also allowed for the

comparison of the favourability of these ECMs when a lower carbon alternative

is opted for - when reporting biogenic carbon - versus the high-carbon aluminium

additions to CS1.
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5.3.2 Modelling Inputs: Carbon Calculations

Life-cycle EC emissions were calculated on a FU basis, accounting for the various

life-cycle stages as specified in BS EN 15978:2011 [17]. For building fabric, the

FU was 1m2 of the respective build-up. Where HVAC related EC emissions were

included, the FU adopted was 1 unit of the relevant equipment.

EC: Fabric

The EC emissions associated with CS2 primary building elements are detailed in

Table 5.5. These values were determined using the LCA stages and calculation

methodology outlined in section 3.3.6. As per the RICS Professional Standard

[19], assumptions were made concerning the usual manufacturing location, waste

rate, and expected lifespan of each building material. All values in Table 5.5 are

presented with respect to a functional unit of 1m2 equivalent surface area of the

relevant building material. For a comprehensive overview of LCA assumptions

and results, along with the sources utilised to formulate these assumptions, please

refer to Appendices F.4 and D.
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Element FU Build-up
Volume/FU
(m3/FU)

Manu-
facture
(L/N/E)

Waste
rate
(%)

Lifespan
(yrs)

EC excl.
biogenic
(kgCO2e/FU)

Biogenic
(kgCO2e/FU)

Total EC
incl. biogenic
(kgCO2e/FU)

Roof m2

Asphalt finish
RC cast concrete
Reinforcement mesh
EPS insulation
+/-XPS insulation
Plasterboard soffit

0.010
0.300
0.003
0.040
0.120-0.180
0.012

L
L
N
N
N
N

5
5
15
5
5
5

30
75
75
40
40
30

5.37
112.45
44.07
11.43
41.68-62.52
7.06

0.00
0.00
0.00
0.00
0.00
0.00

222.06-242.90

External Wall m2

Brick and mortar
Stainless steel brickties
Brick and mortar
MW insulation
+/- MW insulation
+/-Gypframe
Gypsum plasterboard

0.200
1.2E-06
0.100
0.040
0.050-0.120
0.000
0.012

N
N
N
N
N
N
N

20
3
20
15
15
3
5

75
75
75
75
75
75
30

120.45
0.04
60.31
8.68
10.85-26.04
6.75-9.13
6.91

0.00
0.00
0.00
0.00
0.00
0.00
0.00

213.99-231.56

Spandrel panel m2
Timber cladding
MW insulation
Gypsum plasterboard

0.026
0.170
0.025

E
N
N

5
15
22.5

30
75
30

59.25
36.89
17.66

-43.27
0.00
0.00

70.53

Single glazing
+ secondary

m2 - 0.003 E 5 40 25.31 0.00 25.31

Double glazing m2 - 0.003 E 5 40 24.72 0.00 24.72

Triple glazing m2 - 0.003 E 5 40 26.38 0.00 26.38

PIR closer m2 PIR insulation
Gypsum plasterboard

0.05-0.1
0.039

N
N

15
5

75
30

12.56-25.12
23.11

0.00
0.00

35.67-48.23

Louvre m2 Timber 0.05 E 1 30 109.34 -79.85 29.49

Table 5.5: Calculated EC of construction elements for CS2, including materials, volume per FU, assumptions impacting the
calculations, and total EC for each element. Items shown in red are interventions. Waste rates obtained from [163]; expected
lifespan from [77, 19]. Manufacture location: Local (L), National (N), European (E).
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Since double and triple glazing casement units in non-residential applications

typically incorporate aluminium window frames, it is assumed that the EC as-

sociated with framing was kept the same irrespective of the glazing alternatives.

With respect to the single glazed units, this EC refers to emissions associated with

the existing aluminium framed internal secondary glazing. The original, heritage

painted cast iron window frame is assumed to be retained and thus no replace-

ment cycles are included. Since frame EC was kept the same across scenarios,

differences in the EC contribution of glazing alternatives were driven by the emis-

sions associated with the glass panels. For single with secondary double glazing,

this consisted of one pane of 3 mm glass to account for the internal glazed panel,

with an ICE V3 value of 1.44 kgCO2e/kg, compared to 1.63 kgCO2e/kg and 1.75

kgCO2e/kg for double and triple glazing respectively [59].

40mm100mm

Gypsum 
plasterboard 

12.5mm

Steel studs

Existing MW 
insulation

@@ins1@@
0-120mm

200mm

Air cavity

Brick

Stainless steel 
brickties

Figure 5.3: Assembly section: CS2 external wall build-up demonstrating the po-
sition of additional internal MW insulation (@@ins1@@).

The modelled external wall build-up is depicted in Figure 5.3, aligning with the

baseline U-values specified in architectural plans, and typical materials as guided

by industry standards [179]. Insulation and gypframe additions to the external

wall were included in varying thicknesses of 0, 50, 80, 120mm and positioned

internally to the existing insulation layer. Typical sizing, frequencies and spacing

of metal elements were established through expert elicitation.

EC: Systems

The EC of the existing VRF system serving CS2 was calculated following a simi-

lar protocol as that in section 4.3.3. The overall procedure followed the life-cycle

stages used for all other building materials, described in section 3.3.6. However,

additional stages were incorporated to account for ‘in-use emissions’ (B1) and
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‘refrigerant disposal’ (CSR) [19]. These stages reflect the substantial carbon emis-

sions associated with refrigerant leakage during the use and end-of-life phases

respectively [55]. A strong positive correlation between VRF system mass and

rated capacity was established through manufacturers’ specifications (R2=0.84)

(see Appendix F). A1-A3 emissions associated with VRF material manufacture

were extrapolated on this basis to achieve the industrial-scale rated capacity re-

quirements for CS2. Refrigerant mass was also extrapolated from the linear corre-

lation with system mass (R2=0.96), shown in Figure 5.4b. The key differences in

life-cycle calculation assumptions between ASHP and VRF systems are presented

in Table 5.6, with further information on the selection of these inputs detailed in

section 4.3.3. Note, EC associated with ASHP and VRF distribution pipe net-

works were not included in the calculation, as it was assumed that any minor

discrepancies would have negligible impact on the optimisation process.

y = 6.6934x + 10.793
R² = 0.8389
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Figure 5.4: Correlation between RC, mass and refrigerant mass established from
literature and VRF specifications by manufacturers Carrier and Daikin [193, 194].

Table 5.6: EC calculation assumptions for ASHP versus VRF, obtained from
literature, manufacturers’ specifications and government guidelines [189, 195, 196].

System type ASHP VRF

FU unit unit
Manufacture E E
Expected lifespan 22 yrs 22 yrs
Refrigerant type R-32 R-32
In-use refrigerant leakage rate 3.8% per yr 6% per yr
Refrigerant EOL recovery rate 98% 90%
GWP 675 675
Material recovery rate 96% 96%
Nominal COP 3.2 4.1

Natural Gas Boiler (NGB)

The EC of existing boiler replacement cycles were included in the baseline HVAC

model, serving radiators in WCs and circulation spaces only. The calculations
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followed the same methodology as that for ASHP and VRF systems. A1-A3 man-

ufacturing emissions were scaled up from values obtained from literature, based

on the simulated NGB rated capacity [55]. A strong positive linear correlation

between system rated capacity and mass was observed from manufacturers’ speci-

fications (R2=0.91), used to obtain values for additional life-cycle stages. Further

details relating to the NGB carbon calculation assumptions can be found in Ap-

pendix F.1. It should be noted that the relative contribution of the NGB system is

minor in comparison to the refrigerant-based systems previously discussed, which

supply heat to the majority of zones.

MVHR

The EC of the MVHR systems deployed in non-circulation spaces also followed the

same EN 15978 guidance [17]. Manufacturers’ specifications were scaled to meet

commercial-scale requirements with a simulated design volumetric air flow rate of

14,690 m3/h (including a 10% safety factor). This was assumed to require scaled-

out operation, with EC assumptions relating to three separate units, each with a

maximum air flow rate of 4950 m3/h, as per available manufacturers’ specifications

[197]. Materials were scaled by weight to meet the 625 kg per unit estimation.

Since existing ventilation duct-work serves basement zones only, the carbon asso-

ciated with implementation of new duct-work was also approximated based on the

design floor area. The EC related to duct-work manufacture and installation to

serve approximately 4,105 m2 conditioned internal area was scaled up from equiv-

alent residential systems [198]. Assumptions include a single replacement cycle

over a 50-year lifespan for PVC ductwork, and a recovery rate calculated based

on materials weight-to-weight ratios. Drawing from ProAir’s EPDs, the study

assumes 100% recycling of metals, plastics, aligning with assumptions from RICS

guidance [77, 19, 198]. Further details are provided in Appendix F.3.

OC emissions

OC emission pathways aligned with the grid electric and natural gas carbon emis-

sion factor pathways described in section 3.3.7. Both VRF and ASHP systems

adopted the same electricity carbon emission factor pathways.

5.3.3 Modelling Inputs: Cost Calculations

CapEx

The LCC of various building componenets are summarised in Table 5.7, calculated

following the ISO 15686-5:2017 protocol described in section 3.3.6 [18]. Costs for

glazing include aluminium framed casement units; for single glazing, respective

costs are attributed to the replacement of the aluminium framed internal secondary

glazing. Double and triple glazing price ranges reflect adjustments for SHGC

values from 0.4 to 0.3. All values were interpolated based on available data [167];
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more extensive details of interpolations, including material and labour costs, are

provided in F.6, F.7, F.9.

Element FU Build-up
Volume/FU
(m3/FU)

Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

LCC
(£)

Total LCC
(£)

Roof m2

Asphalt finish
RC cast concrete
Reinforcement mesh
EPS insulation
+/-XPS insulation
Plasterboard soffit

0.010
0.300
0.003
0.040
0.120-0.180
0.012

25.56
142.21

17.79
32.24-57.33
24.51

30
-
-
40
40
30

10.53
142.21

5.45
9.88-17.58
10.10

36.09
284.42

23.24
42.13-74.91
34.61

420.49-453.27

External Wall m2

Brick and mortar
Stainless steel brickties
Brick and mortar
MW insulation
+/- MW insulation
+/-Gypframe
Gypsum plasterboard

0.200
1.2E-06
0.100
0.040
0.050-0.120
0.000
0.0120

131.77
1.85
90.87
4.03
4.79-8.17
3.62-4.89
24.51

-
-
-
-
-
-
30

-
-
-
-
-
-
10.10

131.77
1.85
90.87
4.03
4.79-8.17
3.62-4.89
34.61

27154-276.19

Spandrel
panel

m2
Timber cladding
MW insulation
Gypsum plasterboard

0.026
0.170
0.025

113.81
10.58
24.51

30
-
30

46.89
-
10.10

160.70
10.58
24.51

195.79

Secondary
glazing

m2 Secondary glazing
aluminium frame

- 400.00 40 122.62 522.62 522.62

Double glazing m2 Double glazed casement
aluminium window frame

- 609.07-652.06 40 186.71-199.89 795.78-851.95 795.78-851.95

Triple
glazing

m2 Triple glazed casement
aluminium window frame

- 812.51-855.50 40 249.08-262.26 1061.59-1117.76 1061.59-1117.76

PIR closer m2 PIR insulation
Gypsum plasterboard

0.05-0.10
0.0393

43.56
76.96

-
30

-
31.71

43.56-52.25
108.67

152.23-160.92

Louvre m2 Timber 0.05 109.50 30 45.11 154.61 154.61

(a) Fabric

Element FU
Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

Total LCC
(£)

VRF 67 kW* unit 18,803 20, 40 16,175 34,978

ASHP 64 kW* unit 34,663 22, 44 29,208 63,871

NGB 19 kW* unit 2,471 22, 44 2,082 4,552

MVHR 14,690 m3/h unit 26,464 20, 40 22,765 49,230

(b) Systems *Extrapolated according to calculated rated capacity
from each simulation run. Systems in black are present in the ex-
isting building.

Table 5.7: Calculated CapEx of construction elements for CS2, including materi-
als, volume per FU and replacement costs. Items shown in red are interventions.
Expected lifespan from [77, 19].

OpEx

Fuel price pathways followed the fluctuating fuel price assumptions outlined in

section 3.3.7.
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5.4 CS2: Framework Implementation

5.4.1 Life-cycle optimisation results

This section presents CS2 results of the life-cycle optimisation process for the

‘S1:Best-case’ scenario, described in chapter 3.3.7. Alternative decarbonisation

pathways are explored in the following section 5.4.2.

Pareto Optimal Solutions

Characteristics of the pareto optimal solution set are shown in Table 5.5b, along-

side LCCF and LCC values. The pareto front ranged from 894-1029 £/m2 for

LCC and from 393-467 kgCO2e/m2 for LCCF over the 60 year time frame. Two

separate regions of the search space relating to the heating system alternatives can

still be observed, albeit representing less distinct regions than those in CS1 and

CS3. The LCCF of the VRF pareto group is on average 37.9 kgCO2e/m2 (+10%)

greater than that of the ASHP. The differentiation between heating systems in

terms of LCC is less apparent upon visual inspection, with an observable over-

lap between pareto solutions from different groups. Despite the relatively weak

magnitude of impact of SHGC on LCCF and LCC, a preference for the lower

SHGC value of 0.3 is seen across 88% of solutions. A reduction in WWR of 50%

was most common amongst pareto solutions, particularly on the South, East and

West facades. A variety of louvre D/h geometries were present. The use of MVHR

weekday operation with NV deltaT appeared in almost all pareto optimal solutions

when aligned with the VRF heating strategy. However, under ASHP operation,

the implementation of MVHR was not present in any optimal solution.

Relative Impact of Variables on LCCF and LCC

The relative impact of independent ECM variables on LCCF and LCC was as-

sessed through linear regression analysis. Aggregation of unstandardised linear

model coefficients across each level within a categorical variable resulted in overall

weighted coefficients (β), serving as a measure of the relative impact of changes in

design parameters. The weighted coefficients for each variable are shown in Figure

5.6.

Heating System (P0)

The heating system appeared to be a significant predictor of both LCCF and

LCC. Compared to VRF systems, ASHPs exhibited a notably lower carbon foot-

print, as evidenced by the negative weighted coefficient (β: -38.7), relative to the

baseline. Both heating sources can be characterised as having high efficiencies

(nominal COP: 3.2-4.1), with refrigerant leakage and recovery rates being the key

determinant of LCCF differentiation. The lower ASHP emissions were associated

with an increase in LCC (β: +10.3). The results suggest that buildings equipped
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(a) Optimised LCCF and LCC values.

#
Heating
System

Glazing
Type

SHGC
North
WWR

South
WWR

South
Louvre
D/H

East
WWR

East
Louvre
D/H

West
WWR

West
Louvre
D/H

IWI
Ins.
mm

Roof
Ins.
mm

Frame
U-value
W/m2.K

Infiltr.
Rate
ACH

MVHR
Control
Strategy

NV
Control
Strategy

1 VRF Double 0.3 -50% -50% 0.6 -50% 0 -50% 0.2 0 0 0.287 0.1 No MVHR Nightpurge

2 VRF Single 0.4 0% -50% 0 -50% 0 -50% 0.4 0 0 0.287 0.1 Weekday deltaT

3 VRF Single 0.3 0% -50% 0 -50% 0 -50% 0.2 0 0 0.287 0.1 Weekday deltaT

4 VRF Double 0.3 -50% -50% 0.4 -50% 0 -50% 0 0 0 0.287 0.1 Weekday deltaT

5 VRF Double 0.3 -50% -50% 0 -50% 0 -50% 0.4 0 0 0.287 0.1 Weekday deltaT

6 ASHP Single 0.3 0% 0% 0 0% 0 0% 0.2 0 0 0.287 0.1 No MVHR Nightpurge

7 ASHP Single 0.3 0% 0% 0.4 -50% 0 0% 0 0 0 0.287 0.1 No MVHR Nightpurge

8 ASHP Single 0.3 0% -50% 0.6 -50% 0 -50% 0 0 0 0.287 0.1 No MVHR Nightpurge

9 ASHP Double 0.4 -50% -50% 0.4 -50% 0 -50% 0 0 0 0.287 0.1 No MVHR Nightpurge

10 ASHP Double 0.3 -50% -50% 0.4 -50% 0 -50% 0 0 0 0.287 0.1 No MVHR Nightpurge

11 ASHP Single 0.3 0% -50% 0 -50% 0 -50% 0 0 0 0.287 0.1 Weekday Baseline

12 ASHP Single 0.3 0% -30% 0.4 -50% 0.6 -50% 0.2 0 0 0.287 0.1 Weekday Baseline

13 ASHP Double 0.3 -50% -50% 0.4 -50% 0.2 -50% 0 0 0 0.287 0.1 Weekday Baseline

14 ASHP Double 0.3 -50% -30% 0 -50% 0.2 -50% 0 0 0 0.287 0.1 Weekday Baseline

15 ASHP Double 0.3 -50% 30% 0 -50% 0.4 -50% 0 0 0 0.287 0.1 Weekday Baseline

16 ASHP Single 0.3 0% 30% 0 -50% 0 30% 0 0 0 0.287 0.1 Weekday Baseline

17 ASHP Triple 0.3 0% 30% 0.4 -50% 0 30% 0 0 0 0.287 0.1 No MVHR Nightpurge

(b) Parameters of optimised solution set for CS2.

Figure 5.5: NSGA-ii optimisation results for CS2 scenario 1.
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Variable Variable

P0 Heating System P6 West-WWR | D/H Ratio
P1 Glazing Type P7 Internal Wall Insulation
P2 SHGC P8 Roof Insulation
P3 North-WWR P9 Frame U-value | Infiltration Rate
P4 South-WWR | D/H Ratio P10 MVHR | NV Operation
P5 East-WWR | D/H Ratio

(a) Categorical variables.
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Figure 5.6: Weighted coefficients (β) of categorical variables in linear regression
analysis for Scenario 1.

with ASHP systems contribute less to overall carbon emissions compared to those

relying on VRF technology, but may incur greater costs over the building’s life-

cycle.

Glazing Type (P1, P2)

Glazing type also demonstrated a significant impact on both t1 and t2, although

the magnitude of the coefficients varied. Transitioning from single (with secondary

glazing) to double or triple-glazed windows led to a significant reduction in carbon

emissions (β: -2.0) and increase in model predicted LCC (β: +11.1). The size of

this impact was greater upon implementation of triple glazing over double glazing

(see Appendix J.1), with respect to both LCCF and LCC. However, the magnitude

of impact on carbon savings suggests a relatively smaller influence compared to

other factors. A decrease in SHGC from 0.4 to 0.3 had a marginal negative impact

on both metrics, indicating that associated upfront carbon and costs were typically

offset over the 60 year timeframe.
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WWR | Louvre D/H Ratio (P3-P6)

Alterations in WWR and louvre D/H ratios showcased varying effects on both t1

and t2. Overall, these variables presented relatively nuanced impacts (LCCF β:

-1.8 to +0.6; LCC β: -1.6 to +3.4), with some configurations leading to reductions

and others to increases in carbon emissions and costs. Amongst these alternatives,

the model indicates that 50% reduction in West facade glazing combined with

West louvre 0.4 D/h ratio had the greatest significant impact on LCCF reduction.

The magnitude of their coefficients indicates relatively modest contributions (see

Appendix J.1), which may be substantial upon optimisation across all facade

orientations. A 50% reduction in WWR on the East and West facades had the

greatest impact across geometry alternatives, irrespective of associated D/H ratios.

Insulation Thickness (P7, P8)

By contrast, the addition of internal insulation to the external wall and roof re-

sulted in significant positive correlations to both LCCF and LCC, indicating that

the carbon and cost value of further additions to building envelope insulation were

either ineffectual or counter-effective. For example, a comparison of two identi-

cal solutions with +80 mm and without IWI additions demonstrates the offset of

OC savings (-4.8 kgCO2e/m2) by the associated EC (+12.6 kgCO2e/m2). Simi-

larly, operating cost reductions (-4.2 £/m2) were outweighed by upfront costs of

5.2 £/m2, indicating a limited benefit to insulation beyond that included in the

existing build-up, with a U-value of 0.2 W/m2.K.

Frame U-value | Infiltration Rate (P9)

The addition of PIR insulation closers to the cast iron window frame resulted in

a significant reduction in both LCCF (β: -20.9) and LCC (β: -25.1), indicating

that the EC and CapEx associated with the frame upgrades are substantially off-

set by OC savings. The most pronounced impact was observed under the highest

insulation level of 100 mm, achieving a frame U-value of 0.287 W/m2.k and infil-

tration rate of 0.1 ACH. This suggests that upgrading the window frames could

yield significant financial and environmental benefits, although potential conflicts

with listed building regulations should be considered.

Ventilation Strategy (P10)

Whilst the overall impact of ventilation strategies represented a large decrease in

LCCF (β: -19.8) for marginal increases in LCC (β: +1.4), the magnitude of this

impact was largely dependent on the NV and MVHR strategy combination. The

operation of MVHR during weekday occupied hours, compounded with deltaT NV

had the greatest magnitude of impact on LCCF reduction relative to the baseline

(B: -43.3), and also resulted in a significant decrease in LCC (B: -23.9), indicating

that the CapEx associated with MVHR implementation was sufficiently offset by
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reductions in OpEx. MVHR weekend operation with deltaT NV offered the second

lowest LCCF alternative (B: -19.3), as shown in Appendix J.1.
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5.4.2 Scenario analysis

This section compares results from the ‘grid-average’ scenario (S1) presented in the

previous section, with those from alternative decarbonisation pathways described in

Table 5.8 and section 3.3.7.

Table 5.8: Summary of grid decarbonisation rate scenario alternatives; both S1
and S2 adopt the fluctuating fuel price pathways described in section 3.3.7.

Scenario Description

S1 ‘Best-case’ : Electric grid carbon emissions decline rapidly from 2020 to 2030, plateauing at 2033.

S2
‘Worst-case’ : BAU; incline in electric grid carbon emissions until 2025, thereafter declining gradually
towards a plateau at 2042.

LCCF and LCC optimisation results for S1 and S2 are shown in Figure 5.7. For

pareto optimal design interventions relying on the existing VRF and NGB systems,

LCCF ranged from 426 kgCOe/m2 to 774 kgCO2e/m2 across decarbonisation sce-

narios, with an average increase by a factor of 1.6 (+269 kgCO2e/m2) from S1

to S2. Across ASHP solutions, LCCF values ranged from 395 kgCO2e/m2 to 747

kgCO2e/m2, with a slightly greater average relative increase between scenarios

(x1.8). In S1, ASHP based solutions offered a lower LCCF alternative to VRF,

despite a 17% increase in operational energy loads, driven by lower refrigerant-

related emissions and the absence of gas-based technologies. The difference in

LCCF between heating system alternatives is more substantial in S1 than S2, un-

der a lower electricity CEF scenario, since the relative proportion of refrigerant

emissions to overall LCCF is considerably higher (see section 5.4.2). In addition,

greater differentiation between electricity and gas CEFs under a more optimistic

energy outlook (S1) (as outlined in section 3.3.7) leads to a larger share of NGB

OC emissions to overall LCCF, although this impact is marginal by comparison.

Whilst the impact of heating system alternatives remains the predominant

driver of LCCF in S1, for S2, wider variances can be observed across pareto alter-

natives within each group than between ASHP and VRF solution sets. Intra-

group variances in LCCF appeared to be largely impacted by the ventilation

strategies adopted; variances are minimal in ‘S1 ASHP’ when ventilation strate-

gies are consistent across all pareto solutions, whereas mixed ventilation control

strategies led to wider ranges in EC and OC emissions. Pareto solutions with no

MVHR and nightpurge ventilation controls resulted in approximately 3-7% (+23-

49 kgCO2e/m2) increase in LCCF compared to solutions with MVHR weekday

operation and deltaT NV. Whilst the absence of MVHR led to lower EC emis-

sions, this was off-set by increased electricity operational energy consumption and

a greater reliance on NGB heating energy use as back-up during peak consump-

tion periods. With respect to LCC, differences in average values from S1 to S2 of

<10 £/m (1%) were observed, demonstrating minor discrepancies across optimal

solution sets when the same fuel price projections were applied in both scenarios.

115



S1, VRF

S1, ASHP

S2, VRF

S2, ASHP

0

200

400

600

800

1000

1200

0 100 200 300 400 500 600 700 800 900

Li
fe

-C
yc

le
 C

os
t (

£
/m

2)

Life-Cycle Carbon (kgCO2e/m2)

CS2 LCCF vs LCC across decarbonisation scenarios (S1-2)

Figure 5.7: LCCF vs. LCC Comparison of pareto optimal solutions across decar-
bonisation scenarios. Points show group averages; error bars represent ranges.

Embodied vs. operational carbon emissions

The impact of grid decarbonisation and fuel price projections on the proportion of

various LCCF components is depicted in Figure 5.8. Across all scenarios, OC ac-

counts for a lower proportion of overall LCCF emissions (<65%) relative to values

obtained from similar studies in the literature [76]. This reflects the implementa-

tion of electricity-based VRF and ASHP heating systems where, even under slower

decarbonisation rates a much lower electricity CEF can be expected compared to

the ‘2022 fixed’ value of 0.155 kgCO2e/kWh (S2: 0.062 kgCO2e/kWh, 60-yr aver-

age). Resulting EC emissions are estimated to account for approximately 60-68%

of the refurbished building’s LCCF under the S1 ‘best-case’ scenario and 35-42%

under the S2 ‘worst-case’ scenario.

Due to the high efficiency of both VRF and ASHP systems, lighting and power

operational emissions account for a much greater proportion of overall LCCF rel-

ative to heating and cooling OC emissions. Since all main services are fueled by

electricity, the ratio of each OC component changes proportionally under vary-

ing decarbonisation rates. With respect to EC emissions, the predominant driver

across all solution sets is the emissions associated with the initial and recurring

replacement of components on the external envelope, such as glazing. Services,

which includes EC emissions related to MVHR, NGB, VRF and ASHP compo-

nents, but largely driven by refrigerant leakage and EOL recovery, account for an

average of 17% of the LCCF across VRF solutions and 7% across ASHP solutions.
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Figure 5.8: Average share of embodied versus operational carbon components
across pareto solutions for scenarios 1 and 2.

Time-dependency of carbon impact

The aggregated year-on-year LCCF over the building’s 60 year life-span is shown

in Figure 5.9. A similar trend can be observed between pareto solutions relying

on the baseline VRF and NGB systems and the replacement ASHP. The trends

demonstrate steep positive trajectories until approximately 2033 and a step change

at the 2052 time-point, reflecting the EC associated with the replacement of several

building components, such as internal dry lining, partitions and spandrel panels.

Minor step changes were also noted at 2044 and 2066, accounting for the replace-

ment of the refrigerant based systems. These are slightly more pronounced across

VRF solutions, due to the higher refrigerant mass and lower associated EOL re-

covery rate (90% vs. 98%). In addition, the higher expected in-use refrigerant

leakage rate associated with VRF systems (6% vs. 3.8% per year) resulted in a

greater incline across VRF solutions relative to ASHP.

Furthermore, a steeper incline can be observed amongst S2 solutions in com-

parison to S1, particularly until 2030, reflecting the slower rate of electricity decar-

bonisation. Across S1 ASHP solutions, a relatively consistent year on year impact

can be observed from 2052, indicating that LCCF can be expected to be relatively

stable by the end of the building’s lifespan, with exceptions to step changes re-

lating to replacement cycles. For all other scenarios, the annual carbon intensity

of CS2 continues to increase beyond the building’s life-span, irrespective of design

alternatives.
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Figure 5.9: CS2 change in LCCF of pareto optimal solutions over time for scenario
1 and 2.
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CS2 Chapter Summary

This case study examines an office HE building typology, refurbished in

2010, featuring a mix of retrofitted thermal upgrades and preserved listed

architectural features. The space functions primarily as office areas. Results

indicate how a range of design interventions, including heating, ventilation,

and façade strategies, perform under diverse grid decarbonisation scenarios,

focusing on optimising life-cycle cost and life-cycle carbon performance. The

following observations were made:

Heating Strategies:

• Heating system type emerged as a key determinant of LCCF, particularly under

the S1:Best-case scenario.

• ASHP solutions achieved lower LCCF values than the VRF baseline, despite

higher operational energy loads, due to reduced refrigerant-related emissions

and reliance on gas-based technologies.

• Services accounted for a considerable proportion of EC emissions, due to refrig-

erant leakage and end-of-life recovery.

• S1 ASHP solutions demonstrate a relatively consistent LCCF after 2052, whilst

other scenarios continue to increase beyond the building’s lifespan, irrespective

of design alternatives.

Ventilation Strategies:

• Ventilation strategies, including airtightness measures, had a notable influence

on LCCF, following heating systems as a key determinant of carbon reduction.

• Updating ventilation strategies (P10) was among the most impactful measures

for reducing LCCF under S1:Best-case.

Façade Design:

• Window frame upgrades (P9) exhibited a strong impact on both LCCF and LCC

savings, emphasising the importance of targeted façade improvements.

General Observations:

• The higher LCCF values observed under the S2:Worst-case scenario, relative to

S1, were largely driven by a steep emissions incline to 2030.

• The relative contribution of EC to overall LCCF was high compared to studies

found in literature, owing to the implementation of electricity-based heating

systems and the quantification of grid-decarbonisation.
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Chapter 6

Case Study 3

6.1 Overview

Figure 6.1: CS3 profile.
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CS3: Student Accommodation

Refurbished in 2019, CS3 also experienced a significant expansion in floor area,

leading to a substantial rise in the number of bedrooms provided, with a greater

proportion of en-suite rooms. The refurbishment included the installation of metal

windows and spandrel panels, as well as the addition of an insulated brick slip

facade. Ceramic cladding, concrete vertical fins, and topframe components were

also incorporated into the building’s exterior. Primarily naturally ventilated, CS3

relies on natural gas boilers for heating and domestic hot water, with some boilers

retained from the pre-refurbishment building as they were not yet at the end of

their service life. The building does not provide mechanical cooling.

6.2 CS3: Model Development and Validation

6.2.1 Secondary Dataset Analysis

This section presents the pre-processing steps taken to prepare the secondary en-

ergy consumption datasets for use in model development and calibration.

A preliminary examination was carried out on the secondary dataset to eval-

uate data accuracy, replace missing data points, and address non-typical con-

sumption and usage trends. Measured monthly energy consumption was obtained

for an annual period from 2021-2022, following the completion of refurbishment

construction works in 2019.

Data Analysis and Cleaning: Electric Loads

Based on the quality of raw hourly electricity consumption data, the annual period

of May-21 to April-22 was selected for calibration of electricity consumption (data

completeness 94.5%). The building is almost entirely naturally ventilated, and

heating and domestic hot water is gas-supplied, thus electric loads relate to mains

power, lighting, fans, pumps and switchboards. Missing hourly data points were

extrapolated on the assumption of cyclic building occupancy behaviour patterns,

following the protocol summarised in Table 6.1. Exceptions to this protocol were

made to account for periods of reduced occupancy such as holidays. It should

be noted that early-2021 consumption data may have non-typical usage patterns

due to the impact of covid-19, however cross-validation against 2022 provided a

reasonably close correlation and 2022 data was utilised for the months of January

to April. High-resolution electricity consumption data was also available for for

various end use activities, including separate sub-metering for power, lighting,

lifts, gym lighting and power, comms and plant.
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Table 6.1: Data cleaning rules dependant on number of consecutive missing data
points for the CS3 metered hourly dataset.

No. missing
hourly data
points

Rule

<4 Average calculated from previous and subsequent non-NA values.
4<x<24 Average calculated from same time points from previous and subsequent day.
>24 Values interpolated from previous or subsequent year.

Data Analysis and Cleaning: Thermal Loads

Thermal loads related to natural gas boiler supplied heating and domestic hot

water usage. Metered fossil thermal energy consumption data for the building was

invalid, thus necessitating approximation based on monthly energy bills. Since this

approximation was a summation of both low-temperature hot water and domestic

hot water energy consumption, heating and domestic hot water were calibrated on

aggregate. For modelling purposes, the base load during occupied peak summer

periods was utilized to approximate the portion of the fuel supply dedicated to

domestic hot water, when heating was assumed to be mostly non-operational.

In lieu of more accurate dissaggregated data availability, the simplified approach

was considered a key limitation to the validity of the calibrated themal model.

The implications of calibration quality on the overall LCA-CCA framework are

discussed in section 8.3.2. Resulting predicted monthly fuel use is shown in Figure

6.2, alongside end-use dissaggregated electric loads.
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Figure 6.2: CS3: End-use dissaggregated metered monthly energy consumption
data for 2021-2022.

6.2.2 Model development

The baseline model was developed according to specifications from available design-

stage drawings, operation & maintenance manuals and on-site observations. The

122



primary modelled build-up consisted of an insulated brick-slip facade aligned with

additional insulation and the concrete substrate retained from pre-refurbishment,

achieving a U-value of 0.136 W/m2.K. Double glazed windows were incorporated

with an assumed U-value of 1.5 W/m2.K. The aluminium frame U-value was mod-

elled as 1.73 W/m2.K accounting for the insulating thermal break. An overview

of main modelled constructions and their thermal properties is provided in Table

6.2. A design airtightness of 5 m³/hr/m² @ 50 Pa was applied.

Table 6.2: CS3 primary constructions and thermal properties of existing building.

Construction Description
Thickness

(m)
U-value

(W/m2.K)

External wall 60mm insulated brickslip panel system, 120mm insulation infill, original concrete substrate 0.330 0.136

External roof 100mm roofing tiles, 160mm insulation board, 260mm cast concrete, 12mm plasterboard 0.533 0.181

Internal partitions 12.5mm plasterboard, air layer, 12.5mm plasterboard 0.162 0.624

External glazing Double glazed aluminium casement - 1.5

In response to the dataset observations summarised in Table 6.3, the following

updates were made to the baseline model.

• Occupancy, lighting and equipment schedules were updated to reflect term

time monthly and seasonal variations.

• Bedroom domestic hot water consumption rates were increased to reflect the

relative GIA of en-suites.

Detailed HVAC modelling incorporated the supply of heating to all main zones

via radiators. Combination boilers with a thermal efficiency of 0.92 supplied ra-

diators. domestic hot water is also provided by the NGB plant. Bedroom heat-

ing SP temperatures were set to 20°C during occupied periods, with a setback

temperature of 12°C during unoccupied periods. The building was modelled as

predominantly naturally ventilated, for calibration purposes. However, for further

investigation within the CCA-LCA optimisation process, mechanical cooling is

integrated into the model.
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Table 6.3: CS3 operational energy use dataset observations.

Category Observations

Occupancy

profile

• Monthly and seasonal occupancy variation based on term times

• Indication of building operation over summer months

• Indication of reduced capacity over summer months, particularly in

July

HVAC

operation

• Heating and domestic hot water account for significant proportion of

energy end-use

• Main zones supplied via NV only

Lighting

& power
• High L+P baseload

6.2.3 Calibration Results

The various sub-metering groupings are presented in Table 6.4, alongside monthly

calibration results using May 2021 to May 2022 climate data. Compliance with

ASHRAE Guideline 14 criteria, which necessitates monthly CVRMSE to remain

below 15% and NMBE within ±5%, was achieved for all sub-metered end uses. For

dissaggregated electricity and gas fuel consumption, results were calibrated at the

building-level. These findings demonstrate that the calibrated model sufficiently

meets the ASHRAE Guideline 14 criteria, indicating a close proximity between

monthly metered and simulated outputs.

Table 6.4: Calibration results for CS3. Target monthly validation criteria:
Cv(RMSE) 15%, NMBE ± 5% [176].

Level End Use Cv(RMSE)(%) NMBE(%)

Building Electricity 11 5
Building Natural Gas 15 1
Gym L+P 8 -2
Building Comms 2 0
Building Plant 8 2
Building Lift 11 -2
Building All 10 2
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6.3 CS3: Framework Development

This chapter presents outputs from the implementation of various stages of the

life-cycle optimisation framework on CS3 (outlined in Figure 3.8). Firstly, the

included sub-set of ECMs are described. Normalised FU LCA calculation results

are then presented for the refined ECM solution set and integrated into the NSGA-ii

GA. Section 6.4.1 discusses the life-cycle optimisation results for a single scenario.

Finally, outputs are compared to findings from alternative grid decarbonisation and

cost scenarios.

6.3.1 ECM selection

The final solution set included in the GA optimisation process is presented in

Table 6.5. As a result of preliminary testing, the number of possible solution

combinations reduced from 424,673,280 to 4,300,800. Details relating to CS3-

specific ECMs are described in this section.

Table 6.5: Assigning genes and variable alterantives for implemention into the
multi-objective optimisation framework.

Gene Variable Metric CS2 Variants

x1. Glazing U-value W/m²K 1.5, 0.8

x2. g-value SHGC 0.4, 0.3

x3. NE-glazing area % 0, -50

x4. NW-glazing area % 0, -50

x5. SE-glazing area % 0, -50, -30, +30

x6. SW-glazing area % 0, -50, -30, +30

x7. SE-louvre D/H ratio 0, 0.2, 0.4, 0.6, 0.8

x8. SW-louvre D/H ratio 0, 0.2, 0.4, 0.6, 0.8

x10. Wall Insulation (MW) mm -50, 0, 50, 80

x11. Roof Insulation (XPS) mm 0, 50, 80, 120

x12. Frame U-value W/m²K 1.735, 0.391, 0.223

x13. Infiltration Rate m3/(m2.h)@50Pa 5, 3, 1

x14. NV control - None, dT, nightpurge

x15. HVAC system - NG, ASHP

x16. MVHR control -
None, 7-19 weekdays,
nightcycle, weekends

Frame U-Values

The frame U-values were systematically calculated for each 50mm increment of

PIR insulation and plasterboard, as demonstrated in Appendix H.2. The base-

line U-value was set in accordance with the existing aluminum casements with a

thermal break, measuring 1.735 W/m²K, equating to a baseline airtightness of 5

m³/hr/m² @ 50 Pa.
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Night Purge Ventilation

Night purge ventilation was implemented in the kitchens and circulation spaces

between the hours of 22:00 and 05:00, with a minimum outdoor temperature of

17°C and a maximum differential temperature of 2°C. Nightpurge NV control was

not applied in bedrooms to allow for personal control of the environment.

MVHR

MVHR systems were added to supply all primary space use functions, includ-

ing kitchens, bedrooms, and offices. Circulation spaces and similar areas were

excluded. The air change rates applied aligned with NCM standards for each

respective space type.

Spandrel Panels

Spandrel panels were introduced to replace glazed sections for WWR reductions.

The new panels were assumed to be aluminum, consistent with the existing alu-

minum spandrel paneling in the baseline building.

Internal Wall Insulation

Considering the low indicative external wall U-value (already below Part L require-

ments), both the reduction and addition of mineral wool insulation were adopted

as variable alternatives. In reducing the existing insulation build-up by 50 mm

during future refurbishment cycles, the resulting external wall U-value remains

below the Part L standard (<0.18 W/m²K) [179].

Material Choices

Wooden louvres were selected instead of aluminum louvres, due to their lower EC

(when reporting biogenic carbon) and lower CapEx.
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6.3.2 Modelling Inputs: Carbon Calculations

EC: Fabric

The EC emissions associated with CS3 primary building elements are detailed in

Table 5.5. These values were determined using the LCA stages and calculation

methodology outlined in section 3.3.6. As per the RICS Professional Standard

[19], assumptions were made concerning the usual manufacturing location, waste

rate, and expected lifespan of each building material. All values in Table 6.6 are

presented with respect to a functional unit of 1m2 equivalent surface area of the

relevant building material. For a comprehensive overview of LCA assumptions

and results, along with the sources utilized to formulate these assumptions, please

refer to Appendix G.1 and D.
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Element FU Build-up
Volume/FU
(m3/FU)

Manu-
facture
(L/N/E)

Waste
rate
(%)

Lifespan
(yrs)

EC excl.
biogenic
(kgCO2e/FU)

Biogenic
(kgCO2e/FU)

Total EC
incl. biogenic
(kgCO2e/FU)

Roof m2

Roofing tile
XPS insulation
RC cast concrete
Reinforcement mesh
+/-XPS insulation
Plasterboard soffit

0.100
0.160
0.260
0.003
0.050-0.120
0.013

L
N
L
N
N
N

5
5
5
15
5
5

75
40
75
75
40
30

17.42
55.58
104.05
44.07
17.37-41.68
7.35

0.00
0.00
0.00
0.00
0.00
0.00

245.84-270.15

External Wall m2

Brick slip
Stainless steel screw
PUR insulation
MW insulation
Cast concrete
+/-MW insulation
+/-Gypframe
Gypsum plasterboard

0.017
1.87E-05
0.043
0.120
0.150
-0.050-0.080
0.000
0.012

N
N
N
N
L
N
N
N

20
3
15
15
5
15
3
5

75
75
75
75
75
75
75
30

10.22
0.67
10.80
26.04
54.08
-10.85-17.49
-6.77-7.90
6.91

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

91.1-134.11

Spandrel
panel

m2
Aluminium cladding
MW insulation
Gypsum plasterboard

0.002
0.170
0.025

N
N
N

1
15
22.5

30
75
30

73.17
36.89
17.66

0.00
0.00
0.00

127.72

Double glazing m2 - 0.003 E 5 40 24.72 0.00 24.72

Triple glazing m2 - 0.003 E 5 40 26.38 0.00 26.38

PIR closer m2 PIR insulation
Gypsum plasterboard

0.05-0.1
0.039

N
N

15
5

75
30

12.56-25.12
23.11

0.00
0.00

35.67-48.23

Louvre m2 Timber 0.05 E 1 30 109.34 79.85 29.49

Table 6.6: Calculated EC of construction elements for CS3, including materials, volume per FU and assumptions impacting the
calculations. Items shown in red are interventions. Waste rates obtained from [163]; expected lifespan from [77, 19]. Manufacture
location: Local (L), National (N), European (E).
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Figure 6.3: Assembly section: CS3 external wall build-up demonstrating all el-
ements included in EC calculations and the position of additional internal MW
insulation (@@IWI@@).

The modelled external wall build-up is depicted in Figure 6.3, aligning with the

baseline U-values specified in architectural plans, and typical materials as guided

by industry standards [179]. Insulation and gypframe additions to the external

wall were included in varying thicknesses of 0, 50, 80mm and positioned internally

to the existing concrete/clay substrate layer. An IWI reduction of 50mm from the

baseline mineral wool thickness was also considered in the replacement. Typical

sizing, frequencies and spacing of metal elements were established through expert

elicitation.

EC: Systems

MVHR

The EC of the MVHR systems deployed in non-circulation spaces also followed

the same EN 15978 guidance [17]. Manufacturers’ specifications were scaled to

meet commercial-scale requirements with a simulated design volumetric air flow

rate of 43,416 m3/h (including a 10% safety factor). This was assumed to require

scaled-out operation, with EC assumptions relating to four separate units, each

with a maximum air flow rate of 11,000 m3/h, as per available manufacturers’

specifications [197]. Materials were scaled by weight to meet the 1,421 kg per

unit estimation. The carbon associated with implementation of new duct-work

was also approximated based on the design floor area. The EC related to duct-

work manufacture and installation to serve approximately 6,437 m2 conditioned

internal area was scaled up from equivalent residential systems [198]. Assumptions
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include a single replacement cycle over a 50-year lifespan for PVC ductwork, and a

recovery rate calculated based on materials weight-to-weight ratios. Drawing from

ProAir’s EPDs, the study assumes 100% recycling of metals, plastics, aligning

with assumptions from RICS guidance [77, 19, 198]. Further details are provided

in Appendix F.3.

OC emissions

OC emission pathways aligned with the grid electric and natural gas carbon emis-

sion factor pathways described in section 3.3.7.

6.3.3 Modelling Inputs: Cost Calculations

CapEx

The LCC of various building componenets are summarised in Table 6.7, calculated

following the ISO 15686-5:2017 protocol described in section 3.3.6 [18]. Values were

interpolated based on available data [167]; more extensive details of interpolations,

including material and labour costs, are provided in Appendices G.3, G.4, G.5.

OpEx

Fuel price pathways followed the fluctuating fuel price assumptions outlined in

section 3.3.7.
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Element FU Build-up
Volume/FU
(m3/FU)

Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

LCC
(£)

Total LCC
(£)

Roof m2

Roofing tile
XPS insulation
RC cast concrete
Reinforcement mesh
+/-XPS insulation
Plasterboard soffit

0.100
0.160
0.260
0.003
0.050-0.120
0.013

36.26
45.44
100
-
19.18-32.24
24.51

-
40
-
-
40
30

-
13.93
-
-
5.88-9.88
10.10

36.26
59.37
100
-
25.06-42.13
34.61

255.30–272.37

External Wall m2

Brick slip
Stainless steel screw
PUR insulation
MW insulation
Cast concrete
+/-MW insulation
+/-Gypframe
Gypsum plasterboard

0.017
1.87E-05
0.043
0.120
0.150
-0.050-0.080
0.000
0.012

61.96
1.85
43.56
8.17
173.53
-4.79-6.23
-3.62-4.16
24.51

-
-
-
-
-
-
-
30

-
-
-
-
-
-
-
10.10

61.96
1.85
43.56
8.17
173.53
-4.79-6.23
-3.62-4.16
34.61

315.27-334.07

Spandrel
panel

m2
Aluminium cladding
MW insulation
Gypsum plasterboard

0.002
0.170
0.025

202.35
10.58
24.51

30
-
30

83.37
-
10.10

285.72
10.58
24.51

320.81

Double glazing m2 Double glazed casement
aluminium window frame

- 609.07-652.06 40 186.71-199.89 795.78-851.95 795.78-851.95

Triple glazing m2 Triple glazed casement
aluminium window frame

- 812.51-855.50 40 249.08-262.26 1061.59-1117.76 1061.59-1117.76

PIR closer m2 PIR insulation
Gypsum plasterboard

0.05-0.10
0.0393

43.56
76.96

-
30

-
31.71

43.56-52.25
108.67

152.23-160.92

Louvre m2 Timber 0.05 109.50 30 45.11 154.61 154.61

(a) Fabric

Element FU
Total Rate
(£)

Replacement
(yrs)

NPV-
adjusted
cost (£)

Total LCC
(£)

VRF 67 kW* unit 18,803 20, 40 16,175 34,978

ASHP 64 kW* unit 34,663 22, 44 29,208 63,871

NGB 19 kW* unit 2,471 22, 44 2,082 4,552

MVHR 14,690 m3/h unit 26,464 20, 40 22,765 49,230

(b) Systems *Extrapolated according to calculated rated capacity
from each simulation run.

Table 6.7: Calculated CapEx of construction elements for CS3, including materi-
als, volume per FU and replacement costs. Items shown in red are interventions.
Expected lifespan from [77, 19].
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6.4 CS3: Framework Implementation

6.4.1 Life-cycle optimisation results

This section presents the CS3 results from the life-cycle optimization process for

the ‘best-case’ scenario (S1), as described in Chapter 3.3.7. Alternative decarbon-

isation pathways are examined in section 6.4.2.

Pareto Optimal Solutions

Characteristics of the pareto optimal solution set are shown in Table 6.5. As

described in section 6.4.1, the two distinct regions represent the implementation

of heating system alternatives. The pareto front ranged from 708-1357 £/m2

for LCC and from 284-1159 kgCO2e/m2 for LCCF over the 60 year time frame,

with NGB solutions presenting the cheaper, more carbon-intensive alternative.

Within each search space, a region of higher LCC can be seen, representing the

addition of MVHR systems. In general, the additional CapEx required for the

implementation of MVHR outweighed OpEx benefits. The implementation of

MVHR alongside the baseline NGB heating system resulted in a wide search space

along the LCCF axis, indicating that for many design iterations, the combination

of certain MVHR and NV control strategies led to increased heating loads. For

ASHP-based design iterations, MVHR was not present in any pareto optimal

solution, suggesting that the EC and CapEx associated with the implementation of

MVHR and air distribution networks was not sufficiently offset by any operational

savings. Further GA optimisation of control strategies could help to enhance

operational benefits associated with MVHR adoption.
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S1 NGB Pareto Optimal Solutions

(b) NGB

#
Heating

System

Glazing

Type
SHGC

North-

West

WWR

South-

West

WWR

South-

West

Louvre

D/H

South-

East

WWR

South-

East

Louvre

D/H

North-

East

WWR

IWI

Ins.

mm

Roof

Ins.

mm

Frame

U-value

W/m2.K

Infiltr.

Rate

m3/m2.h

MVHR

Control

Strategy

NV

Control

Strategy

1 NGB Double 0.3 -50% -50% 0 -50% 0.4 0% -50 0 1.735 5 No MVHR Nightpurge

2 NGB Double 0.4 -50% -50% 0 -50% 0.4 0% -50 0 1.735 5 No MVHR Nightpurge

3 NGB Double 0.3 -50% -50% 0 -50% 0.4 0% -50 0 0.378 3 No MVHR Nightpurge

4 NGB Double 0.4 -50% -50% 0 -50% 0.4 0% -50 0 0.378 3 No MVHR Nightpurge

5 NGB Double 0.3 -50% -50% 0 -50% 0.4 0% -50 0 0.219 1 No MVHR Nightpurge

6 NGB Double 0.4 -50% -50% 0 -50% 0.4 0% -50 0 0.219 1 No MVHR Nightpurge

7 NGB Double 0.4 -50% -50% 0 -50% 0.4 -50% -50 0 0.219 1 No MVHR Nightpurge

8 NGB Double 0.4 -50% -50% 0 -50% 0.4 -50% 0 0 0.219 1 No MVHR Nightpurge

9 NGB Triple 0.4 -50% -50% 0 -50% 0.4 0% -50 0 0.219 1 No MVHR Nightpurge

10 NGB Triple 0.4 -50% -50% 0 -50% 0.4 -50% -50 0 0.219 1 No MVHR Nightpurge

11 NGB Triple 0.4 -50% -50% 0 -50% 0.4 0% 0 0 0.219 1 No MVHR Nightpurge

12 NGB Triple 0.4 -50% -50% 0 -50% 0.4 -50% 0 0 0.219 1 No MVHR Nightpurge

13 NGB Double 0.3 -50% -50% 0 -50% 0.4 0% -50 0 0.378 3 Weekday deltaT

14 NGB Double 0.3 -50% -50% 0 -50% 0.4 0% -50 50 0.219 1 Weekday deltaT

15 NGB Double 0.3 -50% -50% 0 -30% 0.4 0% -50 50 0.219 1 Weekday deltaT

16 NGB Triple 0.4 -50% -50% 0 -50% 0.4 0% -50 0 0.378 3 Weekday deltaT

(c) Parameters of optimised solution set for CS3 NGB.

#
Heating

System

Glazing

Type
SHGC

North-

West

WWR

South-
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WWR
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Roof

Ins.

mm

Frame

U-value

W/m2.K

Infiltr.

Rate

m3/m2.h

MVHR

Control

Strategy

NV

Control

Strategy

17 ASHP Double 0.3 -50% -50% 0 -50% 0.2 0% -50 0 1.735 5 No MVHR Nightpurge

18 ASHP Double 0.3 -50% -50% 0 -50% 0 0% -50 0 1.735 5 No MVHR Nightpurge

19 ASHP Double 0.3 -50% -50% 0 -30% 0 0% -50 0 1.735 5 No MVHR Nightpurge

20 ASHP Double 0.3 -50% -50% 0 0% 0 0% -50 0 1.735 5 No MVHR Nightpurge

21 ASHP Double 0.3 -50% -50% 0 30% 0.2 0% -50 0 1.735 5 No MVHR Nightpurge

22 ASHP Double 0.3 -50% -30% 0 30% 0.2 0% -50 0 1.735 5 No MVHR Nightpurge

23 ASHP Double 0.3 -50% 0% 0 30% 0.2 0% -50 0 1.735 5 No MVHR Nightpurge

(d) Parameters of optimised solution set for CS3 ASHP.

Figure 6.5: NSGA-ii optimisation results for CS3 scenario 1.
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Relative Impact of Variables on LCCF and LCC

The relative impact of independent design measures on LCCF and LCC was eval-

uated using linear regression analysis. By aggregating the unstandardised lin-

ear model coefficients across each level within a categorical variable, an overall

weighted coefficients (β) was derived, indicating the relative impact of changes in

design parameters. The weighted coefficients for each variable are illustrated in

Figure 6.6.
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Variable Variable

P1 Glazing Type P6 North East-WWR

P2 SHGC P7 Internal Wall Insulation

P3 North West-WWR P8 Roof Insulation

P4 South West-WWR | D/H Ratio P9 Frame U-value | Infiltration Rate

P5 South East-WWR | D/H Ratio P10 MVHR | NV Operation

(a) Categorical variables.
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Figure 6.6: Weighted coefficients (β) of categorical variables in linear regression
analysis for Scenario 1.
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Heating System (P0)

The heating system emerged as the predominant predictor of both LCCF and

LCC. The differentiation in LCCF and LCC resulting from heating system al-

ternatives under the S1 scenario was significant, as shown in Figure 6.4. Conse-

quently, linear regression analysis was conducted independently for each heating

system alternative to avoid distorting the impacts of other variables. ASHP-based

design iterations exhibited a substantially lower carbon footprint over the lifetime

relative to the baseline NGB system. This was despite an approximate tenfold

increase in estimated EC associated with ASHP heating systems due to system

refrigerant leakage and recovery rates. However, the greater thermal efficiency

(NGB η: 0.92; ASHP nominal COP: 3.2), combined with the lower electricity

CEF over the building’s lifetime compared to natural gas, resulted in an average

8-fold reduction in life-cycle OC emissions. These results suggest that buildings

equipped with ASHP systems contribute considerably less to overall carbon emis-

sions compared to those relying on NGB technology, although they may incur

higher costs over the building’s life cycle.

Glazing Type (P1, P2)

Transitioning from double to triple glazed windows led to a significant reduction

in model-predicted LCCF for design combinations relying on the baseline NGB

system (β: -6.4). However, when using ASHP as a more efficient electricity-based

heating source, upgrading to triple glazing had a marginal positive impact on

LCCF (β: +0.3), indicating that the additional EC was not offset by operational

carbon savings. For both the baseline and ASHP alternatives, glazing type had

a relatively strong positive impact on LCC, suggesting that OpEx savings were

insubstantial to offset the higher CapEx associated with triple glazed casement

units. A reduction in SHGC from 0.4 to 0.3 resulted in a marginal positive impact

on LCCF (β: +0.6) and LCC (β: +0.2) for solutions relying on the baseline NGB

system, but had a negative impact for ASHP alternatives (LCCF β: -1.1, LCC β:

-1.4). This reflects the greater priority given to cooling loads in reducing LCCF

under the operation of more efficient and less carbon-intensive heating systems.

WWR | Louvre D/H Ratio (P3-P6)

Alterations in WWR and louvre D/H ratios exhibited relatively minor impacts

on t1 for both the NGB (LCCF β: -1.9 to -0.2) and ASHP design combinations

(LCCF β: -0.5 to +0.2). Amongst NGB alternatives, the model predicts a 30%

reduction in South-West facade glazing combined with a South-West louvre 0.6

D/H ratio had the largest, significant impact on LCCF reduction, as depicted in

Appendix K.1; in general, glazing area reductions performed more favorably on all

facades compared to the baseline WWR, in terms of both LCCF and LCC. For

ASHP solutions, reductions in the South-West glazing area only had significant

but weak negative impacts on LCCF. This indicates that the preference for lower
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WWRs under NGB heating system operation was predominantly driven by heat

loss reduction as opposed to minimising solar heat gain to the system. Similar

to NGB systems, the reduction in glazing areas tended to demonstrate negative

correlations with LCC despite implementation of replacement spandrel panels and,

in many iterations, the addition of vertical shading components.

Insulation Thickness (P7, P8)

Unstandardised linear model coefficients were analysed for external wall insula-

tion alternatives, since both reductions and additions to IWI were considered in

this case study. For NGB-based systems, both reductions and increases to the

mineral wool insulation thickness relative to the baseline led to greater LCCF val-

ues. This indicates that, across the majority of design combinations, the baseline

intervention provides an optimal balance; EC savings associated with decreasing

IWI thickness were offset by increased OC emissions, whereas further increases

to IWI thickness beyond the baseline did not result in sufficient OC savings to

offset the higher EC emissions. In contrast, a reduction in mineral wool insula-

tion thickness of 0.05m led to a significant negative correlation with LCCF under

ASHP-optimised design solutions, when the lifetime operational carbon emissions

associated with the heating system are a less predominant driver of overall LCCF.

Reducing the mineral wool insulation thickness also led to a strong negative cor-

relation with LCC in both NGB and ASHP cases.

Frame U-value | Infiltration Rate (P9)

Additional PIR insulation demonstrated considerable efficacy in reducing LCCF

when aligned with the baseline NGB heating system (β: -26.8), with relatively

small associated increases in LCC. However, under the higher efficiency ASHP

electricity-based heating system, the implementation of PIR closers and associ-

ated lower infiltration rates led to predicted increases in both LCCF and LCC.

This suggests that the EC associated with the PIR insulation was not offset over

the building’s life-cycle due to the lower associated operational carbon emission

savings potential. In addition, for ASHP-based solutions, the higher efficiency of

the heating system relative to cooling may lead to a greater weighting on design

iterations for reduced cooling demand, thus favouring lower insulation levels.

Ventilation Strategy (P10)

The overall impact of ventilation strategies represented a significant positive in-

crease in both LCCF (β: +30.7 to +32.7) and LCC (β: +64.8 to +171.8), with

the magnitude of this impact largely dependent on the NV and MVHR strat-

egy combination. Under the NGB heating system operation, the combination of

MVHR weekday operation with deltaT NV control had the strongest negative im-

pact on LCCF, followed by NV night purge with no MVHR system. In contrast,

the introduction of MVHR had a negative impact on LCCF across all ventilation
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strategy combinations relying on the ASHP heating system, indicating that the

EC associated with implementation was not offset by OC savings. For solutions

relying on both NGB and ASHP systems, the introduction of MVHR correlated to

significant increases in LCC due to substantial CapEx. The use of NV nightpurge

ventilation without MVHR resulted in a weak negative correlation with model-

predicted LCCF and LCC for both NGB and ASHP cases, as shown in Appendix

K.1.
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6.4.2 Scenario analysis

This section compares the ‘best-case’ scenario (S1) with alternative decarbonisation

pathways described in Table 6.8 and Section 3.3.7.

Table 6.8: Summary of grid decarbonisation rate scenario alternatives; both S1
and S2 adopt the fluctuating fuel price pathways described in section 3.3.7.

Scenario Description

S1 ‘Best-case’ : Electric grid carbon emissions decline rapidly from 2020 to 2030, plateauing at 2033.

S2
’Worst-case’ : BAU; incline in electric grid carbon emissions until 2025, thereafter declining gradually
towards a plateau at 2042.
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Figure 6.7: LCCF vs. LCC Comparison of pareto optimal solutions across decar-
bonisation scenarios. Points show group averages; error bars represent ranges.

LCCF and LCC optimisation results for S1 and S2 are shown in Figure 6.7.

For Pareto optimal solutions reliant on the NGB system, LCCF ranged from

1085 kgCO2e/m2 to 1315 kgCO2e/m2, with an average increase of 15% (+166

kgCO2e/m2) from S1 to S2. For ASHP solutions, the equivalent range was from

284 kgCO2e/m2 to 519 kgCO2e/m2 (x1.8). The wide ranges across decarbonisa-

tion scenarios relate to the rate of change in the electricity CEF, increasing by

approximately 3-fold from S1 to S2, over the building’s estimated life-cycle. For

solutions reliant on the NGB system, since electricity-based emissions constitute a

smaller proportion of energy end-uses, the upward shift in LCCF was less notable

than ASHP solutions. Consequently, the LCCF differentiation between ASHP

and NGB solutions for S2 narrows relative to S1, although ASHP solutions still

exhibit significantly lower LCCF than NGB alternatives.
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The results indicate that the choice of heating system and decarbonisation

scenario exerts a significantly greater impact on LCCF than other design alterna-

tives within the same group. However, Figure 6.7 reveals notable differences in

LCCF variances among Pareto solutions across different heating system groups.

For ASHP groups, intragroup variances in LCCF were minimal, while LCCF var-

ied by 57 kgCO2e/m2 and 74 kgCO2e/m2 for solutions within the NGB S1 and S2

groups, respectively. The reduced LCCF variances in ASHP-based design combi-

nations highlight that the combination of low operational CEF and high-efficiency

heating systems mitigates the impact of design alternatives on OC emissions and,

consequently, on LCCF.

The average LCC ranges from 708 £/m2 to 878 £/m2 for the NGB alterna-

tives and from 1344 £/m2 to 1367 £/m2 across ASHP groups, with the maximum

range within any single group being 170 £/m2. Wider intragroup variances were

observed under the S1, NGB solution set, attributable to mixed ventilation con-

trol strategies, as described in Section 6.4.1. Despite identical assumptions for

CapEx and OpEx in both S1 and S2, minor discrepancies were observed in LCC.

For the NGB group, a decrease in the average LCC of 37 £/m2 (5%) was noted.

These variances, largely influenced by ventilation strategy selection, highlight the

indirect effect of changing carbon emission pathways on LCC through different

optimised design parameters.

Embodied vs. operational carbon emissions

The influence of grid decarbonisation and fuel price projections on the composi-

tion of various LCCF components is illustrated in Figure 6.8. Across all solution

sets, EC is primarily driven by emissions related to the initial installation and

recurring replacement of components on the external envelope, such as glazing.

For baseline NGB solutions, heating and domestic hot water are the predominant

sources of OC emissions, regardless of the decarbonisation pathway, accounting

for 91% and 80% of total OC under S1 and S2, respectively. This predominance

relates to the cumulative impact of the slower natural gas decarbonisation rate,

which has a lower proportion of green gas penetration. Even under the ‘worst-

case’ scenario, in which electricity is assumed to decarbonise much more slowly,

the proportion of fossil thermal emissions remains significantly higher than that

of electricity-related operational carbon emissions. Under the ASHP-dependent

pathways, although heating and domestic hot water still accounting for a sub-

stantial proportion of EUI (approximately 34%), the relative proportion of LCCF

decreased to only 14% and 23% of overall LCCF for S1 and S2, respectively, less

that associated with lighting and power.

Across all scenarios, the average EC for ASHP Pareto solutions was about 1.19

times higher than that of NGB Pareto solutions (NGB: 140 kgCO2e/m2, ASHP:
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Figure 6.8: Average share of embodied versus operational carbon components
across pareto solutions for scenarios 1 and 2.

165 kgCO2e/m2), primarily due to the high EC impact of refrigerants. While

the average EC remains relatively stable across scenarios using the same heating

system, average OC varies by 257 kgCO2e/m2 for NGB scenarios and by 235

kgCO2e/m2 for ASHP scenarios. For the NGB group, this changes the EC:OC

ratio from 1:7 in S1 to 1:8 in S2. For ASHP solutions, the ratio ranges from 1:1.4

in S1 to 1:2 in S2. Under more rapid grid decarbonisation pathways and with

the adoption of energy-efficient heating measures, EC could account for over half

(58%) of the refurbished building’s LCCF.

Time-dependency of carbon impact

The aggregated year-on-year LCCF over the building’s 60-year lifespan is illus-

trated in Figures 6.9. Across all scenarios, a notable step change is observed around

the year 2052, corresponding to the EC associated with the replacement of var-

ious building components, including internal dry lining, partitions, and spandrel

paneling. For ASHP-based solutions, additional step changes are evident in 2042

and 2066, reflecting the 22-year replacement cycles of refrigerant-based ASHP sys-

tems. Under scenario S1, the cumulative LCCF impact appears to plateau around

2043, whereas the NGB group continues to exhibit a pronounced upward trend

extending to 2082. This trend indicates that despite a faster grid decarbonisation

rate, the annual carbon intensity for CS1 will persistently increase beyond the

building’s lifespan unless there is a replacement of the heating system. The find-

ings suggest that no other design modifications will suffice to achieve a relatively

stable year-on-year carbon impact by 2082.

141



(a) S1 NGB (BL)

0

200

400

600

800

1000

1200

1400

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

C
um

ul
at

iv
e 

LC
C

F 
(k

gC
O

2e
/m

2)

Year

S1 LCCF over time for NGB solutions

(b) S1 ASHP

0

200

400

600

800

1000

1200

1400

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

C
um

ul
at

iv
e 

LC
C

F 
(k

gC
O

2e
/m

2)

Year

S1 LCCF over time for ASHP solutions

(c) S2 NGB (BL)

0

200

400

600

800

1000

1200

1400

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

C
um

ul
at

iv
e 

LC
C

F 
(k

gC
O

2e
/m

2)

Year

S2 LCCF over time for NGB solutions

(d) S2 ASHP

0

200

400

600

800

1000

1200

1400

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

C
um

ul
at

iv
e 

LC
C

F 
(k

gC
O

2e
/m

2)

Year

S2 LCCF over time for ASHP solutions

Figure 6.9: CS3 change in LCCF of pareto optimal solutions over time for scenario
1 and 2.
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CS3 Chapter Summary

This case study explores a residential student accommodation, refurbished in

2019 and expanded to include additional en-suite rooms. The refurbishment

introduced several building envelope upgrades, such as insulated brick slip

façades, metal windows, and spandrel panels. Optimisation of life-cycle

cost and life-cycle carbon under a range of alternative design and grid

decarbonisation scenarios revealed:

Heating Strategies:

• Heating system alternatives had the strongest influence on LCCF, driven by

cumulative CEF impacts over time.

• ASHP solutions maintained consistent LCCF stabilisation after 2052, whereas

NGB solutions exhibited increasing emissions beyond the building’s lifespan.

• For ASHP solutions, additional design measures had minimal impact on further

OC reductions, indicating greater design flexibility but a more complex trade-off

between embodied and operational carbon. This was exemplified through the

preference for reduced IWI thicknesses.

Ventilation Strategies:

• MVHR contributed significantly to LCC due to high initial costs associated with

unit installation and air distribution networks. This CapEx was justified for

certain NGB-based solutions.

Façade Design:

• Window frame properties and glazing type were key predictors of LCCF reduc-

tion for NGB-based solutions under S1: Best-case.

• Triple glazing provided substantial LCCF savings for NGB solutions, though

under ASHP-operation this measure resulted in a net increase in carbon.

• Reductions in South West WWR and SHGC were critical for optimising LCCF

under ASHP-based scenarios.
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Chapter 7

Discussion

7.1 Overview

The discussion is structured as follows: Section 7.2 synthesises findings across

the three HE case study buildings, examining the trade-offs between key metrics

such as LCCF and LCC and embodied and operational carbon. The impact

of the LCA-CCA design pathway on present-day building performance is also

presented and discussed. Section 7.3 directly addresses the research questions. The

scaled-up impact and methodological development is considered. Subsequently, a

suggested framework for integration of LCA-CCA within the wider design process

is proposed.

7.2 Synthesis of case study findings

7.2.1 Future Energy, Carbon, and Cost in HE Building

Design

The following sections compare the performance of baseline building design against

the optimised design solutions. Baseline ‘non-adapted’ (NA) vs. optimised ‘adapted’

(A) outputs are depicted in Figure 7.1 for each case study, with reference to LCCF

and LCC. The key findings are discussed below.

EUI Impacts

Operational energy outcomes across the case studies demonstrated changing pro-

portional energy end-uses under future climate scenarios. All three building mod-

els predicted a reduction in overall EUI as average annual temperatures increase

from 2022 to 2050, reflecting larger anticipated reductions in heating energy con-

sumption than cooling load increases. The most significant decrease in energy con-

sumption from 2022 to 2050 across baseline models was observed for CS2, with

VRF systems operational for both heating and cooling end-uses. This demon-

strates the significant future benefits of systems operating with high COP speci-
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Figure 7.1: Case study comparison of metrics under current and future climates.

fications.

Across all case studies, the adapted solution sets (A) exhibited improved over-

all energy performance relative to non-adapted (NA) values, under both current

(2022) and future (2050) climates. The optimisation for LCCF and LCC positively

influenced EUI, despite the indirect assessment of operational loads through the

GA optimisation process. The findings suggest that designing for future climates

using the adopted CCA-LCA methodology is unlikely to have detrimental effects

on present-day energy consumption. However, it is important to acknowledge the

trade-off that EUI savings may not be maximised under current conditions when

designing for future climates.

LCCF Impacts

Operational efficiency and fuel source can have a strong influence on operational

carbon emissions of systems, dictating the suitability of subsequent design pa-

rameters. A visual comparison of LCCF for 2050 A solutions across case studies

demonstrates substantially larger ranges for CS1 and CS3 when gas-based tech-

nologies are adopted as the baseline heating system. This variability relates to

the uncertainties surrounding the decarbonisation rate of gas; the average CEF

for electricity over the buildings’ life-cycles is significantly lower than that for

gas in both best-case (S1) and worst-case (S2) scenarios, despite an assumed lin-
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ear annual increase in green gas penetration (see section 3.3.7) [157]. The tech-

nical, economic, and policy challenges associated with the widespread adoption

of low-carbon hydrogen, CCS, and biomethane integration contribute to signifi-

cant uncertainties regarding the pace and scale of green gas implementation [199].

Combined with the higher thermal efficiencies associated with electricity-based

ASHP systems, these wide ranges represent potential for significant LCCF reduc-

tion when transitioning from gas-based technologies, even under slower rates of

electricity sector decarbonisation. This is important as it highlights that the opti-

mised models, while sensitive to grid decarbonisation assumptions, can still achieve

lower LCCF. The findings underscore the necessity of making cautious assump-

tions about gas decarbonisation rates and relying on the relative predictability of

electricity decarbonisation when assessing the long-term carbon impacts of build-

ing energy systems.

The research findings reinforce the limitations of employing fixed-rate CEFs

in evaluating LCCF, resulting in notable disparities between present-day and pro-

jected future operational carbon scenarios. Figure 7.1 illustrates these discrep-

ancies when fixed-rate decarbonisation assumptions are applied to 2022 A val-

ues. Incorporating grid decarbonisation pathways leads to substantial reductions

in normalised LCCF, highlighting the risk of short-term perspectives associated

with fixed operational carbon LCA models. Strategies deemed effective under

current conditions may prove unsustainable as the electricity grid progressively

decarbonises. This trend is particularly evident in CS1, where the carbon advan-

tages of the combined heat and power-powered District Energy Network diminish

over time. The findings highlight the need to integrating dynamic decarbonisation

pathways into life-cycle assessments to reflect the long-term impacts of diverse en-

ergy systems and design strategies. There exists a critical trade-off between the

short-term accuracy of measured, existing carbon emission factors and the long-

term reliability of predicting evolving emission factors. Despite these challenges,

the study suggests that solutions can be identified that perform effectively across

varying decarbonisation assumptions. This capability enhances the resilience of

design decisions, mitigating uncertainties associated with long-term carbon emis-

sion trajectories.

Embodied vs. Operational Carbon

The relationship between EC and OC emissions across the three case studies

and varying decarbonisation pathways is illustrated in Figure 7.2. It should be

noted that the EC/OC ratio is typically linked to the scale of refurbishment;

buildings in poorer condition may require structural interventions or full facade

replacements, leading to significantly higher EC. Nonetheless, the case study

findings highlighted several contextual points concerning the interplay between

embodied and operational carbon emissions, outlined below.
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Figure 7.2: Ranges from Pareto-front values for EC and OC across three case
studies and various decarbonisation pathways.

Balancing Embodied and Operational Carbon in Building Envelopes Consider-

ing the compliance of investigated case studies with modern building construc-

tion standards (regarding roof and wall U-values), an intricate trade-off exists

between EC and OC for additional insulation measures. For CS3, with an ex-

ternal wall U-value better than Part L requirements, reducing the insulation

thickness (relative to the pre-existing thickness) during replacement yielded EC

savings that offset OC increases. Similarly, for CS1, low baseline frame U-values

limited the subsequent benefit of additional PIR insulation, even when operat-

ing under a relatively carbon-intensive heating system. These findings highlight

the importance of considering the contextual and nuanced impact of insulation

on both embodied and operational carbon emissions; more insulation does not

invariably reduce LCCF.

Renewable vs. Non-Renewable Construction Techniques Whilst direct com-

parisons between case studies are limited due to the distinct construction and

operational characteristics of each building, the results indicate that lower EC

construction materials afford greater design flexibility within the GA optimisa-

tion process. This analysis explicitly accounts for the biogenic carbon stored,

sequestered, and released by organic materials, meaning that the results reflect

both the emissions and the temporary carbon storage associated with organic

materials. Conducting the same optimisation without including these biogenic

carbon dynamics may yield different outcomes. The use of wooden louvres was

prevalent across CS2 and CS3 pareto solutions in a range of D/h ratios. In

contrast aluminium louvres adopted in CS1 appeared in only 14% of solutions
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optimising towards a 0.2 D/h ratio. This indicates that renewable construc-

tion techniques could lead to a broader range of design alternatives within the

optimisation framework, when accounting for biogenic carbon.

Impact of Refrigerant Embodied Carbon In CS1 and CS3, ASHP systems ex-

hibited higher EC values than gas-based heating system alternatives, primarily

due to refrigerant leakage and recovery rates. Despite this, the positive impact

of refrigerant-related emissions on LCCF was minor by comparison to opera-

tional energy and carbon savings resulting from higher system efficiency and

lower CEFs. Under the adopted assumptions, the overall benefits of ASHP

systems in reducing operational carbon clearly justify their higher EC impact.

Enhanced Design Flexibility with Equal Heating and Cooling Operational Car-

bon Emission Distribution In the absence of high OC gas-dependent heating

systems, glazing alternatives were more broadly represented across pareto solu-

tions. Equally weighted OC emissions for heating and cooling resulted in a more

diverse range of design solutions within the optimisation approach, avoiding an

excessive focus on heating energy reduction strategies.

LCC Impacts

The research findings reveal that while the GA optimisation process effectively

reduced EUI and LCCF, it did not yield substantial reductions in LCC relative to

the baseline. The LCC for the existing building configuration remained lower than

average values for CS1 and CS3 2050 A adapted solution sets and only slightly

above the CS2 2050 A average. This upward shift in model-predicted LCC was

primarily influenced by the higher operational costs associated with ASHP sys-

tems, particularly in CS1 and CS3, compared to gas-based heating technologies.

The retail energy price projections estimate substantially lower gas fuel prices

compared to electricity, significant upon accumulation over the buildings lifetime

[158]. In reality, the interaction between supply and demand is more nuanced;

the continued uptake of gas-based technology could slow gas price reductions,

whereas the rapid adoption of electricity-based systems could cause gas prices

to fall rapidly due to declining demand. The volatility of the unabated natural

gas market, historically impacted by global instabilities - such as the geopolitical

tension of 2006 and the global financial crash of 2008 - introduces significant uncer-

tainty to speculative life-cycle cost projections. The dynamic nature of economic

change, particularly concerning energy-related price fluctuations, significantly im-

pacts LCC decisions regarding fuel dependencies of technologies, with complex,

interdependent system dynamics that drive market prices. The decoupling of elec-

tricity market price signals from highly-volatile gas prices could provide greater

certainty in the building decision-making process.
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Moreover, many Pareto optimal solutions with lower LCCF values entail higher

LCC due to the elevated CapEx associated with newer technologies. While dis-

count rates aim to capture the changing price of commodities over time, the at-

tempt to quantify this economic relationship precisely overlooks the complexity of

market dynamics, particularly in light of the fast-paced energy market where new

technologies can rapidly penetrate the market. In this sense, treating the price of

technologies, such as ASHPs, in the means of traditional supply vs. demand curves

may disregard the broader, more intricate factors that influence market behavior.

Overall, the results indicate that achieving significant cost savings alongside car-

bon reductions may remain a challenge, emphasising the need for careful consid-

eration of the trade-offs between environmental and economic factors in building

design and redevelopment.

Beyond fuel price trajectories, future operational costs will also depend on

changing demand-side mechanisms and tariff structures. The increasing deploy-

ment of smart metering, flexible demand response, and time-of-use pricing could

alter consumption patterns, allowing buildings to reduce their exposure to peak

electricity tariffs [200, 201]. Similarly, the ongoing reform of the UK electric-

ity market, including decoupling renewable generation from wholesale gas-linked

prices and incentivising flexibility services, may reshape long-term operational

cost profiles [202]. Incorporating these demand-side and market dynamics into

future life-cycle cost modelling would enable a more representative evaluation of

operational cost risks under net-zero energy transitions.

7.2.2 Aggregated Impact over Time

Across all case studies, a relatively stable year-on-year LCCF was observed only

under S1 ASHP scenarios. In contrast, less-efficient gas-based heating technolo-

gies led to steep increases in LCCF that would be expected to continue beyond

the buildings’ life cycle. As a result, more pronounced LCCF ranges can be ob-

served for CS1 and CS3, when gas-based heating technologies were included in

design alternatives. This was notable even under the slower rates of electricity

decarbonisation observed in S2, depicted in Figure 7.3. The higher LCCF val-

ues noted under the “S2:Worst-case” scenario were primarily driven by a steeper

initial incline up to 2030. These findings highlight the importance of considering

future grid decarbonisation in the assessment of heating technologies to achieve

more realistic representations of design outcomes.

In all case studies, the findings indicate that the quality of building envelopes

were sufficient to benefit from ASHP upgrades, when accounting for nominal COP

adjustments according to time-step conditions. Whilst a context-specific approach

is required to ensure systems can operate at a reasonable efficiency to reduce

OC emissions, the findings support a balanced approach to LCCF management,

prioritising immediate system upgrades, where advantageous, to achieve short-

149



0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

2020 2040 2060 2080
Year

LC
C

F
 (

kg
C

O
2/

m
2)

Case Study

CS1

CS2

CS3

Cumulative LCCF − S1

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

2020 2040 2060 2080
Year

LC
C

F
 (

kg
C

O
2/

m
2)

Case Study

CS1

CS2

CS3

Cumulative LCCF − S2

Figure 7.3: Aggregated LCCF over 60 year period across case studies for S1 and
S2.

term carbon reductions, followed by gradual fabric enhancements to ensure long-

term operational efficiency. A key concern with a system-first approach is the risk

of mis-sizing systems, given the combined effects of future demand changes due

to gradual fabric enhancements and climate change impacts. Further research is

needed to determine the optimal timing of implementations and understand these

trade-offs in the context of LCCF.

7.3 Responding to Research Questions

In light of the synthesis of case study findings provided in previous sections, the

following research questions are addressed:

How do future climate projections impact the predicted operational

energy performance of HE buildings?

Future climate projections had a strong impact on the predicted operational energy

performance of the modelled HE buildings. The research findings indicated that,

as average annual temperatures rise out to 2050, there would be a 10-25% reduc-
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tion in overall EUI across the varying typologies under a high emission scenario,

reflecting larger anticipated decreases in heating energy consumption compared to

increases in cooling loads. Notably, substantial energy benefits were observed un-

der the use of high COP HVAC systems, providing much greater EUI reductions

under future climates compared to conventional gas-based technologies. Adapted

solution sets -optimised under the adopted CCA-LCA methodology- demonstrated

improved energy performance under both current and future climates.

Benchmarking against the wider UK HE building stock suggests that, if similar

trends are observed across buildings within the same benchmarked categories, typ-

ical practice electricity benchmarks might increase from 70 to 76 kWh/m²/year for

‘Art and Design’ and from 64 to 68 kWh/m²/year for ‘Residential’. For fossil ther-

mal EUI, there are substantial predicted reductions from 123 to 61 kWh/m²/year

and from 199 to 152 kWh/m²/year, respectively. It is important to note that

the uptake of electricity-based heating systems will further shift energy consump-

tion from fossil fuels to electricity. However, the response to climate change will

vary across different HE building typologies, emphasising the requirement for a

contextual approach to climate change adaptation.

What are the life-cycle carbon and life-cycle cost implications of climate

change adaptation strategies for urban HE building design?

Climate change adaptation strategies for urban HE buildings can result in signifi-

cant LCCF reductions under the use of GA optimisation. Pareto-optimal solutions

demonstrated substantial LCCF reductions under ASHP adoption relative to gas-

based technologies. Consideration of changing carbon emission factors over time

heightens the discrepancy in LCCF caused by electric and gas based systems, even

under slower projected rates of grid decarbonisation.

Whilst heating system upgrades had the strongest impact on LCCF reduc-

tion across case studies, effective adaptation strategies require a balance between

immediate system upgrades for short-term carbon reductions and gradual fabric

enhancements to ensure long-term operational efficiency. However, the influence

of climate change on changing heating and cooling demands requires evaluation

of system sizing under various future climate scenarios. Overestimating or under-

estimating system capacity could compromise cost, efficiency and carbon savings,

particularly as fabric enhancements would also alter building energy demands over

time. This highlights the importance of testing and recalibrating design solutions

to ensure adaptability and long-term efficiency under future climate conditions.

Whilst EUI and LCCF reductions were observed under implementation of the

CCA-LCA framework, higher operational costs and capital expenditure associated

with electricity-based systems may elevate LCC, particularly when fuel prices are

projected based on current market conditions. However, substantial uncertainties
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in gas decarbonisation and market dynamics complicate LCC projections.

The integration of LCA and CCA within a GA optimisation approach demon-

strated its potential to balance energy efficiency, carbon reduction, and cost-

effectiveness. The case studies revealed that optimised solutions could improve

performance across multiple metrics while accommodating future climate impacts

and decarbonisation pathways. The study underscored the importance of inte-

grating dynamic decarbonisation pathways into LCA to provide a more realistic

representation of long-term LCCF.

What are the trade-offs and synergies between embodied and opera-

tional carbon in HE building design?

The study demonstrated how trade-offs between EC and OC in HE building design

can be complex and context-dependent. For example, whilst additional insulation

can reduce OC, the associated EC may offset these gains, particularly in build-

ings already compliant with modern standards. This aligns with previous research

indicating risks of ‘over-investment’ in the building envelope in cities with mild

climates, low-carbon energy grids and high decarbonisation rates [203]. The choice

of construction materials also plays a crucial role, with renewable materials like

wood offering greater design flexibility across ‘optimal’ solution sets due to lower

EC values compared to non-renewable materials like aluminium. It is important

to note that these results account for the storage, sequestration, and release of

biogenic carbon, which, if excluded, could lead to notably different outcomes.

Refrigerant leakage in ASHP systems contributes substantially to higher EC,

but this is outweighed by their high operational efficiency and lower OC emis-

sions. Furthermore, balancing OC emissions across heating and cooling end-uses

increases design flexibility, allowing for a wider range of solution alternatives.

Overall, optimising both EC and OC requires a nuanced approach that considers

the tailored characteristics and operational demands of each building throughout

its lifecycle.

How do uncertainties relating to grid decarbonisation impact the opti-

mal selection of climate change adaptation strategies?

The research findings indicate that uncertainties relating to grid decarbonisa-

tion can significantly impact the selection of climate change adaptation strategies

within the context of life cycle assessment frameworks for HE buildings.

Under slower decarbonisation scenarios, for design combinations relying on

gas-based heating, the CCA-LCA methodology tends to place a disproportionate

emphasis on strategies that reduce heating loads. This is because the carbon in-

tensity of gas-based systems remains high, so reducing heating demand becomes
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more critical to minimising LCCF. As a result, cooling load increases, which may

also occur due to climate change, are given less priority in minimising LCCF. This

imbalance can lead to suboptimal strategies that do not adequately address future

cooling needs, potentially leading to higher overall carbon footprints and opera-

tional costs. The relationship between decarbonisation rates and CCA strategies

is further complicated when considering the current use of gas-fired combined heat

and power systems. These systems, which may initially offer carbon savings, see

their“carbon pay-back” diminish over time as the grid becomes greener. Faster

rates of electricity decarbonisation exacerbate this trend, making it more challeng-

ing to justify the continued use of combined heat and power systems as a viable

CCA strategy in the long term.

When improved decarbonisation pathways are coupled with high-efficiency

electric-based heating systems, the focus shifts. In these scenarios, cooling en-

ergy consumption becomes a more dominant component of the LCCF, dependent

on the relative chiller efficiency. Under high-efficiency heating technologies, CCA-

LCA optimised strategies tend to provide a more equal balance to heating and

cooling load reductions. This highlights the importance of considering the long-

term carbon intensity of specific energy end-uses in building design optimisation.

Furthermore, the study highlighted how EC becomes a more important factor

during the optimisation process when faster rates of decarbonisation are assumed.

When combined with the adoption of energy-efficient heating and cooling systems,

the results suggested EC could account for over half of the refurbished buildings’

LCCF. In this situation, greater design flexibility with respect to impacts on oper-

ational energy use is provided, but a more significant weighting is given to the EC

of design interventions. This can often lead to a more nuanced interplay between

EC and OC emissions, as described in the previosu research question.

Finally, some design solutions appeared optimal irrespective of decarbonisation

scenario, indicating that certain CCA strategies and design parameters are robust

enough to be effective under varying grid decarbonisation pathways. For example,

for CS1, double glazing and S-facade WWR reductions were preferable regardless

of decarbonisation assumptions. This suggests that incorporating grid decarbon-

isation uncertainties into the design process can lead to resilient and adaptable

buildings.

7.4 Scaling-up andMethodological Development

7.4.1 Scaling-up

This section considers the consequences of extrapolating outputs from the per-

spective of scaled-up impact and methodological implications.
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Extrapolated Impact

Benchmarking CS1 and CS3 EUIs against the wider UK HE building stock pro-

vides an indication of climate change impacts on scaled-up energy performance.

CIBSE TM46 energy benchmarks provide up-to-date annual energy consumption

data across a number of HE building typologies at a national level [190]. The anal-

ysis underpinning the development of these benchmarks is described by Hawkins

et al. (2012) [173]. Aligning with case study results, the electricity and fossil

thermal EUI for each building category is shown in Figure 7.4. The cumulative

percentage (%) on the vertical axis represents how the buildings’ energy perfor-

mance compares to the wider dataset of benchmarked buildings of similar use

types - effectively showing where it sits on the performance distribution curve.

The graphs also illustrate how the entire distribution curve would shift if the

wider HE building stock experienced proportional changes in energy use - due to

climate change - to those observed in the case study building.

This demonstrates how, if future climate conditions drive some HE building

typologies towards better overall energy performance, a reassessment of current

benchmarks may be required. Across the three building categories, differences in

spatial functions, operational profiles, internal gains, and envelope characteristics

can influence the relative impact of external temperatures changes on thermal and

energy performance. Indicative reductions in overall EUI benchmarks - 10% for

‘art and design’, 25% for ‘other’ and 13% for ‘residential’ - reflect the need to

align future energy performance expectations with changing climate conditions.

However, it is important to acknowledge that responses to climate change impacts

will vary; sampling across the broader HE building stock could offer a clearer

understanding of shifting energy end-uses across various typologies, as discussed

in the subsequent section.

Methodological Impact

In the context of LCA-CCA framework implementation, the case study approach

offers several methodological advantages and challenges.

Contextual Depth and Complexity The value of the case study approach lies in

its ability to incorporate complex, real-world conditions of the buildings under

study [204]. Each building’s unique characteristics - ranging from its construc-

tion style to its operational patterns - are critical factors that influence the

outcomes of the optimisation process. By focusing on these specific cases, the

research captures a detailed understanding of how various interventions perform

under realistic conditions, thereby enhancing the practical relevance of the find-

ings. The approach allows for a rich, contextually grounded understanding of

the complex interactions between building design, operational characteristics,

and future climate and decarbonisation scenarios.
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(c) Residential - Electricity
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(d) Residential - Fossil Thermal
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Academic - art and design Residential
Electricity Fossil Electricity Fossil

2022 2050 2022 2050 2022 2050 2022 2050

Good practice - 25th percentile 52 56 93 46 49 52 148 113

Typical practice - 50th percentile 70 76 123 61 64 68 199 152

Figure 7.4: CIBSE TM46 current and predicted benchmarked EUI, simulated
under 2022 and 2050 weather data [190].

Holistic Evaluation The use of multiple sources of evidence, including life-cycle

carbon and cost impacts, and future climate projections, allows for a compre-

hensive evaluation of the building design strategies. In this study, the feedback

process evaluating the impact of energy system decarbonisation assumptions

further enriches the analysis, providing a robust methodology for assessing the

sensitivity of the design strategies to various decarbonisation pathways. How-

ever, the process did not explicitly account for indoor environmental quality

factors (e.g. lighting, air quality, noise). While building models aligned with

relevant lighting and ventilation standards [174, 181, 205], direct optimisation

of comfort parameters was beyond the scope of the analysis. In practice, design

decisions are shaped by a balance between energy performance and occupant

wellbeing, and improvements in one domain may compromise another [16].

Academic Rigor and Bias The complexity of LCA data pathways and the nu-
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merous assumptions involved provide opportunity for heightened subjectivity

and biases. This challenge is compounded by limited availability and variabil-

ity of input data, particularly pertaining to embodied carbon data sources.

Combined with inherent researcher biases, uncertainties and inconsistencies as-

sociated with detailed case study analysis can have a strong influence on the

reliability and accuracy of conclusions drawn, necessitating a structured and

objective research approach.

Generalisation of Findings One of the primary limitations of the case study

approach is the difficulty in generalising findings to other contexts. The specific

conditions and characteristics of the three university buildings mean that the

results may not be directly applicable to other buildings with different con-

texts. By comparison, sampling approaches, which aim to achieve statistical

generalisation through the study of representative subsets, offer a different set

of strengths and weaknesses. In this research context, a sampling approach

might involve studying a larger number of buildings to draw broader conclu-

sions about optimal design strategies under varying decarbonisation pathways.

This could provide statistically significant results that are more generalisable.

However, sampling methods often require controlled conditions that may not

fully capture the nuanced interactions present in actual operational settings,

potentially overlooking important factors that influence building performance.

7.4.2 Methodological Development

This research introduces a novel methodological approach that integrates LCA,

CCA, and multi-objective optimisation to evaluate long-term refurbishment strate-

gies under evolving climate and energy system conditions. Existing LCA studies in

the non-domestic building sector typically rely on static, short-term assumptions

- often applying fixed carbon emission factors and steady-state climate condi-

tions that overlook dynamic future uncertainties. By contrast, the methodology

developed here embeds projected climate change, grid decarbonisation, and sys-

tems–fabric interactions within a unified optimisation framework, enabling a more

realistic assessment of long-term performance trade-offs.

Furthermore, by employing a genetic algorithm (NSGA-II), the framework

identifies non-obvious Pareto-optimal solutions across competing objectives of

LCC and LCCF. This approach enables exploration of thousands of design combi-

nations, capturing non-linear and non-additive relationships between passive and

active measures that are often oversimplified in traditional parametric or rule-of-

thumb methods. Dynamic simulation modelling provides the necessary temporal

resolution to correctly size systems (e.g. ASHPs) and evaluate performance under

changing demand patterns.

The methodology therefore moves beyond static LCAs, towards a dynamic
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decision-support framework capable of handling uncertainty and complexity in

future energy and climate conditions. Grounded in established standards (EN

15978, ISO 14040) and proven optimisation techniques [17, 56, 127], it redefines

retrofit prioritisation by:

• Embedding long-term climate and energy system uncertainty into the LCA

process;

• Challenging the continued use of fixed carbon factors in LCA and highlight-

ing the growing dominance of embodied impacts;

• Revealing how systems–fabric trade-offs evolve over time as operational car-

bon declines;

• Providing a scalable, evidence-based framework for aligning carbon and cost

decisions with future decarbonisation pathways.

The three case studies revealed both distinct challenges and common outcomes

upon application of the CCA-LCA optimisation methodology. The introduction

of high-efficiency, electric based heating systems had the most significant impact

on LCCF reduction across all three case-studies. However, unique refurbishment

solutions emerged due to the distinct characteristics of each building. In the

architecture school (CS1), the need for flexible systems operations meant that op-

timisation prioritised ventilation control strategies, with additional insulation or

glazing upgrades offering limited benefit once electric systems were introduced.

The office building (CS2) balanced heritage preservation with improved thermal

performance, where airtightness, and window frame improvements, paired with

efficient ventilation control, yielded significant LCCF reductions. In the univer-

sity residential accommodation (CS3), high domestic hot water demands influ-

enced optimisation outcomes, with heating system type and glazing area reduc-

tions emerging as the most influential factors. This variability demonstrated the

importance of tailoring interventions to typology-specific needs while identifying

scalable strategies for the HE sector. This approach provides a robust foundation

for evaluating design interventions and their long-term carbon and cost impacts.

However, successful practical application requires integration with the wider design

process, from concept through to facility management. In the following section, a

framework is proposed for integrating CCA-LCA into the design process, aligning

research outcomes from this study with best practice industry guidance.

7.5 Integrating CCA-LCA Framework into the

Design Process

A high-level framework is proposed in Figure 7.5 to integrate the CCA-LCA ge-

netic algorithm optimisation process into the design process, with focus on urban
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HE estates. This framework intends to ensure that both climate adaptation and

life cycle impacts are systematically addressed from the early design stages through

to construction and facility management. The proposed framework builds on ex-

isting design protocols and emphasises the need for a multi-disciplinary approach.

The key stages are outlined below.

Step 1: Initial Planning & 
Design Brief
• Stakeholder engagement

• Climate risk assessment

Step 2: Concept Design
• ECM toolkit refinement

• Iterative design workshops

LCA-CCA 
solution set

Step 4: Design Evaluation
• Output evaluation

• Design Iteration

Step 5: Detailed Design and 
Documentation
• Detailed LCA and adaptation 

strategies

• Integration with existing 
Protocols

Step 6: Construction and 
Commissioning
• Construction planning

• Commissioning and 
performance testing

Step 7: Facility Management 
and Monitoring
• Operational optimisation

• Continuous monitoring

EC inventory

Cost inventory

Step 3: GA Optimisation

Verification (current climate)

Remove non-
recurring solutions Simulate pathways

Algorithm Configuration

CCA-GA Optimisation Framework

Design Management Pathway

Fe
ed

ba
ck

 L
oo

p

CEF pathways
Climate change projections

Fuel price pathways

Weather data

Figure 7.5: Suggested framework for integration of LCA-CCA into wider design
process.

Step 1: Initial Planning and Design Brief

Stakeholder Engagement: Engage key stakeholders, such as architects, engineers,

facility managers, and sustainability experts, to define the project’s goals, con-

straints, and performance criteria.

Climate Risk Assessment: Conduct preliminary climate risk assessments to iden-

tify potential vulnerabilities in existing design.

Step 2: Concept Design
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ECM Refinement: Use outcomes from initial assessment to refine/update ECM

toolkit (see section 3.4.4).

Iterative Design Workshops: Develop initial design according to baseline analysis,

ensuring that adaptation strategy options are integrated from the outset. This

will serve as a starting point for the NSGA-ii GA optimisation.

Step 3: GA Optimisation

Algorithm Configuration: Configure NSA-ii GA to optimise for LCCF and LCC

under future climates and range of decarbonisation scenarios.

Run Simulations: Identify recurring Pareto-optimal solutions that balance perfor-

mance criteria and perform well across a range of decarbonisation pathways.

Verification: Assess solution performance under present-day conditions.

Step 4: Design Evaluation

Output Evaluation: Evaluate NSGA-ii outputs against project design require-

ments and identify potential conflicts, including assessment of trade-offs regarding

EC vs. OC and CapEx vs. OpEx.

Design Iteration: Iterate the design based on feedback from evaluations, ensuring

that the selected solutions align with overall project goals and stakeholder expec-

tations.

Step 5: Detailed Design and Documentation

Detailed LCA and Adaptation Strategies: Develop detailed life cycle analyses and

adaptation strategies for the selected design. Document the impacts and benefits

of the proposed solutions.

Integration with Existing Protocols: Ensure compatibility with existing design

frameworks, such as BREEAM, LEED, and WELL standards [CITE].

Step 6: Construction and Commissioning

Construction Planning: Incorporate CCA-LCA outputs into construction planning

to minimize disruptions and ensure adherence to sustainability targets.

Commissioning and Performance Testing: Conduct thorough commissioning and

performance testing to validate that design specifications are met and adaptation

strategies implemented.

Step 7: Facility Management and Monitoring

Operational Optimisation: Implement facility management protocol to optimise
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operational performance and maintain adaptation measures.

Continuous Monitoring: Establish a monitoring system to track energy use, carbon

emissions, and climate impacts, facilitating ongoing performance improvements.
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Chapter 8

Conclusion

This research investigated the integration of an LCA-CCA combined approach

within the design process of HE buildings, focusing on impacts on energy, car-

bon, and cost metrics. A synthesis of findings from three detailed case studies

HE buildings was provided, with distinct geometries, thermo-physical properties,

and operational characteristics. The buildings were analysed under future climate

and decarbonisation scenarios using multi-objective GA optimisation. The con-

clusion consolidates the main insights from this study and addresses the research

questions, limitations and proposed directions for future work.

8.1 Summary of Key Findings

The synthesis of case study findings underscored several important points regard-

ing the determinants of future energy, carbon, and cost impacts in HE building

design:

Energy Use Intensity (EUI):

Future climates may lead to reductions in overall EUI due to larger anticipated

decreases in heating energy relative to increases in cooling loads. Predicted reduc-

tions in overall EUI were 10% for ‘art and design’, 25% for ‘other’, and 13% for

‘residential’, indicating the need to reassess current benchmarks in light of evolv-

ing climate conditions. However, varying responses to climate change impacts

across different building typologies highlight the importance of broader sampling

to better understand these shifts in energy end-uses. Optimised adapted solutions

generally demonstrated improved energy performance over non-adapted models

for both present and future conditions, indicating the efficacy of the CCA-LCA

approach in enhancing energy efficiency without adverse effects on present-day

energy consumption.
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Life Cycle Carbon Footprint (LCCF):

Operational efficiency and fuel source were found to significantly influence LCCF,

with electricity-based systems like ASHPs showing potential for substantial LCCF

reductions compared to gas-based systems over the buildings life-cycle, despite

higher emissions associated with refrigerant use. The study found that cumula-

tive year-on-year LCCF impact remained relatively consistent only for S1 ASHP

scenarios, while slower decarbonisation rates and gas-based heating technologies

led to significant LCCF increases beyond the building’s life-cycle.

Upgrading to ASHPs before implementing gradual fabric improvements was shown

to be a sensible approach where baseline thermal performance and airtightness

were already sufficient for efficient heat pump operation. In these contexts, early

system replacement leverages the benefits of grid decarbonisation and delivers

greater carbon savings than immediate deep fabric retrofits. Subsequent, incre-

mental fabric enhancements can then be targeted to optimise system performance.

This challenges the traditional “fabric first” approach by demonstrating that, un-

der evolving energy and emissions conditions, prioritising low-carbon systems can

achieve greater and faster reductions in whole-life carbon impact. However, fur-

ther research is needed to address potential system mis-sizing due to changing

energy demands and climate impacts. The findings emphasise the importance of

dynamic decarbonisation pathways over fixed-rate carbon emission factors for a

more realistic representation of long-term carbon impacts.

Embodied vs. Operational Carbon:

The research revealed intricate trade-offs between embodied and operational car-

bon emissions in the context of the three HE buildings under study, particularly

in relation to insulation and material choices. The key findings relating to the

interplay between EC and OC were:

• The balance of embodied and operational carbon in the building envelope

appeared to be relatively nuanced with respect to insulation thickness; trade-

offs between EC and OC savings indicate insulation increases beyond current

industry-standard U-values led to a higher LCCF.

• Low-carbon construction materials, such as wooden louvres, appeared to

offer greater design flexibility amongst CCA-LCA optimised solutions com-

pared to carbon-intensive materials like aluminium.

• Despite the higher embodied emissions from refrigerants in ASHP systems,

their overall benefits in reducing operational carbon emissions justify EC

increases.
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• Equally weighting of OC emissions for heating and cooling energy use broad-

ened CCA-LCA optimised design alternatives, avoiding a narrow focus on

heating reduction strategies.

Life Cycle Cost (LCC):

While the CCA-LCA optimisation process effectively reduced EUI and LCCF,

achieving significant LCC reductions remained challenging due to higher pro-

jected operational costs associated with electricity-based technologies. Extrap-

olating future fuel price projections from current market signals can lead to over-

simplifications regarding the complex interplay between market dynamics, rapid

low-carbon technology adoption and electricity energy prices. The volatility of

unabated natural gas price signals adds significant uncertainty to life-cycle cost

projections; decoupling electricity prices from gas may reduce this uncertainty,

providing a clearer outlook with regards to the LCCF of refurbishment measures.

The study highlighted challenges of balancing cost savings with carbon reductions

and the need for careful consideration of environmental and economic trade-offs

in HE building design.

8.2 Final Remarks

This research contributes to the growing body of knowledge on utilising GAs for

building design optimisation by demonstrating the benefits of integrating LCA and

CCA frameworks within the design process of HE buildings. The findings under-

score the importance of a holistic approach to building design and refurbishment

that balances life-cycle carbon with life-cycle cost, and operational carbon with

embodied carbon impacts, under the face of future climate challenges. The future

energy use and LCCF of HE buildings will likely be shaped by both building per-

formance improvements and changing climatic conditions. The movement towards

electric heating and cooling systems, combined with the improved thermal perfor-

mance of building envelopes, indicates a trend towards lower operational carbon

emissions. However, this also necessitates a focus on reducing embodied carbon

in building materials and systems to balance overall LCCF. By providing a de-

tailed methodological approach and identifying key trade-offs and synergies based

on various decarbonisation pathways, this research provides valuable insights for

practitioners and policymakers to improve the future climate resilience of the HE

sector.
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8.3 Limitations and Further Development

The research design makes use of available secondary datasets, databases and tools

to ensure a viable time-frame for completion. These resources were selected to

effectively respond to the aims identified, however, it is important to note several

limitations that should be considered alongside research outcomes:

Data quality and availability Secondary data sources are used to develop and

calibrate building energy models. The quality of datasets may impact the

validity of the models being investigated, and the reliability of simulated out-

puts. A pre-processing step is carried out on secondary datasets included in

this analysis to ensure reliability of model inputs. The selected time period

for operational energy consumption analysis is considered to avoid irregu-

lar or extreme occupancy behaviour patterns, such as the 2020-21 building

closures during the covid-19 pandemic.

Embodied carbon databases EPDs are not yet mandatory in industry; as

such, data availability is still limited, particularly in relation to HVAC sys-

tems. The primary reference for EC data is the ICE v3 database, which

selects peer-reviewed and verified values according to consistent criteria and

professional feedback [60]. When specific information is not available in ICE

v3, EPDs directly from manufacturers are used. EN 15804 aims to harmonise

the assessment protocol of EPDs in the construction sector, enhancing trans-

parency and comparability [58]. Regardless, questions of impartiality should

still be considered, since process-related information may be provided by

the manufacturers themselves. Additionally, since participation in the EPD

process is voluntary, the data may not be representative of products at an

industry-wide scale.

Operational carbon calculation Dynamic thermal simulation (DTS) modelling

is used for the assessment of operational carbon impacts. The simulation tool

adopted is industry-standard and widely used in building retrofit optimisa-

tion research, having undergone numerous reliability tests and been verified

by third-parties to be within the level of accuracy required for building de-

sign. However, underlining calculations vary between DTS tool providers

and provide a simplification of real-world phenomena that exist in practice.

Probabilistic climate projections The future climate projections used in this

study are based on UKCP09, processed for application within building per-

formance simulation [96]. UKCP09 has certain limitations, including lower

spatial resolution and a narrower range of emission scenarios, relative to more

recent models [99]. UKCP18 provides higher spatial resolution, more de-

tailed regional data and updated emission scenarios [99]. Although UKCP18

was not available at the time of the study, its advancements offer more ro-

bust and up-to-date projections that better capture climate variability and
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change at a finer scale.

Furthermore, the study adopts a high emission scenario, representative con-

centration pathway (RCP) 8.5, for the period 2061-2080, assessed at a 50th

percentile projection [206]. Future studies should aim to capture the in-

fluence of a wider range of uncertainty in future weather projections on

optimisation outputs.

Grid decarbonisation assumptions Incorporating long-term CEFs and fuel

price projections associated with grid decarbonisation pathways introduces

a high level of inherent uncertainty. While grid decarbonisation assump-

tions aim to capture broad trends in decarbonisation pathways, they are

subject to significant variability due to fluctuations in energy pricing, grid

properties, and the many factors influencing the uptake of renewable energy.

Predicting the rate of grid decarbonisation and its subsequent impact on

fuel prices remains challenging, as long-term forecasts are inherently volatile

and sensitive to a range of uncertain variables. Although sensitivity analyses

were employed to capture variations in pathways, only two decarbonisation

scenarios (best-case and worst-case) were considered in detail. Expanding

the range of scenarios may help better account for potential fluctuations

in energy prices and decarbonisation trajectories. Additionally, grid decar-

bonisation was only considered for the operational aspect of the LCA, not

embodied carbon, as incorporating future decarbonisation trends into manu-

facturing processes would require tracking complex, evolving supply chains.

While beyond the scope of this study, integrating these factors could be

valuable for future work.

ECM selection process The selection of design strategies for inclusion in the

optimisation process is subjective in nature. Whilst steps were taken to

justify any assumptions made, results may differ depending on geometric,

fabric and system design specifications included in the optimisation pro-

cess. Therefore, the design solutions are highly specific to the building in

question and cannot be generalised across case studies. Several steps are

taken to attempt to minimise subjectivity involved in the selection of energy

conservation measures; a detailed discussion is provided in section 3.4.4.

Capturing non-quantifiable impacts in LCA LCA in building design typi-

cally focuses on quantitative metrics, such as energy consumption, emis-

sions, and cost. However, broader environmental and social factors - like

biodiversity or social equity - are difficult to capture quantitatively. Further

research studies could aim to integrate multi-criteria assessment to combine

quantitative and qualitative data. This would provide a more holistic view

of environmental and economic impacts, reflecting a broader ethical com-

mitment to sustainability.
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Boundary Conditions for LCA This study focuses on building-level impacts,

prioritising operational and direct emissions within the life-cycle boundary.

While assumptions about green gas grid integration (e.g., hydrogen infras-

tructure) are included in terms of operational CEFs, the broader environ-

mental and economic implications of constructing new energy infrastructure

- such as the EC and CapEx associated with hydrogen grid development -

are excluded. Incorporating these upstream factors would enhance the com-

prehensiveness of the life-cycle assessment but introduces substantial uncer-

tainty, particularly given the speculative nature of large-scale infrastructure

deployment.

8.3.1 Framework Development

In response to the research study outputs, the following areas of work are recom-

mended for further development of the CCA-LCA framework.

Advancing the Dynamic Approach to CCA-LCA Optimisation Path-

ways

Investigating building design performance under future climate scenarios can sig-

nificantly contribute to the “future-proofing” of buildings. However, in practice,

climate change will occur gradually over a building’s lifespan. Ideally, building de-

sign characteristics should evolve correspondingly, adopting modular, interchange-

able features that can be reused and repurposed to meet changing environmental

demands at different climate stages. The current framework employs a single snap-

shot from a mid-range timepoint (2050, averaged from 2040-2069). Incorporating

a more dynamic continuation of climate projections may yield greater insights into

the optimisation of design progression over time.

Moreover, retrofit measures are often staggered, with fabric and systems being up-

dated at different points in the building’s life cycle. It is important to investigate

this impact, not only to understand the implications of sequential ‘one-by-one’

adjustments to optimal solution sets with respect to LCCF and LCC, but also

to optimise the prioritisation of retrofits in line with evolving climatic conditions.

For instance, the trade-off between EC and OC associated with insulation thick-

ness will change over time with increasing average outdoor temperatures. Thus,

the time-of-intervention within the 60-year LCA window should be addressed and

optimised. This approach enables adaptation frameworks to incorporate future

flexibility, allowing resilience to be incorporated at a later stage, when required.

Similarly, future framework developments should consider the dynamic nature of

embodied carbon in construction materials and systems. Existing LCA frame-
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works frequently utilise top-level assumptions regarding the life-cycle stages of

products, applying the same assumptions across all material categories. As grid

pathways decarbonise, the EC associated with the manufacture and distribution of

specific products is also expected to decrease alongside operational carbon emis-

sions. For example, research has demonstrated how future scenarios will likely

impact the recycling rates of ASHPs, not just their operational emissions [55].

However, it is also important to acknowledged that overall LCCF is still typically

most sensitive to operational emissions.

Comprehensive Analysis of Uncertainties and Sensitivities in CCA-LCA

Frameworks

Uncertainties associated with the dynamic nature of climate change, carbon emis-

sions, and cost pathways are inherent to studies projecting future scenarios. Typ-

ically, future climate uncertainties are addressed through the use of probabilistic

climate projections, such as UKCP09 and UKCP18 [207]. Further investigation

is required into the most effective methodologies for quantifying and addressing

uncertainties related to grid decarbonisation scenarios and fuel price pathways.

A robust approach to assessing these uncertainties could provide a more holistic

assessment of potential impacts on LCCF and LCC.

In addition, further work can aim to assess the impact of policy implementation on

optimised framework outputs. For instance, exploring the effect of carbon pricing

could reveal the thresholds necessary to achieve specific carbon reduction scenarios

and encourage increased uptake of energy efficiency measures. This approach can

help to determine how expensive carbon would need to be to make a particular

scenario feasible, providing valuable insights for policy development and economic

planning.

Real-World Validation of LCA-CCA in HE Sector Building Design

Frameworks

Effective integration of the LCA-CCA optimisation process within existing HE

building design frameworks necessitates real-world validation. Computational

models often fail to capture design conflicts and synergies, particularly in rela-

tion to the challenges and complexities of urban environments. Given the critical

role of IEQ in HE design and its impact on productivity, potential conflicts be-

tween GA optimisation outputs and IEQ parameters, such as lighting, indoor air

quality, and noise pollution, must be addressed.

Developing and testing the proposed CCA-LCA integration framework, detailed in

Section 7.5, can help to evaluate its practical application. This includes assessing
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outputs against design requirements and conflicts in urban HE estates, addressing

practical barriers across the design, construction, and facility management chain

(such as operational disruption), and ensuring compatibility with existing building

design protocols.

Furthermore, it is crucial to understand how stakeholder perceptions and prefer-

ences influence the selection of climate adaptation strategies within the HE sector.

Incorporating these human factors into the decision-making process, in harmony

with the CCA-LCA optimisation process, is essential for tailoring the framework

to the specific needs of the HE sector.

Multidimensionality of Decision Metrics

A limitation of this study lies in the evaluation of design iterations through a

two-dimensional lens, focusing solely on LCCF and LCC. Several design aspects

may provide mutual benefits from a carbon and cost perspective but fall short

when measured against alternative criteria. For example, previous research has

indicated that ASHPs perform less favorably than NGBs with respect to other

environmental impacts [55]. This underscores the importance of considering en-

vironmental factors beyond carbon emissions. Moreover, valuing climate change

adaptation strategies based purely on economic and environmental perspectives

may overlook crucial metrics influencing the in-use success or failure of a design. A

comprehensive framework for climate change adaptation should encompass a wider

range of evaluation metrics derived through a systems dynamic approach, such as

student and staff satisfaction, productivity, and other socio-economic factors.

Expanding System Boundaries

Future research could explore a combined building-infrastructure approach to fully

evaluate the interconnected impacts of decarbonisation pathways. Such an ap-

proach could expand the traditional life-cycle boundary of a building to include

the EC and CapEx associated with the development of supporting energy infras-

tructures, such as hydrogen grids or large-scale renewable energy systems. By

integrating these broader systemic factors, researchers could gain a more holistic

understanding of the trade-offs and synergies between building-level interventions

and wider energy network changes. This would allow for a more comprehensive

assessment of how building designs interact with decarbonising energy grids, pro-

viding insights into optimal strategies for scaled-up sustainable infrastructure at

a national level.
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8.3.2 Case Study Application

Further research is required to understand the relative impacts of case study mod-

elling approaches on LCA-CCA frameworks. For example, the level of calibration

varied across the case studies according to the quality of available data. The

importance of calibration robustness is a key consideration requiring further as-

sessment. One argument posits that the uncertainties inherent in future climate

data necessitate the use of highly calibrated models to mitigate additional uncer-

tainty as much as possible. However, if future weather data introduces significant

uncertainty, the relative impact of model error and uncertainty might diminish,

making extremely detailed calibration less critical. Thus, the balance between the

level of calibration detail and the overarching uncertainties from future climate

projections must be carefully managed to ensure the practical applicability of the

LCA-CCA framework.
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Cycle Energy Assessment of a School Building under Envelope Retrofit:

An Approach towards Environmental Impact Reduction”. In: E3S web of

conferences 111 (2019), p. 3028. issn: 2267-1242. url: https://doi.org/

10.1051/e3sconf/201911103028.

[137] Y. Hong, Collins I. Ezeh, W. Deng, S-H. Hong, Y. Ma, Y. Tang, and Y.

Jin. “Coordinated energy-environmental-economic optimisation of building

retrofits for optimal energy performance on a macro-scale: A life-cycle cost-

based evaluation”. eng. In: Energy conversion and management 243 (2021),

p. 114327. issn: 0196-8904. doi: 10.1016/j.enconman.2021.114327.

[138] X. J. Luo and Lukumon O. Oyedele. “Assessment and optimisation of life

cycle environment, economy and energy for building retrofitting”. In: En-

ergy for Sustainable Development 65 (Dec. 2021), pp. 77–100. issn: 0973-

0826. doi: 10.1016/J.ESD.2021.10.002.

[139] Marta Gangolells, Katia Gaspar, Miquel Casals, Jaume Ferré-Bigorra, Nuria
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Appendix A

ASHP EMS script

! set plant design volumetric flow rate (m3/s) from InternalVariable

EnergyManagementSystem:InternalVariable,

Udesign,

HW Loop,

Plant Design Volume Flow Rate;

! Add temperature sensors to record outdoor dry-bulb temperature (ODBT) and HW loop temp

at the supply side inlet and outlet for each timestep (C)

EnergyManagementSystem:Sensor,

DBT,

,

Site Outdoor Air Drybulb Temperature;

EnergyManagementSystem:Sensor,

Tin,

HW LOOP DEMAND SIDE INLET,

System Node Temperature;

EnergyManagementSystem:Sensor,

Tout,

HW LOOP DEMAND SIDE OUTLET,

System Node Temperature;

! Extract actual mass flow rate at each timestep (kg/s)

EnergyManagementSystem:Sensor,

Uactual,

HW Loop Demand Side Outlet,

System Node Mass Flow Rate;
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!Run program to calculate ASHP rated capacity

EnergyManagementSystem:ProgramCallingManager,

Calculate ASHP consumption,

EndOfSystemTimestepBeforeHVACReporting,

Calculate ASHP consumption;

EnergyManagementSystem:Program,

Calculate ASHP consumption,

SET nominal cap = Udesign*10*4.184*992.25, ! Calculate heating rated capacity (kW)

SET rated cap = nominal cap∗(0.9753899179+0.0204476869∗DBT+0.0002900515∗(DBT 2)+

−0.0049160031 ∗ Tin + 0.0000260904 ∗ (Tin
2) + 0.0000404003 ∗DBT ∗ Tin),

! use ASHPHighTCAPFT curve to adjust nominal capacity to rated capacity due to current

outdoor air temp and loop water temperature

SET HD = Uactual ∗ (Tin − Tout) ∗ 4.184, ! Calculate actual heat demand (HD) of the system

at current timestep (kW)

SET PLR = HD/rated cap, ! Calculate part-load ratio (PLR): heat demand/available heat

capacity

SET PLRout = 0.7500000000 + 0.2500000000 ∗ PLR + 0.0000000000 ∗ (PLR2), ! use HPWH-

PLFFPLR curve to find output fraction (y-axis) from input PLR (x-axis)

SET COP = 3.2∗(1.9039959704+0.0359056033∗DBT+0.0002757065∗(DBT 2)+−0.0342612220∗
Tin + 0.0002211755 ∗ (T 2

in) +−0.0003068401 ∗DBT ∗ Tin), ! call on ASHPHighTCOPFT curve

to adjust nominal COP based on current outdoor air temp and loop water temperature

SET ASHP heat electricity = HD/(COP ∗ PLRout); !Calculate heating power requirements

(kW) at 10-minute timesteps
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Appendix B

Preliminary Testing: Roof Albedo

The outermost layer of the baseline (BL) build-up was replaced with a surface
presenting high albedo (HA) material properties. White clay tile with properties
of solar reflectivity (SR) up to 80% and thermal emissivity (TE) up to 90% was
implemented into the model, replacing the existing green roof and flat roof present
in CS1 (see Table 4.3). Properties were derived from research by Pisello [208]. The
SR and TE values shown in Table B.1 represent upper end of potential values for
the material, selected to test the impact of the ‘best case’ scenario.

Table B.1: Metrics and values adopted to represent high albedo properties.

BL HA
Solar reflectance (SR) (%) - 0.8
Thermal emissivity (TE) (%) - 0.9

Table B.2: CS1 simulated annual energy consumption for baseline and high albedo
roof.

Annual Energy Use
(kWh/m2)

BL HA
Diff
(%)

Fans 7.95 7.95 0.00%
Pumps 0.12 0.12 -0.43%
Cooling 14.02 13.96 -0.46%
District heating 35.48 35.48 -0.01%
Total electricity 116.56 116.50 -0.05%
Total energy use 152.04 151.98 -0.06%

Table B.2 modelling outputs suggest that, despite optimistic assumptions relating
to SR and TE values, the impact of this measure on CS1 energy savings is marginal
(<1% difference in total energy consumption). Assuming a high fixed-carbon
emission scenario, the EC associated with manufacture alone (stage A1-A3) would
substantially outweigh any OC benefits over the building’s 60 year time frame
(EC: +4.7 kgCO2e/m2, OC: -0.6 kgCO2e/m2). Whilst the accuracy of building
performance modelling in simulating solar reflectance is may be limited, the results
indicate the potential inefficacy of HA roofing materials as an ECM, particularly
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from the perspective of LCCF. As such, this measure was removed from the
master ECM template in producing the final parameter list for inclusion in the
GA optimisation process.
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Appendix C

CS1 Preliminary Testing: North
WWR

Initially WWRs of -50%, -30% and +30% relative to the baseline were considered
for each orientation independently. However, since the N-facade typically receives
very little direct solar gain, a preliminary study was conducted to validate the
use of a reduced parameter sample set for this variable. The impact of varying
the North facade WWR on annual operational energy demand and OC was tested
under current conditions and using current CEFs.

Table C.1: Impact of varying the N-facade WWR on annual normalised energy
consumption by end-use and total operational carbon.

N-WWR
% change

Electricity
kWh/m2/yr

DEN
kWh/m2/yr

Cooling
kWh/m2/yr

Total Energy
Consumption
kWh/m2/yr

Total OC
kgCO2e

BL 110.3 59.6 7.4 169.9 277,537
-50% 110.7 58.8 7.8 169.5 276,974
-30% 110.5 59.2 7.6 169.7 277,230
+30% 110.2 59.9 7.4 170.1 277,843

The results shown in Table C.1 indicate a marginal decrease in annual cooling elec-
tricity consumption of 0.09 kWh/m2/yr (0.01%) and marginal increase in heating
loads of 0.3 kWh/m2/yr (<0.01%) as the WWR increases, relating to an overall
increase of 0.19 kWh/m2/yr in total annual energy consumption when considering
combined electric and DEN loads. This correlates to a positive increase in total
annual OC emissions of 306 kgCO2e, even under current-day CEF assumptions,
where the DEN CEF is less than that of the electric grid (elec: 0.193 kgCO2e/kWh,
DEN: 0.189 kgCO2e/kWh). As electricity is expected to decarbonise at a faster
rate than DENs (see section 4.3.3, any OC savings resulting from a WWR increase
would become even less ‘carbon-valuable’. As such, only the baseline and -50%
WWRs were included within the GA optimisation.
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Appendix D

Embodied Carbon (A1-A3)
Material List
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Table D.1: A1-A3 emissions per kg of material; most values modified by the densities provided.

Build-up
Emissions (A1-A3)
kgCO2e/kg

Biogenic (A1-A3)
kgCO2e/kg

Density
kg/m3

Source Ref

A393 Reinforcement mesh 1.00 0 7800 CIBSE material data for ”steel” quoted in ICE V3 [59]

Aluminium 6.67 0 2700 CIBSE material data for ”aluminium” quoted in ICE V3 [59]

Asphalt finish 0.10 0 2330 ICE V3 value of 0.098 kgCO2e/kg and 2330 kg/m3 [59]

Brick 0.21 0 1920 Av. CIBSE material data for ”Brick A” and ”Brick B” quoted in ICE V3 [59]

Cast concrete 0.15 0 2400 ICE V3 value per m3 for CEM1 based RC32/40 with 360 kg cementious content [59]

Cement board 0.53 0 750 EPD-USG-20190110-IAA1-EN [209]

Double glazing 1.63 0 2500 ICE V3 value of 1.63 kgCO2e/kg [59]

Drainage retention layer 2.54 0 970

EPS 6.75 0 20 Mapetherm EPS EPD S-P-00914 [210]

Glass 1.44 0 2500 ICE V3 value of 1.44 kgCO2e/kg [59]

Gypframe 2.76 0 7850 ICE V3 value of 2.76 kgCO2e/kg [59]

Gypsum plasterboard 0.39 0 640 ICE V3 value of 0.39 kgCO2e/kg [59]

Metal deck NA 0 7850 EPD-TS-2018-009

Mineral wool 1.28 0 140 CIBSE material data for ”Glass fibre/wool” quoted in ICE V3 [59]

Mortar 0.14 0 1900 CIBSE material data for ”cement mortar” quoted in ICE V3 [59]

PIR 5.30 0 40 LETI Embodied Carbon Primer Figure A.12.1 [211]

PVC 3.10 0 1380 ICE V3 value of 3.10 kgCO2e/kg [59]

Reinforcement steel 1.00 0 7800 CIBSE material data for ”steel” quoted in ICE V3 [59]

Roofing Tile 0.09 0 1459 ICE V3 value for medium desnity concrete block at 100x215x440mm [59]

Secondary glazing 1.44 0 2500 ICE V3 value of 1.44 kgCO2e/kg [59]

Stainless steel brickties 4.41 0 7850 CIBSE material data for ”stainless steel, 5% Ni” quoted in ICE V3 [59]

Steel studs 2.76 0 7850 CIBSE material data for ”steel” quoted in ICE V3 [59]

Timber 0.26 -1.55 510 CIBSE material data for ”softwood” quoted in ICE V3 [59]

Triple glazing 1.75 0 2500 ICE V3 value of 1.75 kgCO2e/kg [59]

XPS 4.97 0 33 Mapetherm XPS EPD S-P-00914 [210]
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Appendix E

CS1 LCA Calculations:
Supplementary detail

Table E.1: ASHP specifications for various models manufactured by Carrier [188].

Model Heating capacity (kW) Mass (kg) Mass Packaging (kg)
30RQP165R 178 1582 30
30RQP180R 197 1587 29
30RQP210R 237 1796 29
30RQP230R 256 1819 29
30RQP270R 275 1826 30
30RQP310R 317 2399 44
30RQP330R 336 2448 44
30RQP370R 387 2668 44
30RQP400R 406 2674 44
30RQP430R 441 3164 59
30RQP470R 467 3187 59
30RQP520R 537 3430 59
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Table E.2: Calculated EC of construction elements for CS1, including materials, volume per FU and assumptions impacting the
calculations. For manufacture, L=local, N=national, E=European.

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

Below grade wall

1m² XPS 0.079 N 5 75 13.81 0.00 13.81

1m² Cast concrete 0.295 L 5 75 115.45 0.00 115.45

1m² Reinforcement steel 0.005 N 15 75 45.75 0.00 45.75

1m² Gypsum plasterboard 0.050 N 22.5 30 52.97 0.00 52.97

External sedum roof

1m² Sedum soil layer 0.250 L 10 75 4.24 0.00 -

1m² Drainage retention layer 0.002 N 15 75 6.23 0.00 6.23

1m² EPS 0.300 N 5 40 85.74 0.00 85.74

1m² Metal deck 0.001 N 1 30 78.48 0.00 78.48

External flat roof

1m² Cast concrete 0.175 L 5 75 63.10 0.00 63.10

1m² A393 Reinforcement mesh 0.003 N 15 75 43.07 0.00 43.07

1m² EPS 0.300 N 5 40 85.74 0.00 85.74

1m² Metal deck 0.001 N 1 30 78.48 0.00 78.48

RC150 roof

1m² Cast concrete 0.147 L 5 75 57.49 0.00 57.49

1m² A393 Reinforcement mesh 0.003 N 15 75 44.07 0.00 44.07

1m² EPS 0.300 N 5 40 85.74 0.00 85.74

1m² Metal deck 0.001 N 1 30 78.48 0.00 78.48

Roof insulation

1m² 120mm XPS 0.120 N 5 40 41.68 0.00 41.68

1m² 150mm XPS 0.150 N 5 40 52.10 0.00 52.10

1m² 180mm XPS 0.180 N 5 40 62.52 0.00 62.52

External walls

1m² Brick slip 0.070 N 20 75 41.83 0.00 41.83

1m² Mortar 0.000 N 5 75 0.16 0.00 0.16

1m² Mineral wool 0.050 N 15 75 10.85 0.00 10.85

1m² Stainless steel brickties 0.000 N 3 75 0.04 0.00 0.04

1m² Mineral wool 0.120 N 15 75 26.04 0.00 26.04

1m² Gypframe 0.000 N 3 75 9.13 0.00 9.13

1m² Cement board 0.013 N 5 75 5.61 0.00 5.61

1m² Steel studs 0.000 N 3 75 3.85 0.00 3.85

1m² Gypsum plasterboard 0.013 N 5 30 7.20 0.00 7.20
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Table E.3: E.2 (continued)

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

External walls,
exposed concrete

1m² Brick slip 0.070 N 20 75 41.83 0.00 41.83

1m² Mortar 0.000 N 5 75 0.16 0.00 0.16

1m² Mineral wool 0.050 N 15 75 10.85 0.00 10.85

1m² Stainless steel brickties 0.000 N 3 75 0.04 0.00 0.04

1m² Mineral wool 0.120 N 15 75 26.04 0.00 26.04

1m² Gypframe 0.000 N 3 75 9.13 0.00 9.13

1m² Cast concrete 0.173 L 5 75 67.58 0.00 67.58

1m² Reinforcement steel 0.002 N 3 75 18.71 0.00 18.71

External walls,
timber clad

1m² Timber 0.026 E 5 30 59.25 -43.27 15.98

1m² Mineral wool 0.120 N 15 75 26.04 0.00 26.04

1m² Gypframe 0.000 N 3 75 9.13 0.00 9.13

1m² Cement board 0.013 N 5 75 16.84 0.00 16.84

1m² Steel studs 0.000 N 3 75 11.54 0.00 11.54

1m² Gypsum plasterboard 0.013 N 5 30 7.20 0.00 7.20

IWI + gypframe
1m² 50mm mineral wool 0.050 N 15 75 10.85 0.00 10.85

1m² Gypframe 0.000 N 3 75 6.75 0.00 6.75

IWI + gypframe
1m² 80mm mineral wool 0.080 N 15 75 17.36 0.00 17.36

1m² Gypframe 0.000 N 3 75 7.77 0.00 7.77

IWI + gypframe
1m² 120mm mineral wool 0.120 N 15 75 26.04 0.00 26.04

1m² Gypframe 0.000 N 3 75 9.13 0.00 9.13

Wooden panel

1m² Timber 0.026 E 1 30 56.85 -41.52 15.33

1m² Mineral wool 0.120 N 15 75 26.04 0.00 26.04

1m² Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

Aluminium spandrel
panel

1m² Aluminium cladding 0.002 N 1 30 73.17 0.00 73.17

1m² Mineral wool 0.170 N 15 75 36.89 0.00 36.89

1m² Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

Glass spandrel panel

1m² Glass 0.006 E 5 35 50.62 0.00 50.62

1m² Mineral wool 0.150 N 15 75 32.55 0.00 32.55

1m² Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66
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Table E.4: E.3 (continued)

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

Internal partitions

1m² Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

1m² Gypframe 0.000 N 3 75 3.85 0.00 3.85

1m² Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

Glazing 1m² Double glazing 0.003 E 5 40 24.72 0.00 24.72

Glazing 1m² Triple glazing 0.003 E 5 40 26.38 0.00 26.38

Al/timber composite
frame 1

1m² Aluminium 0.005 N 5 40 190.62 0.00 190.62

1m² PVC 0.005 N 5 40 45.58 0.00 45.58

1m² Timber 0.097 E 5 40 221.04 -161.43 59.61

Al/timber composite
frame 2

1m² Aluminium 0.005 N 5 40 190.62 0.00 190.62

1m² PVC 0.005 N 5 40 45.58 0.00 45.58

1m² Timber 0.200 E 5 40 455.75 -332.84 122.91

PIR closer
1m² 0.05m PIR 0.050 N 15 75 12.56 0.00 12.56

1m² Gypsum plasterboard 0.039 N 5 30 23.11 0.00 23.11

PIR closer
1m² 0.10m PIR 0.100 N 15 75 25.12 0.00 25.12

1m² Plasterboard 0.039 N 5 30 23.11 0.00 23.11

Al louvre 1m² Aluminium 0.002 N 1 30 73.17 0.00 73.17
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Table E.5: Cost of two stage air-to-water heat pump for low-temperature hot
water use, based on data from [212] and extrapolated based on calculated output
capacity from each simulation run. Initial price discounted by two years to reflect
estimated costs for 2022 starting year.

Heat output & cooling capacity
Heat
capacity
kW

Net
Price
£

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost
£

Life-
cycle
cost
£

17 kW heating, 18 kW cooling 17 12995 16446 12 404.29 nr 16851
24 kW heating, 24 kW cooling 24 15338 19442 12 404.29 nr 19846
32 kW heating, 31 kW cooling 32 16132 20417 12 404.29 nr 20821
64 kW heating, 62 kW cooling 64 28737 36370 12 404.29 nr 36774
387 kW heating 387 174086 12 404.29 nr 164473* 2 22, 44 130635 295109
Rate for 2 units (£) 590,218

*Extapolated.

Table E.6: MVHR unit and ductwork costs, discounted based on price from Stage
D appendices from 2014. Life-spans obtained from [77].

Airflow
rate (m3/h)

Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
10800 nr 25000
26640 nr 60000
11880 nr 27000
3960 nr 10000
30204 nr 53502* 2 20, 40 46024 99525

(a) MVHR Unit Costs. Description: AHU, complete with control dampers, attenuators,
panel and bag filters, frost coil, thermal wheel, cooling and heating coil and hygroscopic
wheel.

Floor Area (m2) Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
6170 m2 462750
578 m2 43350
711 m2 53325
5655 334819* 1 50 76375 411194

Rate for MVHR
+ ductwork

175900.2

(b) Ductwork Distribution Costs. Description: Supply and extract ductwork distribu-
tion (£75/m2). Replacement only.

*Total rate discounted by 8 years to match the 2022 timeframe of the rest of the data.
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Appendix F

CS2 LCA Calculations:
Supplementary detail

Table F.1: VRF specifications for various models manufactured by (1) Daikon and
(2) Carrier [194, 193].

Manufacturer Model Horse Power (HP) Capacity (kW) Mass (kg) Refrigerant Mass (kg)

1 REMA5A 5 16 213 9
1 REYA8A 8 25 213 9
1 REYA10A 10 31.5 213 9
1 REYA12A 12 27.5 213 9
1 REYA14A 14 45 296 10.6
1 REYA16A 16 50 296 10.6
1 REYA18A 18 56.5 319 10.6
1 REYA20A 20 63 319 10.6
1 REMA5A+REMA5A 10 31.5 426 18
1 REMA5A+REYA8A 13 41 426 18
1 REYA8A+REYA8A 16 50 426 18
1 REYA8A+REYA10A 18 56.5 426 18
1 REYA8A+REYA12A 20 62.5 426 18
1 REYA10A+REYA12A 22 69 426 18
1 REYA8A+REYA16A 24 75 509 19.6
1 REYA12A+REYA14A 26 82.5 509 19.6
1 REYA12A+REYA16A 28 87.5 509 19.6
2 38VT008173HQEE 8 25.2 224 8.5
2 38VT010173HQEE 10 28 224 8.5
2 38VT012173HQEE 12 33.5 224 8.5
2 38VT014173HQEE 14 40 224 10
2 38VT016173HQEE 16 45 224 10
2 38VT018173HQEE 18 50.4 287 10.5
2 38VT020173HQEE 20 56 370 14
2 38VT022173HQEE 22 61.5 370 14.5
2 38VT024173HQEE 24 68 370 14.5
2 38VT026173HQEE 26 73.5 370 15
2 38VT008173RQEE 8 22.4 246 11
2 38VT010173RQEE 10 28 246 11
2 38VT012173RQEE 12 33.5 257 12.5
2 38VT014173RQEE 14 40 257 12.5
2 38VT016173RQEE 16 45 366 15.5
2 38VT018173RQEE 18 50 366 15.5
2 38VT020173RQEE 20 56 375 17
2 38VT022173RQEE 22 60 375 17
2 Combination 24 67 514 25
2 Combination 26 73.5 514 25
2 Combination 28 80 514 25
2 Combination 30 85 623 28
2 Combination 32 90 732 31
2 Combination 34 95 732 31
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Table F.2: NGB specifications for various models manufactured by [213, 214, 215].

Model Design Cap (kW) Total Mass (kg) Package Mass (kg) Appliance Mass (kg)

GR8700iW 30 30 55.0 8.0 47.0

GR8700iW 35 35 55.0 8.0 47.0

GR8700iW 40 40 55.0 8.0 47.0

GR8700iW 45 45 57.0 8.0 49.0

GR8700iW 50 50 57.0 8.0 49.0

Baxi Platinum Compact 25 Combi 20 37.0 5.7 31.3

Baxi Platinum Compact 30 Combi 20 37.0 5.7 31.3

Baxi Platinum Compact 36 Combi 25 37.5 6.0 31.5

Baxi 224 Combi 2 20 32.6 6.1 26.5

Baxi 228 Combi 2 20 33.7 6.2 27.5

Baxi 424 Combi 2 20 34.3 6.3 28.0

Baxi 430 Combi 2 20 35.4 6.4 29.0

Baxi 624 Combi 2 20 34.3 6.3 28.0

Baxi 630 Combi 2 25 35.4 6.4 29.0

Baxi 636 Combi 2 25 36.6 6.6 30.0

Baxi 824 Combi 2 20 34.3 6.3 28.0

Baxi 830 Combi 2 25 35.4 6.4 29.0

Baxi 836 Combi 2 25 36.6 6.6 30.0

VITOCROSSAL100, SINGLE UNIT 74 288.0 50.0 238.0

VITOCROSSAL100, SINGLE UNIT 110 345.0 50.0 295.0

VITOCROSSAL100, SINGLE UNIT 146 345.0 50.0 295.0

VITOCROSSAL100, SINGLE UNIT 184 390.0 50.0 340.0

VITOCROSSAL100, SINGLE UNIT 220 390.0 50.0 340.0

VITOCROSSAL100, SINGLE UNIT 258 435.0 50.0 385.0

VITOCROSSAL100, SINGLE UNIT 291 435.0 50.0 385.0

ViTOCROSSAL100, TWIN UNIT 240 590.0 76.0 666.0

ViTOCROSSAL100, TWIN UNIT 318 590.0 76.0 666.0

ViTOCROSSAL100, TWIN UNIT 400 680.0 87.3 767.3

ViTOCROSSAL100, TWIN UNIT 480 680.0 87.3 767.3

ViTOCROSSAL100, TWIN UNIT 560 770.0 98.6 868.6

ViTOCROSSAL100, TWIN UNIT 636 770.0 98.6 868.6

VITODENS 050-W 17 42.3 7.3 35.0

VITODENS 050-W 22 42.3 7.3 35.0

VITODENS 050-W 29 44.6 7.6 37.0

VITODENS 100-W 10 40.0 7.0 33.0

VITODENS 100-W 18 40.0 7.0 33.0

VITODENS 100-W 23 40.0 7.0 33.0

VITODENS 100-W 29 40.0 7.0 33.0

VITODENS 111-W 23 80.0 12.0 68.0

VITODENS 111-W 29 80.0 12.0 68.0

VITODENS 200-W 23 41.7 7.2 34.5

VITODENS 200-W 29 41.7 7.2 34.5

VITOCROSSAL 300 (Typ CM3C) 80 437.7 56.7 381.0

VITOCROSSAL 300 (Typ CM3C) 105 444.6 57.6 387.0

VITOCROSSAL 300 (Typ CM3C) 130 446.9 57.9 389.0

VITOCROSSAL 300 (Typ CM3C) 170 497.1 64.1 433.0

VITOCROSSAL 300 (Typ CM3C) 225 514.3 66.3 448.0

VITOCROSSAL 300 (Typ CM3C) 285 529.1 68.1 461.0

VITOCROSSAL 200-W Gas condensing boiler 45 76.6 11.6 65.0

VITOCROSSAL 200-W Gas condensing boiler 55 76.6 11.6 65.0

VITOCROSSAL 200-W Gas condensing boiler 74 97.2 14.2 83.0

VITOCROSSAL 200-W Gas condensing boiler 91 97.2 14.2 83.0

VITOCROSSAL 200-W Gas condensing boiler 111 150.9 20.9 130.0

VITOCROSSAL 200-W Gas condensing boiler 136 150.9 20.9 130.0

VITOCROSSAL 200 TYPE CRU 727 1642.2 207.2 1435.0

VITOCROSSAL 200 TYPE CRU 909 1707.4 215.4 1492.0

VITOCROSSAL 200 TYPE CM2 370 684.6 87.6 597.0

VITOCROSSAL 200 TYPE CM2 460 787.4 100.4 687.0

VITOCROSSAL 200 TYPE CM2 575 868.5 110.5 758.0

VITOCROSSAL 200 TYPE CM2C 80 437.7 56.7 381.0

VITOCROSSAL 200 TYPE CM2C 105 444.6 57.6 387.0

VITOCROSSAL 200 TYPE CM2C 130 446.9 57.9 389.0

VITOCROSSAL 200 TYPE CM2C 170 497.1 64.1 433.0

VITOCROSSAL 200 TYPE CM2C 225 514.3 66.3 448.0

VITOCROSSAL 200 TYPE CM2C 285 529.1 68.1 461.0
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Figure F.1: Relationship between natural gas boiler capacity and mass, extrapo-
lated from manufacturers specifications [213, 214, 215].

Table F.3: MVHR components by weight, according to [198]. From ProAir PA600PLI
EPD: “C3. Waste processing: In the C3 phase, it is assumed that the HRV units and the installed
components (such as: ducting, wiring, switches, etc.) are shredded for recycling or landfilling.
It is assumed that 100% of the metals, plastics and PCBs are recycled. The remaining materials
are assumed to be landfilled. C4. Disposal: In C4, the mass of material per unit that goes to
landfill is the mass of the HRV units, less the mass of recyclable materials (metals, plastic and
PCBs) per unit” [198].

kg per FU

Material Lower limit Upper limit Middle estimate
Proportion of
total (kg/kg)

Recovered or
Landfill (R/L)

PE foam 4 7 5.5 0.200507 L

PVC and PVC fixings 1 2 1.5 0.055 R

Silicone sealant 0.5 1.5 1 0.036 L

Galvanised steel 3 5 4 0.146 R

Hydrocarbon sealant 1 2 1.5 0.055 L

Electric motor 2 3 2.5 0.091 R

Steel 0.05 0.15 0.1 0.003 R

Mild steel 0.1 0.4 0.25 0.009 R

Copper 0.1 0.2 0.15 0.005 R

Brass 0.01 0.04 0.025 0.001 R

Aluminium 3 5 4 0.146 R

Cardboard 0.1 0.4 0.25 0.009 R

LDPE 0.5 0.9 0.7 0.026 L

PCB 0.2 0.5 0.35 0.013 R

Neoprene 0.1 0.2 0.15 0.005 L

Polycarbonate 0.001 0.01 0.0055 0.000 R

PP synthetic fibre 0.1 0.3 0.2 0.007 L

Polypropylene 4.5 6 5.25 0.191 R

Packaging 0 0 0 0 L

207



Table F.4: Calculated EC of construction elements for CS2, including materials, volume per FU and assumptions impacting the
calculations. For manufacture, L=local, N=national, E=European.

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

External flat roof

m2 Asphalt finish 0.010 L 5 30 5.37 0.00 5.37

m2 Concrete, cast 0.300 L 5 75 112.45 0.00 112.45

m2 A393 Reinforcement Mesh 0.003 N 15 75 44.07 0.00 44.07

m2 EPS Expanded Polystyrene 0.040 N 5 40 11.43 0.00 11.43

m2 Gypsum plasterboard 0.012 N 5 30 7.06 0.00 7.06

Roof insulation

m2 120mm XPS 0.120 N 5 40 41.68 0.00 41.68

m2 150mm XPS 0.150 N 5 40 52.10 0.00 52.10

m2 180mm XPS 0.180 N 5 40 62.52 0.00 62.52

External walls

m2 Brick 0.200 N 20 75 120.29 0.00 120.29

m2 Mortar 0.000 N 5 75 0.16 0.00 0.16

m2 Stainless steel brickties 0.000 N 3 75 0.04 0.00 0.04

m2 Brick 0.100 N 20 75 60.15 0.00 60.15

m2 Mortar 0.000 N 5 75 0.16 0.00 0.16

m2 Mineral wool 0.040 N 15 75 8.68 0.00 8.68

m2 Gypsum plasterboard 0.012 N 5 30 6.91 0.00 6.91

External walls,
timber clad

m2 Woods-timber 0.026 E 5 30 59.25 -43.27 15.98

m2 Mineral wool 0.170 N 15 75 36.89 0.00 36.89

m2 Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

IWI + gypframe
m2 50mm mineral wool 0.050 N 15 75 10.85 0.00 10.85

m2 Gypframe 0.000 N 3 75 6.77 0.00 6.77

IWI + gypframe
m2 80mm mineral wool 0.080 N 15 75 17.49 0.00 17.49

m2 Gypframe 0.000 N 3 75 7.80 0.00 7.80

IWI + gypframe
m2 120mm mineral wool 0.120 N 15 75 26.23 0.00 26.23

m2 Gypframe 0.000 N 3 75 9.16 0.00 9.16
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Table F.5: F.4 (continued)

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

Internal partitions

m2 Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

m2 Gypframe 0.000 N 3 75 3.85 0.00 3.85

m2 Mineral wool 0.025 N 15 75 5.43 0.00 5.43

m2 Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

Glazing m2 Secondary glazing 0.003 E 5 40 25.31 0.00 25.31

Glazing m2 Double glazing 0.003 E 5 40 24.72 0.00 24.72

Glazing m2 Triple glazing 0.003 E 5 40 26.38 0.00 26.38

Aluminium frame m2 Aluminium 0.005 N 5 40 190.62 0.00 190.62

PIR closer
m2 0.05m PIR 0.050 N 15 75 12.56 0.00 12.56

m2 Gypsum plasterboard 0.039 N 5 30 23.11 0.00 23.11

PIR closer
m2 0.1m PIR 0.100 N 15 75 25.12 0.00 25.12

m2 Plasterboard 0.039 N 5 30 23.11 0.00 23.11

Wooden louvre m2 Woods-timber 0.050 E 1 30 109.34 -79.85 29.49
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Table F.6: Extrapolation of two stage air-to-water heat pump for low-temperature
hot water use, based on data from [212], and extrapolated based on calculated
output capacity from each simulation run. Initial price discounted by two years
to reflect estimated costs for 2022 starting year.

Heat output & cooling capacity
Heat
capacity
kW

Net
Price
£

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost
£

Life-
cycle
cost
£

17 kW heating, 18 kW cooling 17 12995 16446 12 404.29 nr 16851
24 kW heating, 24 kW cooling 24 15338 19442 12 404.29 nr 19846
32 kW heating, 31 kW cooling 32 16132 20417 12 404.29 nr 20821
64 kW heating, 62 kW cooling 64 28737 36370 12 404.29 nr 36774
396 kW cooling 396 188000 12 404.29 nr 177589* 2 22, 44 149643 327231
Rate for 1 unit (£) 327,231

*Extapolated.

Table F.7: MVHR unit and ductwork costs, discounted based on price from Stage
D appendices from 2014. Life-spans obtained from [77].

Airflow
rate (m3/h)

Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
10800 nr 25000
26640 nr 60000
11880 nr 27000
3960 nr 10000
14690 nr 26464* 2 20, 40 22765 49230

(a) MVHR Unit Costs. Description: AHU, complete with control
dampers, attenuators, panel and bag filters, frost coil, thermal wheel,
cooling and heating coil and hygroscopic wheel.

Floor Area (m2) Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
6170 m2 462750
578 m2 43350
711 m2 53325

4105 243058* 1 50 55443 298501
Rate for MVHR
+ ductwork

347730

(b) Ductwork Distribution Costs. Description: Supply and extract ductwork distribu-
tion (£75/m2). Replacement only.

*Total rate discounted by 8 years to match the 2022 timeframe of the rest of the data.
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Table F.8: VRF unit costs obtained from manufacturers specifications [193], and
extrapolated based on calculated output capacity from each simulation run.

Heat output &
cooling capacity

Heat
Capacity
kW

Cool
Capacity
kW

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost
£

Life-
cycle
cost £

REMA5A 16 14 7299 12 381.08 nr 7680.082
REYA8A 25 22.4 7430 12 381.08 nr 7811.082
REYA10A 31.5 28 8161 12 381.08 nr 8542.082
REYA12A 27.5 33.5 9897 12 381.08 nr 10278.08
REYA14A 45 40 11667 12 381.08 nr 12048.08
REYA16A 50 45 13746 12 381.08 nr 14127.08
REYA18A 56.5 50.4 15283 12 381.08 nr 15664.08
REYA20A 63 55.9 16984 12 381.08 nr 17365.08
REMA5A+REMA5A 31.5 28 14598 12 381.08 nr 14979.08
REMA5A+REYA8A 41 36.4 14729 12 381.08 nr 15110.08
REYA8A+REYA8A 50 44.8 14860 12 381.08 nr 15241.08
REYA8A+REYA10A 56.5 50.4 15591 12 381.08 nr 15972.08
REYA8A+REYA12A 62.5 55.9 17327 12 381.08 nr 17708.08
REYA10A+REYA12A 69 61.5 18058 12 381.08 nr 18439.08
REYA8A+REYA16A 75 67.4 21176 12 381.08 nr 21557.08
REYA12A+REYA14A 82.5 73.5 21564 12 381.08 nr 21945.08
REYA12A+REYA16A 87.5 78.5 23643 12 381.08 nr 24024.08
67.4 kW 67.4 18422.2 12 381.08 nr 18803.28* 2 20,40 16175.19 34978.47

*material and labour price extrapolated, total rate discounted by 2 years to match 2022
timeframe of rest of data.
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Table F.9: NGB unit costs obtained from [212], and extrapolated based on rated
capacity from each simulation run. Description: Commercial; Condensing Gas
boiler; Low Nox floor standing condensing boiler with high efficiency modulating
premix burner; Stainless steel heat exchanger.

Max. Output
kW

Net Price
£

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost £

Life-
cycle
cost

12 648 820 8.59 289.41 nr 1109
15 682 863 8.59 289.41 nr 1152
18 726 919 8.88 299.17 nr 1218
21 843 1067 9.92 334.21 nr 1402
23 935 1183 10.66 359.14 nr 1542
29 1213 1535 11.81 397.88 nr 1933
37 1434 1815 11.81 397.88 nr 2213
41 1492 1888 12.68 427.19 nr 2315
12 809 1024 9.16 308.6 nr 1333
15 842 1066 10.95 368.91 nr 1435
18 906 1147 11.98 403.61 nr 1551
21 1068 1352 12.78 430.56 nr 1782
23 1232 1559 12.78 430.56 nr 1990
29 1570 1987 15.45 520.52 nr 2508
37 3019 3820 17.65 594.63 nr 4415
50 4462 5647 8 269.52 nr 5917
70 4929 6238 8 269.52 nr 6508

100 5334 6751 8 269.52 nr 7020
125 5508 6971 10 336.91 nr 7308
150 6144 7776 10 336.91 nr 8113
200 7072 8950 10 336.91 nr 9287
250 8108 10261 10 336.91 nr 10598
300 9041 11442 10 336.91 nr 11779
350 10201 12910 10 336.91 nr 13247
400 11478 14527 10 336.91 nr 14863
450 12744 16129 10 336.91 nr 16466
500 13908 17602 10 336.91 nr 17939
575 15647 19803 10 336.91 nr 20140
650 16693 21127 10 336.91 nr 21464
720 19473 24645 10 336.91 nr 24982
850 24052 30440 12 404.29 nr 30845

1000 26804 33923 12 404.29 nr 34327
1150 27890 35298 12 404.29 nr 35702
1300 35322 44704 14 471.67 nr 45175
1440 40189 50863 14 471.67 nr 51335
1700 49928 63189 14 471.67 nr 63661
2000 56010 70886 14 471.67 nr 71358
2300 58221 73685 14 471.67 nr 74156

18.68 1907 375.6416 nr 2152* 2 22, 44 1813 3965
Rate for
1 units (£)

3965

*material and labour price extrapolated, total rate discounted by 2 years to match 2022
timeframe of rest of data.
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Appendix G

CS3 LCA Calculations:
Supplementary detail
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Table G.1: Calculated EC of construction elements for CS3, including materials, volume per FU and assumptions impacting the
calculations. For manufacture, L=local, N=national, E=European.

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

External flat roof

m2 Roofing Tile 0.100 L 5 75 17.42 0.00 17.42

m2 XPS Extruded Polystyrene 0.160 N 5 40 55.58 0.00 55.58

m2 A393 Reinforcement Mesh 0.003 N 15 75 44.07 0.00 44.07

m2 Concrete, cast 0.260 L 5 75 104.05 0.00 104.05

m2 Gypsum plasterboard 0.013 N 5 30 7.35 0.00 7.35

Roof insulation

m2 50mm XPS 0.050 N 5 40 17.37 0.00 17.37

m2 80mm XPS 0.080 N 5 40 27.79 0.00 27.79

m2 120mm XPS 0.120 N 5 40 41.68 0.00 41.68

External walls

m2 Brick 0.017 N 20 75 10.22 0.00 10.22

m2 Mortar 0.000 N 5 75 0.16 0.00 0.16

m2 Screw and isofixing 0.000 N 3 75 0.67 0.00 0.67

m2 PUR insulation 0.043 N 15 75 10.80 0.00 10.80

m2 Mineral wool 0.120 N 15 75 26.04 0.00 26.04

m2 Cast concrete 0.150 L 5 75 54.08 0.00 54.08

m2 Gypsum plasterboard 0.012 N 5 30 6.91 0.00 6.91

Aluminium spandrel
panel

m2 Aluminium cladding 0.002 N 1 30 73.17 0.00 73.17

m2 Mineral wool 0.170 N 15 75 36.89 0.00 36.89

m2 Gypsum plasterboard 0.025 N 22.5 30 17.66 0.00 17.66

IWI + gypframe
m2 -50mm mineral wool -0.050 N 15 75 -10.85 0.00 -10.85

m2 Gypframe 0.000 N 3 75 6.75 0.00 6.75

IWI + gypframe
m2 50mm mineral wool 0.050 N 15 75 10.85 0.00 10.85

m2 Gypframe 0.000 N 3 75 6.75 0.00 6.75

IWI + gypframe
m2 80mm mineral wool 0.080 N 15 75 17.36 0.00 17.36

m2 Gypframe 0.000 N 3 75 7.77 0.00 7.77
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Table G.2: G.1 (continued)

Element FU Build-up
Volume
m³/FU

Manuf-
acture
(L/N/E)

Waste
rate
%

Expected
lifespan
yrs

Total EC
excl. biogenic
kgCOe/FU

Total biogenic
kgCO2e/FU

Total EC
incl. biogenic
kgCOe/FU

Internal partitions

m2 Gypsum plasterboard 0.013 N 22.5 30 8.83 0.00 8.83

m2 Gypframe 0.000 N 3 75 3.85 0.00 3.85

m2 Gypsum plasterboard 0.013 N 22.5 30 8.83 0.00 8.83

Glazing m2 Double glazing 0.003 E 5 40 24.72 0.00 24.72

Glazing m2 Triple glazing 0.003 E 5 40 26.38 0.00 26.38

Aluminium frame m2 Aluminium 0.005 N 5 40 190.62 0.00 190.62

PIR closer
m2 0.05m PIR 0.050 N 15 75 12.56 0.00 12.56

m2 Gypsum plasterboard 0.039 N 5 30 23.11 0.00 23.11

PIR closer
m2 0.1m PIR 0.100 N 15 75 25.12 0.00 25.12

m2 Plasterboard 0.039 N 5 30 23.11 0.00 23.11

Wooden louvre m2 Woods-timber 0.050 E 1 30 109.34 -79.85 29.49
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Table G.3: Cost of two stage air-to-water heat pump for low-temperature hot
water use, based on data from [212], and extrapolated based on calculated output
capacity from each simulation run. Initial price discounted by two years to reflect
estimated costs for 2022 starting year.

Heat output & cooling capacity
Heat
capacity
kW

Net
Price
£

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost
£

Life-
cycle
cost
£

17 kW heating, 18 kW cooling 17 12995 16446 12 404.29 nr 16851
24 kW heating, 24 kW cooling 24 15338 19442 12 404.29 nr 19846
32 kW heating, 31 kW cooling 32 16132 20417 12 404.29 nr 20821
64 kW heating, 62 kW cooling 64 28737 36370 12 404.29 nr 36774
396 kW cooling 396 188000 12 404.29 nr 177589* 2 22, 44 149643 327231
Rate for 1 unit (£) 327,231

*Extapolated.

Table G.4: MVHR unit and ductwork costs, discounted based on price from Stage
D appendices from 2014. Life-spans obtained from [77].

Airflow
rate (m3/h)

Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
10800 nr 25000
26640 nr 60000
11880 nr 27000
3960 nr 10000
43416 nr 76527* 2 20, 40 65831 142358

(a) MVHR Unit Costs. Description: AHU, complete with control
dampers, attenuators, panel and bag filters, frost coil, thermal wheel,
cooling and heating coil and hygroscopic wheel.

Floor Area (m2) Unit
Total
rate
(£)

Replacement
Cycles

Replacement
years

Replacement
NPV-adjusted

cost (£)

Life-cycle
cost

£
6170 m2 462750
578 m2 43350
711 m2 53325

6437 381093* 1 50 86930 468023
Rate for MVHR
+ ductwork

610381

(b) Ductwork Distribution Costs. Description: Supply and extract ductwork distribu-
tion (£75/m2). Replacement only.

*Total rate discounted by 8 years to match the 2022 timeframe of the rest of the data.
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Table G.5: NGB unit costs obtained from [212], and extrapolated based on rated
capacity from each simulation run. Description: Commercial; Condensing Gas
boiler; Low Nox floor standing condensing boiler with high efficiency modulating
premix burner; Stainless steel heat exchanger.

Max. Output
kW

Net Price
£

Material
£

Labour
hours

Labour
£ Unit

Total
rate
£

Replac-
ement
Cycles

Replac-
ement
years

Replacement
NPV-adjusted
cost £

Life-
cycle
cost

12 648 820 8.59 289.41 nr 1109
15 682 863 8.59 289.41 nr 1152
18 726 919 8.88 299.17 nr 1218
21 843 1067 9.92 334.21 nr 1402
23 935 1183 10.66 359.14 nr 1542
29 1213 1535 11.81 397.88 nr 1933
37 1434 1815 11.81 397.88 nr 2213
41 1492 1888 12.68 427.19 nr 2315
12 809 1024 9.16 308.6 nr 1333
15 842 1066 10.95 368.91 nr 1435
18 906 1147 11.98 403.61 nr 1551
21 1068 1352 12.78 430.56 nr 1782
23 1232 1559 12.78 430.56 nr 1990
29 1570 1987 15.45 520.52 nr 2508
37 3019 3820 17.65 594.63 nr 4415
50 4462 5647 8 269.52 nr 5917
70 4929 6238 8 269.52 nr 6508

100 5334 6751 8 269.52 nr 7020
125 5508 6971 10 336.91 nr 7308
150 6144 7776 10 336.91 nr 8113
200 7072 8950 10 336.91 nr 9287
250 8108 10261 10 336.91 nr 10598
300 9041 11442 10 336.91 nr 11779
350 10201 12910 10 336.91 nr 13247
400 11478 14527 10 336.91 nr 14863
450 12744 16129 10 336.91 nr 16466
500 13908 17602 10 336.91 nr 17939
575 15647 19803 10 336.91 nr 20140
650 16693 21127 10 336.91 nr 21464
720 19473 24645 10 336.91 nr 24982
850 24052 30440 12 404.29 nr 30845

1000 26804 33923 12 404.29 nr 34327
1150 27890 35298 12 404.29 nr 35702
1300 35322 44704 14 471.67 nr 45175
1440 40189 50863 14 471.67 nr 51335
1700 49928 63189 14 471.67 nr 63661
2000 56010 70886 14 471.67 nr 71358
2300 58221 73685 14 471.67 nr 74156

18.68 1907 375.6416 nr 2152* 2 22, 44 1813 3965
Rate for
1 units (£)

3965

*material and labour price extrapolated, total rate discounted by 2 years to match 2022
timeframe of rest of data.
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Appendix H

Build-up schematics and
calculations

1m

… x20

1m

PIR insulation
(0.05m or 0.1m
thickness)

Plasterboard
0.0125m thick
0.107m deep
0.05m wide

Plasterboard: vol per m2 frame

𝑉

𝑚2
= 0.0125 × 0.107 + 0.05 × 1 × 20

PIR insulation: vol per m2 frame

𝑉

𝑚2
= 0.05 𝑜𝑟 0.1 × 0.05 × 1 × 20

Figure H.1: Schematic demonstrating the calculation of volumes per FU used in
EC calculations for PIR insulation and plasterboard.
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Figure H.2: Assembly section: PIR insulated plasterboard reveal detailing from
the Zero Carbon Hub thermal bridging guide [186].
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Appendix I

CS1 results

I.0.1 Scenario 1: Linear Regression Statistical Output
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Figure I.1: CS1 DEN scenario 1 linear regression model statistics for LCCF.
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Figure I.2: CS1 DEN scenario 1 linear regression model statistics for LCC.
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Figure I.3: CS1 ASHP scenario 1 linear regression model statistics for LCCF.
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Figure I.4: CS1 ASHP scenario 1 linear regression model statistics for LCC.
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Appendix J

CS2 Results

J.0.1 Scenario 1: Linear Regression Statistical Output
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Figure J.1: CS2 scenario 1 linear regression model statistics for LCCF.
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Figure J.2: CS2 scenario 1 linear regression model statistics for LCC.
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Appendix K

CS3 Results

K.0.1 Scenario 1: Linear Regression Statistical Output
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Figure K.1: CS3 NGB scenario 1 linear regression model statistics for LCCF.
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Figure K.2: CS3 NGB scenario 1 linear regression model statistics for LCC.
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